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The different displacements definitions used for describing the Small Punch Tests (SPT) material response were
thoroughly reviewed. For that purpose, an instrumented experimental setup allowing determining the speci-
mens top or bottom displacement together with themachine cross head displacement was designed. The effects
of themachine and load train compliances on the respective displacements values were carefully evaluated. The
significance of the different displacements definitions was demonstrated by proposing two alternative proce-
dures for assessing the specimen thickness evolution and by revising the definition of the load associated with
the determination of the material yield stress from SPT. To facilitate the systematic study of the influence of
the different parameters that might be affecting the test, a finite element (FEM) analysis tool was developed.
The results obtained from FEM simulations show that evenusing a constitutivemodel that does not include dam-
age initiation it is possible to adequately reproduce the SPT load vs. displacement response curve to near maxi-
mum load and also the diametral profiles of the deformed specimens. The FEM analysis indicate the arbitrary
character of the different proposals for determination of the load for yield stress estimation with them corre-
sponding to different degrees of plastic deformation of the specimen.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The interest onminiaturized specimen techniques for the character-
ization of the mechanical behavior of materials was strongly motivated
by the different programs associatedwith the development of fusion re-
actor technology in the early eighties [1]. The importance of such devel-
opments is obvious in the case of the nuclear industry where neutron
irradiation space is limited and irradiation costs increasewith specimen
volume. In addition, the limited space available in materials testing re-
actors (MTR), the presence of neutron fluence gradients in large speci-
mens, the concern about gamma heating and dose to personnel in
post-irradiation testing have all been motivations for reducing speci-
men size [2–5].

In their seminal work, Manahan et al. [2] developed a miniaturized
disk bend test for the determination of themechanical properties ofma-
terials after irradiation. Simply supported 3 mm in diameter, 0.25 mm
thick, TEM sized disk specimens were deformed through a 2.46 mm in
diameter bore using a 1mm in diameter hemispherical punch. Finite el-
ement modeling (FEM) was employed in that case to simulate the de-
formation of the disk. These authors also intended to apply FEM in an
inverse procedure which would allow deriving strength and ductility
).
properties from the load vs. displacement response of the disk center.
Success, however, was rather limited.

Considering the substantial advantages related with the application
of small scale technologies, it has also been intended to extend its use to
non-nuclear industries like fossil fuel energy production plants. The
main driving force for reducing specimen size in this case resides in
the scarcity of the material to be characterized (i.e., along the process
of developing new materials), limitations of testing machines capacity
or in the presence of microstructural gradients in thick sections which
prevents the use of standard macroscopic specimens in situations
where theproperties of a particularmicrostructurewants to be assessed
(e.g. heat affected zone, HAZ, in welded joints).

The small punch test SPT has been considered for the evaluation of a
wide range of mechanical properties, including strength, ductility, frac-
ture toughness, ductile–brittle transition temperature and high temper-
ature behavior (creep) [6–13]. Most of the researches use a specimen
clamped between two rigid dies, a configuration sometimes referred
to as “bulge punch tests” for some authors, e.g. [5]. Due to itswide actual
acceptance, in the context of the present work, SPT will be used to refer
to ball punch testing of clamped specimens.

Four different deformation regimes were identified in a typical SPT
P–δ (load vs. displacement) response. The consecutive stages are [8]:
(I) elastic bending of the disk and microyielding under the punch, (II)
plastic bending of the disk, with plasticity spreading, firstly through
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Fig. 1. Schematic illustration of the SPT specimen holder indicating main components and
different displacements considered.
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the thickness under the punch contact area and then radially outwards,
(III) membrane stretching and, finally, (IV) local thinning and crack ini-
tiation. However, it is worthwhile to remark here that the precise defi-
nition of the boundaries between the different regimes is rather
subjective.

On the other hand, a profuse number of semi-empirical relations de-
rived from experimental information have been proposed in the litera-
ture that would allow extracting parameters such as yield stress, yield
strength, uniform elongation or estimations of shifts in the ductile to
brittle transition temperature from punch tests (e.g., see [10,14–19]).
For example, the yield stress σY could be estimated from a load PY asso-
ciated with the transition between deformation regimes I and II while a
ductile to brittle transition temperature (DBTT) from the temperature
dependence of the fracture energy ESPT calculated as the area under
the load vs. punch displacement curve. These correlations however,
have been shown to be sensitive to the characteristics of the particular
material under study [20] and to the different experimental parameters
associated with the technique like the specimen diameter and thick-
ness, bore size, friction coefficient and clamping force between disk
and dies, ball dimension, ball material properties and friction between
ball and specimen, among others. Assessing the relative importance of
the different parameters on the specimen response is mandatory for a
correct application of the technique. With this purpose, Lucas, Okada
and Kiritani [21], experimentally investigated the effects of ball and
bore size and specimen thickness on the load vs. displacement response
of different materials deformed in a bulge punch test configuration in
what constituted the first parametric analysis of these miniature speci-
men procedures. Later, using finite element method (FEM), Sainte-
Catherine and co-workers [22] performed a parametric study of the ef-
fect of thickness, clamping conditions and friction coefficient on the SPT
response. The effects of yield stress, hardening behavior, specimen
thickness and ball-specimen friction on the response of AISI 316L and
F82H-mod tempered martensite steel to SPT tests on 3 mm in diameter
disks were investigated by Campitelli et al. [23] using FEM modeling.
Similarly, Peñuelas et al. [13] have performed extensive numerical sim-
ulations to obtain mechanical and damage properties of steels from the
load–displacement curve obtained from SPT and considered the influ-
ence of friction coefficient and hardening behavior on the SPT response.

