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Revised 9 February 2022 tion, particularly where more conventional approaches are inhibited. Despite the advantages that the two
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Available online 24 February 2022 test methodologies have to offer, the main drawback is the complex understanding of the mechanical

data generated from the experiments and how it can be correlated to more recognised properties.
Typically, the most desired properties relate to the uniaxial properties of yield stress, ultimate tensile
strength and ductility, but to date, there is no single robust and overarching approach for correlating such
properties for a wide array of metallic materials that exhibit varying levels of ductility. This paper will for
the first time directly compare properties obtained from a series of uniaxial tensile, SP and ShP tests
across several metallic materials, and look to establish and correlate equivalent properties across the dif-
ferent test types. The materials investigated range from commercially pure entities to more advanced
alloy systems. The generated results, empirical relationships and numerical simulations will inform
which materials can be correlated across the different test regimes, and identify why the relationship
in certain materials breaks down.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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ical characterisation of any novel material at the development
stage can be an expensive activity when accounting for the rela-
tively large volume of material required and likely restricted mate-
rial availability. Such scenarios have led to the development of
smaller scale test procedures. One particular test methodology is
the small punch (SP) test, an experimental approach derived in
the 1980s to assess in-service degradation of nuclear reactor com-
ponents exposed to irradiation damage [1] and to provide an indi-
cation of the residual lifetime of the material for further safe
operation. With time, the SP test technique has seen increased
adoption, with research now available for the application of the
test approach in alternative industrial sectors such as aerospace
[2] and automotive [3]| and to assess the properties of more
advanced novel materials such as single crystal superalloys [4]
and those fabricated by additive manufacturing (AM) [5,6].

In response to the increased use of SP testing in worldwide lab-
oratories, a European Code of Practice (EUCoP) for SP tensile, frac-
ture and creep testing was developed early in the 21st century and
launched by CEN in 2006 [7]. This has since been formulated into
both a European Norm (EN) and an ASTM equivalent standard, fol-
lowing an increased uptake in the use of the test methodologies
and extensive ‘Round-Robin’ mechanical test programmes under-
taken across several international research institutions [8,9].

The SP test arrangement consists of a miniature disc sample
subjected to an applied compressive force transferred through a
hemispherical punch indenter onto the upper surface of the disc
(Fig. 1). Loading may be applied under a constant force (F), promot-
ing a time-dependent creep type response, or alternatively under a
constant rate of displacement, promoting behaviour more akin to
tensile deformation. Preliminary investigations into replicating
fatigue damage on a SP disc has been conducted by the authors
[10], where the force (F) is applied in a cyclic manner until the disc
is deemed to have failed. In each of these test arrangements, the
compressive loading occurs as the punch tip impacts on the disc
sample, promoting a small stage of elastic deformation before lead-
ing to the most dominant stage of damage where the membrane
around the punch tip begins to stretch. The membrane deforms
under biaxial tension leading to a complex and transient stress
state, upon which thinning occurs through the cross-section of
the material, illustrated for a ductile metallic material in Fig. 2.