There is however an important factor whose influence is often ig-
nored and this is the way in which the value of the displacement used
for representing the P–δ response is determined. In spite of its signifi-
cance, there are no systematic studies on this issue and only few authors
have paid attention to the different possibilities for the displacement
determination, i.e., disk top or bottom central point displacement, ma-
chine cross head displacement, etc., and to the effects of the machine
and load train compliances on the respective values [23–28]. In the
present work, a thorough analysis is performed with the aim of clarify-
ing thismatter. It includes the revision of the definition of the load PY as-
sociated with determination of the material yield stress σY and of the
evaluation of the fracture energy ESPT, values which might depend
on the displacement parameter adopted as representative of the speci-
mendeformation. In addition, two alternative procedures for the assess-
ment of the specimen thickness evolution along the test will be
proposed.

Due to the higher complexity associated with SPT characterization
and to facilitate the systematic study of the influence of the different pa-
rameters thatmight be affecting the test, FEMwasused here to simulate
the experimental response. The material constitutive law was incorpo-
rated using a von Mises definition of effective stress vs. effective strain
using the behavior determined fromuniaxial tests. The high strain levels
associatedwith SPT in comparisonwith uniaxial tensile testing requires
extrapolation of the stress–strain values obtained from uniaxial tests.
The appropriateness of different extrapolation criteria and the need of
introducing a damage-law are discussed based on the comparison be-
tween experimental and simulated results. In that way, the modeling
tool was first validated and then applied to the analysis of the physical
significance of specific features associated with the SPT mechanical
response.

2. Experimental details

2.1. SPT equipment and testing

The SPT mechanical characterization was performed on disks speci-
menswith a diameter D=10mmusing the specimen holder schemat-
ically illustrated in Fig. 1. It consists in demountable upper and lower
dies, a puncher, a 2.5 mm in diameter Si3Ni4 ceramic ball and different
transducers for displacement determination. The dies were fabricated
in 28 HRC Cr–Mo steel. The SPT disk specimen is centered in the lower
die receiving hole, also 10 mm in diameter. A clamping force is applied
by tightening four metric Allen M4 bolts between the upper and the
lower die. The inferior bore of the lower die has a diameter d = 4 mm
with a beveled edge transition with a radius r = 0.5 mm.

The specimen holder was disposed in the frame of an electrome-
chanical testing machine Instron 5567, ±30 kN maximum load capac-
ity, using an additional support base disposed in the manner
illustrated in Fig. 2. The displacement value determined from the optical
encoder of the testing machine will be referred to as the nominal dis-
placement δΝ. In the present work, all SPT tests were performed under
constant displacement rate conditions (CDR in what follows) using a
nominal displacement rate of 0.1 mm/min. The load response was
followed by a drop-through Instron Series 2525 ± 1 kN, alternatively
±5 kN, full scale load cell disposed in series with the plunger.

The displacements δTOP and δΒΟΤ indicated in Fig. 1 correspond to the
relative displacement of the center of the upper face of the diskwith re-
spect to the die and the relative displacement of the center of the disk
bottom face with respect to the die, respectively. In the initial stages of
deformation, δTOP includes the displacements associatedwith the elastic
and plastic indentation of the ceramic ball into the specimen. In later
stages, the difference between both values is mainly related with the
specimen thickness evolution during deformation. Of them, only δΒΟΤ
might be directly evaluated from the test. In the present study, the de-
flection δΒΟΤ was determined using an inductive displacement trans-
ducer (HBM W1T3, ±1 mm) housed in the support base (Fig. 2) and a
HBM Spider 8 signal conditioner and amplifier. The determination of
the displacement δTOP is often approached by different authors by mea-
suring a displacement indicated in the presentwork as δEXT. This is done



Fig. 2. Schematic of the specimen holder disposed in the frame of the testing machine
Instron 5567. The nominal displacement δΝ is indicated.