This behaviour is in contrast to the stress state witnessed in
more conventional test arrangements, where the specimen elon-
gates under an applied uniaxial tensile force until failure. Several
publications have discussed proposed methods to correlate the
properties generated from SP testing to those from more recog-
nised uniaxial approaches [11-17]. When attempting to correlate
ultimate tensile strength (gyrs) to maximum force (Fyax), several
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studies have used finite element (FE) simulations to understand
the differences in stress state and appropriate methods to compare
the properties. Altstadt et al found that the correlation between
Fuyax and oyrs cannot be independent of the underlying material
properties of the material investigated, which in this case was a
range of steels [18]. However, correlations were derived based on
the applied small punch force, F;, which is considered a preferred
parameter for estimating oyrs. Likewise, Holmstrom et al found
that estimations of oyrs for materials with reduced ductility mate-
rials should be undertaken on forces extracted at low deflection (d)
values due to the relatively catastrophic nature of plastic deforma-
tion experienced in such materials [19]. Garcia et al analysed a
wide range of materials and derived several parameters from the
SP curve. Attempts were made to correlate the yield strength (o)
from a uniaxial tensile curve to an equivalent yield force, or F,
from the SPT curve. To achieve this correlation, F, was defined by
the crossing point between the SP curve and a straight line parallel
to the initial slope of the graph, with an offset d of thickness (t)/10
(as shown in Fig. 2(b)). Using this proposal, a regression coefficient
o = 0.346 (units in N/mm?), similar to an R? value, was achieved.
The most robust correlation was found when estimating ay7s with
Fuax. Here, the authors normalised Fyax by dividing by the initial
thickness (t) of the SP disc and the d value at Fy,1x. However, the
proposed correlations between tensile elongation and d at Fyux
were generally poor [17]. Hihner et al extended upon this work
with effort focused on correlating ¢, from SP testing. They pre-
sented a new methodology based on FE simulations of a wide
range of constitutive hardening rules based on the reasoning that
oy is commonly associated with an elastic-plastic transition force
(Fe) via 0, = o-F./h%. However, they found that the dimensionless
coefficient, o, could not be assumed to be constant and depends
on the strain hardening behaviour of the investigated material
(as similarly reflected by the hardening exponent n of power law
flow) which, in the absence of knowledge of n, can be inferred from
the curvature of the F-d curve recorded in the SP test. Hihner et al
found that this can be achieved by determining the forces at three
different offsets (10 um, 50 pm and 90 pm), rather than attempting
to link o, to a single offset value [20].

An alternative experimental approach for determining mechan-
ical properties using small specimen discs is the shear punch (ShP)
test. In the ShP test, the miniature disc, of equal dimension to that
used for SP testing, is clamped between an upper and lower die set
in a similar arrangement to SP testing, but force is applied via a flat
ended punch rather than a hemi-spherical indenter, promoting a
compressive force in the central region of the specimen and a
shearing deformation behaviour around the edges of the punch
head, and therefore a more uniform stress state throughout the

Fig. 1. Small punch test arrangement.
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Fig. 2. (a) Example small punch Force-Deflection curve with different deformation zones indicated, (b) Determination of F, by means of the bilinear method.

test. The specimen is then deformed until a 20% drop from Fyax is
reached, producing a F-d curve akin to SP testing. The shear stress,
7, is calculated through the following equation:

F

T=——
2T gt

(1)

where F is the punch load and r,, is the average of the radius of the
punch head and the radius of the receiving hole (r4vg = Tpunch + Tdie |
2). The resulting deformation behaviour has many similarities to a
o-¢ curve from a uniaxial tensile test, such as an initial linear elastic
region, a yield point, a period of plastic deformation until reaching
an ultimate load followed by failure, as illustrated in Fig. 3. The
exact yield point on the curve is not always easy to define, thus a
repeatable method must be employed to calculate the shear yield
stress (t,). Kobayashi et al found reasonable success when deriving
an offset shear yield stress (7ps) value based on an intersecting point
between the 7 - d/t curve and a force offset line parallel to the linear
portion. In addition, maximum shear stress (7yss) values could also
be established with sufficient correlation to uniaxial properties [21].

Guduru et al adopted the same approach to characterise the
mechanical properties of nanocrystalline materials whilst consid-
ering a varying specimen thickness and punch to die clearance.
The research showed that normalisation of the shear-punch dis-
placement with specimen thickness could produce a SP master
curve that is independent of thickness, where using a 0.2% yield
offset criterion, a t, value can be obtained that correlates strongly
with g,. Furthermore, good agreement was observed between tyss
and ayrs [22,23]

The aim of this research was to evaluate the applicability of the
SP and ShP test techniques in deriving the mechanical properties of
a range of metallic materials with various levels of ductility.
Results will be compared and empirically correlated to those gen-
erated through more recognised uniaxial means. Finite element
analysis simulations will also be presented to analyse the evolving
stress fields in the two small scale test approaches, providing fur-
ther credence to the empirical correlations and helping to identify
the limitations of applying small scale test methods to certain
metallic materials.