Fig. 3. Axisymmetric finite element model configuration employed for the FEM
simulations performed with the open code Cast3m.
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by affixing an extensometer in the way illustrated in Figs. 1 and 2
[27–29] or using a linear variable displacement transducer LVDT at-
tached to the crosshead of the testing machine [30]. However, it is im-
portant to remark that the precise assessment of δTOP from the
experimentally determined δEXT can only bemade by an appropriate ex-
perimental determination of the effective stiffness of the plunger length
involved (vertical distance between point A and top of the ball in Fig. 1)
and the ceramic ball itself. The SPT device here designed allowsmeasur-
ing the displacement δEXTof the puncherwith respect to the die using an
extensometer (MTS 632.12C-20, 25 mm gage length, 12.5 mm maxi-
mum opening aperture).

The nominal displacement δΝ might also be used for assessing the
displacement δTOP. However, this requires an appropriate calibration of
the effective stiffness of the whole loading system including machine
frame, specific load cell employed, plunger, ceramic ball and support
base.

The significance of the different displacement definitions and the re-
lationships between themwill be analyzed in further detail in following
sections.

Before that, it has to me mentioned that the consistency of the re-
sults obtained with the SPT experimental setup here designed was
checked by verifying the reproducibility of the P–δ curves correspond-
ing to several tests performed with the same material under the same
conditions.

2.2. Materials and SPT specimen preparation

The material adopted for the present study was AISI 304L stainless
steel circular bar with a 25% area reduction by cold work. For preparing
the SPT specimens, the original rod diameter was reduced from 12 mm
to 10 mm by turning and then 1 mm thick slices were cut from these
rods using a low speed metallographic saw. The slices were then
grounded and mechanically polished using 1200 grit paper down to
the final thickness with a tolerance of ±5 μm. Great care was put on
obtaining parallel surfaces by using a special disk holder. Final lapping
of both circular faces was performed using colloidal alumina
suspensions from 5 μm to 0.05 μm. Thickness was determined with a
1 μm resolution digital micrometer. Disk specimens with thicknesses
t = 400, 500 and 600 μm were prepared.

To obtain the profile along diametral cross-sections after testing,
some deformed SPT specimens were included in plastic resin and then
they were cut and polished following standard procedures.

2.3. Uniaxial tensile tests

In order to determine the uniaxial tensile properties of thematerials
considered, complementary uniaxial tensile tests were conducted at
room temperature using cylindrical standard specimens and initial
nominal strain rates of 1.2 × 10–3 s−1.

3. Numerical simulations

The deformation process associated with SPT was simulated using
the Finite Element Method (FEM) working with the open code Cast3m
(www-cast3m.cea.fr). An axisymmetric finite element model of the
SPT arrangement with four nodes quadrilateral elements (Fig. 3) was
used in order to simulate the entire SP test. The upper and lower steel
dies have been modeled as linear-elastic bodies with Young Modulus
E = 210 GPa and Poisson ratio ν = 0.3. The ceramic puncher was also
modeled as a linear elastic body assuming E = 300 GPa and ν = 0.27.
Effective stress–strain constitutive equation corresponding to AISI
304L was obtained by fitting the experimental true stress–strain uniax-
ial curve in the region of uniform deformation (before necking). As the
local effective plastic strain of a SPT specimen can reach levels far ex-
ceeding the maximum strain accessible in the uniaxial test, it was nec-
essary to extrapolate the tensile curves beyond necking. A von Mises
definition for effective stress and strain was adopted with this purpose.
In that way, uniaxial stress–strain data can be directly converted to ef-
fective stress–strain values. Different extrapolations criteria were con-
sidered in the present work and their impact on the simulated
response will be discussed. Neither damage nor failure was taken into
account in the FEM simulations. The appropriateness of this assumption
will be discussed elsewhere under the light of the obtained experimen-
tal results.

Unilateral contact and friction between the specimen and upper and
lower dies and also between the specimen and the ceramic puncher
were assumed. Coulomb's friction model was adopted, i.e., the relative
tangential slide between two contacting surfaces results in a load of
value μ · σN in the contact plane along the displacement direction.
Here μ stands for the friction coefficient and σN for the stress normal
to the contact plane. In order study the sensitivity of the P–δ response
with the value of the friction coefficient, simulations with μ values in



Table 1
Conventional basic tensile properties for the AISI 304L derived from the uniaxial tensile
test shown in Fig. 4. E: Young's modulus; σYS: yield strength (0.2% off-set intersection
method); σTS: tensile strength (nominal); εU: maximum uniform strain (true strain at
instability).