2. Experimental methods
2.1. Materials and specimens

In this study, several wrought crystalline materials were
assessed; these were commercially pure copper, commercially
pure aluminium, nickel-based superalloy Inconel718 (In718)
(53 wt% Ni, 19 wt% Fe, 19 wt% Cr, 4.8 wt% Nb, 3 wt% Mo, 0.86 wt
% Ti, 0.60 wt% Al, trace C, S, Cu), titanium alloy Ti-6Al-4V (90 wt
% Ti, 6 wt%s Al, 4 wt%V, trace Fe, O) and stainless steel 404
(0.05 wt% C, 1.00 wt% Mn, 0.50 wt% Si, 11.5 wt% Cr, 1.5 wt% Ni,
0.03 wt% P, 0.03 wt% S, Bal. Fe). All materials were supplied in
the as-received condition, and none were thermo-mechanically
treated. The average grain sizes for each material were collected
through the mean linear intercept method (displayed in Table 1),
each exhibiting an isotropic, equiaxed morphology. 25 individual
measurements were taken of each material using Image] software.
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Fig. 3. (a) Example shear punch Force-Deflection curve with different deformation zones indicated, (b) Determination of tps.
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Table 1
Average grain size measurements for five mate-
rials investigated.

Material Average grain size (um)
Ti-6Al-4V 3.8
Stainless Steel 6.8
Copper 24.6
Aluminium 38.2
In718 10.0

A series of five uniaxial tensile specimens were manufactured
from cylindrical rods from each of the five materials, in accordance
with the dimensions given in Fig. 4, with all specimens finished
with a circumferential polish. Ten disc specimens (five for SP and
five for ShP testing) were then extracted perpendicularly from
the same stock of each material by reducing the diameter of the
cylinders to $8 mm and sectioning slices approximately 800 pm
in thickness. Using a custom designed specimen holder, discs were
produced by progressively grinding and polishing both specimen
faces with finer silicon carbide abrasive papers to the required
specimen thickness of 500 pm + 5 pm with a 1200 grit finish
(Fig. 4(b)). These procedures are in direct accordance with the rec-
ommendations defined in the standards for SP testing [8,9].

2.2. Mechanical testing

2.2.1. Uniaxial tensile

Uniaxial tensile tests were performed on a 50 kN electric screw
test machine. Across all tests, a constant strain rate of
0.5 mm-min~! was adopted until a strain value of 4 % was
exceeded, upon which a second strain rate of 5 mm-min~' was
used until failure. All test procedures adhered to 1ISO6892-1:2016
[24], with 25 data points recorded per second and strain measured
through a 12 mm extensometer. All tests were performed in a con-
trolled laboratory temperature of 21 °C.

2.2.2. Small punch tensile

SP tensile tests were performed using a bespoke jig, as previ-
ously reported in [6]. The jig assembly locates into a 5kN electric
screw test machine and comprises of an upper (2) and lower die
(4) set to clamp the SP disc (3), each with a $4 mm receiving hole,
as shown in Fig. 5(a)). The lower die holds a 0.2 mm chamfer above
the ¢4 mm receiving hole, with an initial die entrance of $8 mm to
avoid obstruction with the punch geometry. When the test frame
cross-head is in contact with the flat surface of the push collar, a
compressive displacement consequently applies a force to the disc
specimen through the punch head. Residual deflection measure-
ments are recorded via an adapted transducer rod which connects
the center of the underneath surface of the specimen to a linear
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variable displacement transducer (LVDT), providing deflection
measurements directly from the specimen, to accompany the dis-
placement behaviour recorded from the crosshead movement. All
tests were performed in accordance with the EN standard for SP
testing [8], under a crosshead displacement rate of 0.5 mm-min~"'.
Each experiment was performed at ambient room temperature in a
controlled laboratory environment (21 °C).

Post test, fractographic images were captured on a Keyence
VHX-700F digital microscope, enabled with a stitch image function
to allow magnified observations of all regions of the fractured
discs.