E [GPa] σYS [MPa] σTS [MPa] εU [–]

210 652 820 0.26

626 M.F. Moreno et al. / Materials and Design 95 (2016) 623–631
the range 0.1–0.9 have been performed. Results show that μ affects the
curve only nearmaximum load, in linewith the results of Peñuelas et al.
[13]. As the tests conducted in the present study were made under
unlubricated conditions, a value of μ = 0.5 representing typical condi-
tions for steel–Si3Ni4 contact was considered [31]. Taking into account
the magnitude of the displacements involved in SPT, it was necessary
to consider a large displacements situation for the simulations.

Mesh convergence analysis wasmade by recreating themeshwith a
denser element distribution, reanalyzing and comparing the obtained
P–δ curves to that of previous meshes until satisfactory stable results
are obtained.

The simulations performed were intended to describe the load P de-
veloped as a consequence of the displacement imposed on the center of
the spherical ceramic puncher. Additionally, the stress, strain and dis-
placement fields along the disk have been obtained for posterior analy-
sis. Fig. 3 illustrates the meshing and the boundary conditions assumed
for the simulations.

4. Results and discussion

4.1. Tensile uniaxial behavior and extrapolation beyond necking

The true stress–true strain (σ–ε) response obtained from tensile test
is shown in Fig. 4. The experimental data included in the figure corre-
spond to the uniform deformation region, i.e., before necking. The con-
ventional basic mechanical properties derived from these tests are
summarized in Table 1.

As mentioned before, the maximum effective strains that can be
reached in SPT greatly exceed the maximum uniform strain εU accessi-
ble in a uniaxial tensile test. Therefore, to have the effective stress vs.
strain behavior at effective strains above necking for FEM simulations,
linear and parabolic extrapolations of the uniform strain uniaxial data
have been considered in the present work. In the first case, the σ–ε be-
havior has been linearly extrapolated from the point of maximum uni-
form deformation (arrow A in Fig. 4) considering the local slope of the
curve at that point. The second is a two segments criterion. Firstly a par-
abolic fit of the experimental data corresponding to the uniform plastic
deformation range was performed. The resulting function was consid-
ered to represent the material behavior in the strain range between
the maximum uniform deformation (arrow A) and the maximum of
the fitting parabola (arrow B in Fig. 4). From this last point on, a perfect
plastic behavior was assumed.
Fig. 4. Uniaxial true stress–true strain behavior of AISI 304L (25% area reduction by cold
work) determined from tensile test and von Mises effective stress–effective strain
curves obtained using linear and parabolic extrapolation criteria above necking (see text
for details).
4.2. SPT: experimental results

4.2.1. Influence of displacement definition on the overall P–δ response
Fig. 5 shows SPT experimental P–δ curves for a specimen with a

thickness t = 0.500 mm. The curves corresponding to the three dis-
placements δΝ, δEXT and δBOT that can be directly determined from the
tests were included in the plot. It can be seen that at the same load
level δΝ N δEXT N δΒΟΤ. This is a consequence of the differences in the finite
elastic stiffness of the loading chains involved in each case. In effect, of
the three parameters considered, only δBOT represents an actual dis-
placement value of the specimen, i.e., the one corresponding to the cen-
ter of the bottom face relative to the dies. As described before, δΝ and
δEXT include displacements associated with the deformation of extra
parts besides the displacement of the center of the upper face. The com-
parison of the three curves represented in Fig. 5 indicates the impor-
tance of specifying the displacement used for representing the SPT P–δ
response. The question is somehow analogous to the situation posed
in a tensile test when the knowledge of the stress vs. strain behavior
might be intended to be derived from data corresponding to machine
crosshead instead from an extensometer attached to the specimen.

The analysis of the results presented in Fig. 5 indicates that, on the
one hand, a direct comparison of SPT responses obtained from different
authors, most of the times using different devices and testing machine
frames, would only make sense if the displacement δBOT is determined
in all cases. Analysis of the literature shows that many authors adopt in-
stead δΝ or δEXT as representative parameters and the reason is the sim-
plicity of their determination. On the other hand, the determination of
slopes and inflection points that might be associated with material
properties like elastic modulus or yield stress would be affected by the
displacement parameter adopted. The same occurs for the energy ESPT

associated with the area under the P–δ curve which is used for the de-
termination of the ductile to brittle transition temperature and also in
the evaluation of the displacement associated with maximum load for
ductility determination.
Fig. 5. Experimental P–δ curves for 0.500 mm thick specimen corresponding to the three
displacements δΝ, δEXT and δBOT directly determined from the tests.
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It can also be noticed from the curves presented in Fig. 5 that there is
a difference among the slopes of the respective unloading paths with
the unloading curves corresponding to displacements δΝ and δEXT con-
verging to the same point in the null load condition (point denoted as
A in Fig. 5). This fact constitutes a further confirmation that for other
than zero loads the difference between the displacements δΝ and δEXT
is due to the different finite elastic stiffness of the respective loading
chains.

The displacement associated with the unloaded condition for δBOT
(point denoted as B in Fig. 5) differs from the corresponding values for
δΝ and δEXT. The displacement difference between points A and B repre-
sents the permanent thickness reduction δtCpl of the disk center corre-
sponding to the load level reached before unloading. Here tC
represents the thickness of the disk center and the superscript pl de-
notes a permanent variation due to plastic deformation. This issue will
be further analyzed in a next section.

4.2.2. Thickness evolution
Asmentioned above, a possibleway of following the evolution of the

thickness of the center of the disk, tC, along the test consists in
performing several complete unloading–reloading cycles at progres-
sively increasing maximum loads and assessing the difference between
δEXT and δBOT at the respective null load. In thisway, a discrete number of
points describing the permanent (plastic) thickness reduction δtCpl as a
function of a parameter representing the test progress (applied load or
any of the displacements recorded) might be plotted. An alternative
way of assessing the specimen thickness reduction along the test con-
sists in continuously recording the displacements δTOP and δBOT and
then subtracting δTOP from δBOT. By proceeding in that way, the continu-
ous evolution of the total thickness reduction δtC = δtCpl + δtCel (plastic
plus elastic) can be obtained as δtC = δBOT − δTOP.

There are however some issues that have to be faced first. The dis-
placement δTOP of the top face center of the disk respect to the die can-
not be directly obtained from the experiments. Instead, its value can be
derived from the displacements δΝ or δEXT through an appropriate cali-
bration of the respective elastic compliances involved, referred to as
CN and CEXT, respectively. For the experimental setup and testing ma-
chine configuration used in the present work these values were deter-
mined by testing a 3.25 mm thick tungsten carbide (WC) SPT disk
specimen and recording the resulting load vs. displacement responses,
i.e., P–δΝWC and P–δEXTWC. One additional consideration is that the correct
assessment of the compliance of the particular kinematic chain involved
requires the subtraction of the displacement associated to the ceramic
ball indentation into the WC specimen. Due to the difficulty of its
Fig. 6.Results from a SPT performed on 0.500mmthick specimenwith unloading–reloading cyc
to the displacements δΕXT, δTOP and δBOT. b) Disk center thickness evolution along the test (see
experimental determination, this last contribution was computed by
FEM assuming a linear elastic behavior for the WC disk. Finally, the dis-
placement δTOP can be determined by subtracting from δEXT thedisplace-
ment associated with the compliance calibration curves expressed as
P = CEXT ∙ δEXT, alternatively P = CN ∙ δN.

Based on all previous considerations and in order to study the evolu-
tion of the thickness of the specimen center, a test up to maximum load
was performed in a specimenwith an initial thickness t=0.500mm. In
addition, thirteen intermediate unloading-reloading cycles were per-
formed. Fig. 6a illustrates the SPT response in terms of P–δEXT and
P–δBOT curves. The P–δTOP curve shown in the figure was obtained
from the experimentally determined P–δEXT by discounting the dis-
placements of the compliance calibration curve P = CEXT ∙ δEXT which
corresponds to the curve shown at the left in Fig. 6a. For the sake of clar-
ity, the intermediate unloading–reloading cycleswere presented only in
the P–δEXT curve. The first three unloading–reloading cycles were per-
formed at the very beginning of the loading curve and therefore cannot
be resolved in the figure.

The thickness variations δtCpl and δtC were determined as described
above. They are represented in Fig. 6b as a function of the displacement
δBOT. The symbols (open circles) represent the permanent thickness var-
iation δtCpl corresponding to the discrete number of intermediate
unloading–reloading cycles while the continuous line shows the actual
thickness variation δtC. The slight difference between δtCpl and δtC is the
result of the additional thickness contraction due to the predominantly
biaxial tensile stress existing in the center of the disk. The plot suggests
the existence of a first stage with downwards curvature where the
thickness reduction rate is high. This first region is followed by a dis-
placement interval, δBOT between 0.200 and 0.450 mm, where the re-
duction rate exhibits a nearly constant value. Above 0.450 mm, a
gradual increase of the thinning rate is observed until a displacement
of approximately 0.700mm is reached. From this level of displacements
on, a new constant thickness reduction rate region which persists at
least until maximum load is observed. This last stage accounts for
more than 70% of the total thickness reduction of the center of the spec-
imen during the test.

The actual magnitude of thickness reduction corresponding to the
end of the experiment represented in Fig. 6b was verified with a mi-
crometer. A difference less than 2.5% of the initial thickness was ob-
served, with the total thickness reduction at this point having reached
50%.

Fig. 6b also includes the P–δBOT curve for comparison. It is interesting
to see how the two curves represented resemble in their development
in spite of one describing a local behavior, i.e. thickness variation of
les performed at progressively increasing displacements. a) P–δ curves for a corresponding
text for details).
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the disk center, while the other giving the overall mechanical response
of the SPT disk. This suggests that the different stages proposed for de-
scribing the mechanical response (see Introduction section) can also
be identified in the curve representing the thickness evolution. A
small difference however is observed in the last stage where the thick-
ness variation with δΒΟΤ does not exhibit a region of downward curva-
ture as it occurs in the P–δBOT curve around maximum load.

A final important issue to be discussed in the present section con-
cerns the finite compliances of the SPT device itself and of the testing
setup as a whole. On the one hand, they are responsible for the calibra-
tion corrections described in detail before but they are also an important
aspect to be considered when applying SPT for fracture toughness de-
termination, or more generally, when the study of fracture processes
is intended using this technique. It is well known that more compliant
testing devices result in more unstable propagation characteristics and
this is even more noticeable in the case of brittle materials [32]. Thus,
special care must be taken in the design of an SPT setup for studying
these matters, i.e. avoiding the introduction of highly compliant
components.

4.3. SPT response: comparison between numerical and experimental results

Fig. 7 shows the P–δBOT curves for the 0.500mmthick AISI 304L disks
obtained by FEM simulations employing the two extrapolations criteria
for representing constitutive behavior (linear and parabolic followed by
perfectly plastic). It also includes the corresponding experimental curve
already presented in Fig. 6 (dashed curve to maximum load). Good
agreement is observed. The simulated and experimental responses
start deviating appreciably from each other only at an advanced stage
of the deformation process. It is important to mention here that at
such levels of deformation the disk specimen presents damage as can
be appreciated in the SEM micrographs presented in Fig. 8. In effect,
the observation of the bottom surface of a specimen tested until maxi-
mum load indicates, besides the presence of heavily plastically de-
formed grains, the occurrence of voids and microcracks. It has to be
pointed out here that the discrepancies observed between the experi-
mental and the simulated behaviors in the region near maximum load
are somehow expected considering the constitutivemodels formaterial
behavior assumed do not include an explicit model for damage initia-
tion and development.

The capability of the FEM simulations of capturing other particular
details of the SPT behavior beyond the overall P–δ response just de-
scribed is now analyzed. For that purpose, two additional tests
interrupted at loads of 700 N and 1600 N were performed. The corre-
sponding experimental P–δ curves including unloading paths are
Fig. 7. Experimental and FEM simulated P–δBOT responses for 0.500 mm thick disks.
shown in Fig. 7 where the respective interruption points are denoted
by A and B. In passing, a perfect overlapping between the three experi-
mental P–δ curves can be appreciated. This supports the statement
expressed at the end of Section 2.1 about the excellent reproducibility
of the SPT method here developed. Fig. 9 shows disk diametral cross
section profiles for both interrupted tests. The half width images
shown at the left correspond to light microscope micrographs while
those shown at the right correspond to specimen profiles obtained by
the FEM simulation. Again here, good agreement is observed.

Based on the capability of reproducing both the P–δ response and
the diametral cross section profile evolution along the test, it is consid-
ered that the FEM simulation tool here developed is adequate for de-
scribing the actual (experimental) SPT specimen behavior. It can then
be used for the analysis of variables that are not experimentally accessi-
ble. As an example of its application, Fig. 9a and c, show the effective
strain contours for the tests interrupted at 700 N and 1600 N, respec-
tively. Similarly, Fig. 9b and d, show the corresponding vonMises stress
contours. Analysis of the figures reveals strain concentration occurring
in an annular region opposite to the ball contact. The zone of localized
high strains moves outwards as the contact area increases. The highest
strain values however are always reached close to the bottom surface.
Concerning the effective stress distribution, it can be seen that the
zone of high stress is coincident with the one of maximum equivalent
strain. Analysis of the isovalues indicates the presence of higher stresses
in a thin annular region located at the external perimeter of the contact
region. From this point, gradual unloading is observed into the interior
of the contact regionwhile an abrupt stress decrease is detectedmoving
outwards in the radial direction. This decrease in the equivalent stress in
the contact region cannot be explained by the loss of contact between
the ball and the specimen because this situation was verified never to
occur in the simulations.

4.4. Characteristic load PY

In the present section, the previously validated FEM analysis tool
will be applied to the study of the physical significance of different pro-
posals considered in the literature for the evaluation of the yield stress
σY from the SPT mechanical response.

The basis for such evaluations is given by Eq. (1) derived from the
theory of deflection of thin circular elastic plates subjected to axisym-
metric loadings [33], i.e.:

σy ¼ α
Py

t2
: ð1Þ

Here, PY is a load value derived from the SPT P–δ response, t is the
specimen thickness and α a calibration factor [15,27,28,34]. Different
criteria have been proposed in the literature for the determination of
the load PY. In addition, inmost of the publishedworks, the load PY is de-
rived from P–δN or P–δEXT response curves. However, as was thoroughly
discussed in a previous section, neither δN and δEXT represent actual dis-
placements of the disk specimen. In the present work, actual displace-
ments were considered and of the two options available, i.e., δBOT and
δTOP, the displacement δBOT was considered for PY determination. Using
δBOT represents an advantage compared with δTOP. In effect, the P–δBOT
response exhibit a linear region in the initial states of deformation
while P–δTOP includes the nonlinear behavior associated with the ce-
ramic ball indentation on the top side of the specimen and its determi-
nation requires previous knowledge of one of the compliance
calibration factors describe before.

Having adopted P–δBOT as the appropriate response to derive the
load PY, some of the criteria reviewed in [27] were considered next for
its quantitative evaluation. Mao and Takahashi [15] defined the load
PY through the intersection point of the linear fitting lines representing
stages I and II of the P–δ curve, PYMAO in Fig. 10. This value can be consid-
ered artificial because the corresponding P–δ coordinates do not fall on



Fig. 8. SEM micrographs corresponding to disk bottom surface after testing to maximum load evidencing damage occurrence.
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to the actual P–δBOT response curve and, as can be seen in the figure, the
criterion can be considered to be overestimative. As indicated in Fig. 10,
a more realistic value can be obtained by taking the load PY

MAO⁎ on the
P–δBOT curve corresponding to the displacement associated with PY

MAO.
The other two methods that were considered here employ displace-
ment offset values of either t/100 or t/10 for determining PY. They re-
semble the 0.2% strain offset criterion used for determining σY from
uniaxial tensile testing in metals not presenting a definite yield point.
P–δBOT curves are particularly appropriate for application of offset type
of methods due to the linearity exhibited by the curve in the initial
stages of deformation. The respective PY values are referred to as PYt/100

and PY
t/10 in Fig. 10. It can be seen that PYt/100 b PY

MAO⁎ b PY
t/10 and that

the transition between the first linear region, corresponding mainly to
the elastic deflection of the disk, and the second linear region, usually
assigned to plastic bending [8], exhibits a gradual development. This
fact is related with the inhomogeneous deformation of the SPT speci-
men contributing to the indeterminacy of the derived parameters like
σY.

It would be now interesting to analyze the equivalent stress – stress
states of the SPT specimens corresponding to the different PY values de-
termined from the alternative criteria just described. This was done
with the help of Fig. 11 where the FEM calculated stress – strain con-
tours associated with the loads PYMAO⁎, PYt/100 and PY

t/10 are represented.
It can be seen from Fig. 11 that, even for the lowest of the PY values, i.
Fig. 9.Opticalmicrographsof experimental (left) and simulated (right) diametral cross section p
strain and stress contours are plotted on the simulated cross section profile.
e., PYt/100, in the region around the center of the disk thewhole thickness
of the specimen has reached or exceeded the yield limit of 652 MPa ob-
tained from the uniaxial test (Table 1). This indicates that the spreading
of the plastic deformation associated with the indentation of the ce-
ramic ball takes place at the very early stages of the test. It can also be
seen that the level of plastic strain in an annular zone close to the border
of the indentation exceeded the value of the maximum uniform strain
εU = 0.26 reached in the uniaxial tensile test (Fig. 4, Table 1). Fig. 11b
and c describe how the effective stress and strain contours develop
as the displacement is increased, firstly until reaching the load
PY
MAO⁎ (Fig. 11b) and then PY

t/10 (Fig. 11c). It should be noticed here
that for PYt/10, the whole thickness of the specimen has reached strain
levels above εU in the annular region below the start of contact be-
tween the specimen and the ball.

It would be interesting now to assess on the volume of plastic de-
formed material and to analyze its evolution with the test progress. In
order to do that, the volume of material with equivalent stresses levels
above σY (alternatively, equivalent strain above 0.002) was calculated
by integration of the results calculated by FEM. The volume fraction
was evaluated with respect to the volume of the central part of the
disk, i.e., the region outside the clamping area between the upper and
lower dies. The curve describing the evolution of plastic volume fraction
with δBOT is included as the red solid line in Fig. 10. The curve presents a
first region where the increase in the volume of plastic deformed
rofiles of tests interrupted at 700N (a and c) and1600N (b and d). FEMcalculated effective



Fig. 10.Definitions of PY on the experimental P–δBOT plot (left vertical axis) according
to the criteria of Mao (PYMAO), modified Mao (PYMAO⁎) and the offset methods t/100 and
t/10 (PYt/100 and PY

t/10). Evolution of the FEM calculated plastic deformed volume
fraction for plastic strain ≥ 0.002 (right vertical axis) is included for analysis.
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material is negligible. This occurs in the first 10 μm of δBOT and is coinci-
dent with the first linear region of the P–δBOT. In this range, the disk
bends elastically and the plastic deformation restricts to the ball inden-
tation zone. At a load of approximately 110 N, the volume of plastic de-
formed material begins augmenting with the test progress. It is only at
this point when plastic deformation starts spreading through the disk
specimen and from it on, the rate of increase increments gradually
with δBOT. It can be seen that the three PY values defined before are
reached inside this region. The corresponding volume fraction of plastic
deformedmaterial are 1.4% for PYt/100, 2.8% for PYMAO⁎ and 9.3% for PYt/10. At
a displacement δBOT of approximately 100 μm, the rate of increase of the
volume of plastic deformed material increases abruptly in coincidence
with the full development of stage II in the P–δBOT curve corresponding
to the plastic bending of the specimen.

The previous analysis clearly shows that the PY values obtained ac-
cording to the different criteria discussed have an arbitrary character
and correspond to different degrees of the plastic deformation of the
disk specimen. Specifically, the PYt/10criterion results in a PY value associ-
ated with a volume fraction of plastic deformed material close to 10%
while for PYt/100, it approaches only 2%.

These observations raise the question about the appropriateness of
deriving mechanical properties, usually defined from tests performed
Fig. 11. Simulated cross section profiles corresponding to the loads assoc
under well-defined and simpler homogenous stress states, from much
complex situations like those characterizing the SPT. In effect, using
any of the criteria for PY determination that were discussed before
would require the determination of the calibration factor α from
Eq. (1). Its value will depend however on the specific material and ma-
terial condition considered (heat treatment, degree of pre-deformation,
etc.). These difficulties can be clearly appreciated in very recent publica-
tions [7,34] where different modifications of Eq. (1) are required to ad-
equately describe the σY–PY relationship. In effect, different values of
factor α, and also the addition of constant terms to Eq. (1) have been
proposed in [7] to derive yield properties of aluminum alloy plates sub-
jected to different pre-straining while using different values for α have
been proposed in [34] when trying to characterize SS-316L thin foils
with different thickness through SPT. It is important to remark that
these specific modifications are just the result of fitting procedures;
the physical basis however is arguable. In this sense, the inversemethod
proposed by Abendroth and Kuna [35,36] using neural network training
and thematching of the SPT load vs. displacement response to a curve of
a database of curves proposed by [22] constitute promising alternatives.
5. Conclusions

The main conclusions that can be drawn from the combined exper-
imental and numerical analysis performed in the previous sections are
the following.

The displacement δBOT of the bottom of the specimen is the only di-
rectmeasurement that does not include extra contributions neither due
to the deformation of the intermediate kinematic chains nor due the ball
indentation during the test. It provides an actual displacement of the
SPT disk. Using any of the other displacements usually taken to repre-
sent the SPT response due to the simplicity of their determination
might result in significant errors on the derived properties. The neces-
sary corrections would require impractical experimental procedures
like the calibration of the loading train compliances. Therefore, using
the displacement δBOT as representative of the SPT response is highly
recommendable.

Two alternative methods for determining the thickness variation of
the center of the disk have been proposed. This evaluation is necessary
when information about material constitutive behavior wants to be de-
rived from SPT. Both possibilities require measuring the displacement
δBOT and an additional one that can be provided by an extensometer
or by the nominal displacement of the testing machine. One of the
methods require the additional characterization of one compliance
while the second method provides a novel, more practical, procedure
iated with the different criteria for PY: a) PYt/100, b) PYMAO⁎ and c) PYt/10.
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consisting in introducing repeated unloadings–reloadings loops along
the test.

The results obtained from finite element simulations show that even
using a constitutive model that does not include damage initiation it is
possible to reproduce the SPT P–δ response curve to near maximum
load. The FEM analysis tool was further validated against experimental
results describing the cross section of diametral profiles and then used
reliably for further analysis.

Different criteria proposed in the literature for determination of the
load PY used for deriving yield strength from SPT have been revised in
terms of P–δBOT response. The correlation between their values and
the evolution of the volume fraction of plastic deformed material high-
light the arbitrary character of the different definitions with the differ-
ent proposal corresponding to different degrees of plastic deformation
through the specimen.

A final conclusion concerning the derivation of basic mechanical
properties from SPT taking into account the previous observations is
that the development of the so called inversemethods that try to recon-
struct the whole elastic–plastic response of the material should be fa-
vored against simpler but at the same time more arbitrary criteria for
individual properties determination.
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