2.2.3. Shear punch tensile

ShP tests were performed on the same mechanical test frame as
the SP tests. All test procedures were akin to those used for SP test-
ing, where the disc (3) is clamped and held in place by an upper (2)
and lower die set (4), but the profile and dimensions of the die set
and punch indenter differ. Whereas for SP testing the punch (1)
contains a hemispherical end, for ShP tests, the punch has a flat
profile (as depicted in Fig. 5(b)). As previously shown by Hankin
et al [25], the true multiaxial, non-uniform stress state in the annu-
lar shear zone, is a relatively uniform shear in conjunction with a
small compressive stress. Plus, since there is a widening of the
stress field with decreasing stress amplitude outside of the annular
region defined by the punch clearance, the combined effect of
these multiaxial, non-uniform stresses relative to a pure shear
stress state can be accounted for through modifications in the cor-
relation constants connecting the ShP test stresses to uniaxial ten-
sile stresses [25]. As such, Eq. (1) can be adopted as an appropriate
definition of 7 for the ShP tests. In this research, to be consistent
with the work undertaken by Guduru et al [23], a flat end punch
of 2.49 mm diameter and a receiving die of 2.51 mm diameter
(w = 10 um) was adopted. Both pieces were manufactured from
Nimonic 90. Deflection, displacement and force values were
recorded every 0.1 s. To replicate the conditions used for SP testing,
all ShP tests were performed with a crosshead displacement rate of
0.5 mm-min~, in a controlled laboratory temperature of 21 °C.

3. Results & discussion

Figs. 6-8(a) present the typical uniaxial, small punch and shear
punch curves for each of the five materials whilst Figs. 6-8(b) show
five repeat tests on a given material under each test arrangement.
The properties collected from each of the tests is also presented in
Table 2, together with the standard deviation values for each prop-
erty value. For the ShP t-d curves, T was derived from F using Eq.
(1).

When comparing the individual material responses under each
of the different test configurations, it is clear that the underlying
behaviours persist despite the contrast in the loading mechanism.

8mm
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Fig. 4. Test piece geometry for (a) Uniaxial tensile and (b) Small punch and shear punch testing.
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Fig. 6. (a) Uniaxial stress-strain behaviour of five material variants (b) Uniaxial stress-strain behaviour of five repeat tests on copper.
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Fig. 7. (a) Small punch force-deflection behaviour of five material variants (b) Small punch force-deflection behaviour of five repeat tests on copper.

For instance, Ti-6Al-4V can be seen have the least ductile response
of the five materials across each test type. Under all three tests, Ti-
6AI-4V also exhibits the highest point of yielding compared to the
other materials, followed by IN718 and stainless steel, which are
very similar, then copper and finally aluminium. There is greater
scatter in the oyrs / tuss values, where for the uniaxial results,
the ordering of oyrs decreases as follows: Ti-6Al-4V, IN718, stain-
less steel, copper, aluminium. ShP testing reveals a similar ranking,
with stainless steel achieving a slightly higher value than IN718.
However, under SP conditions, the maximum strength of Ti-6Al-

4V is significantly weaker from what would have been expected
considering its response under uniaxial and ShP loading.

As the results show, the ShP curves have distinctive stages cap-
turing the different stages of deformation. These include i) an ini-
tial period where the shear punch makes contact with the disc at
low loads (a stage more prominent in the higher strength materials
such as Ti-6Al-4V and IN718), ii) a linear elastic region, iii) a point
of deviation in the curve, akin to yield behaviour, iv) a period of
non-linear deformation and v) the point of ultimate load, or ulti-
mate shear stress. When comparing these stages to those seen in
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Table 2

Material properties gathered from uniaxial, small punch and shear punch tensile tests. Standard deviation values across the five tests are given.

Uniaxial Tensile Results

Small Punch Results

Shear Punch Results

Ovys Ops Ourts El Fe Fm dm Ty Tuss dm

[MPa] [MPa] [MPa] [%] [N] [N] [mm)] [MPa] [MPa] [%]
Ti-6Al-4V 868 36.7 893 289 982 144 14 17 574 76 1384 66 06 0.033 572 73 674 26.6 0.099 0.009
Stainless Steel 496 120 521 182 699 1.5 48 03 272 37 2280 42 1.5 0.056 415 325 661 119 0226 0.016
Copper 316 94 334 26 337 1.5 18 0.8 147 16 749 13 14 0.018 180 3.0 212 1.5 0.147 0.011
Aluminium 127 22 137 25 142 1.9 16 03 58 18 281 14 13 0.031 72 1.6 77 3.1 0.135 0.015
In718 545 9.8 561 3.0 986 6.2 37 11 237 51 3005 76 1.7 0.014 305 278 648 159 0233 0.022

SP testing, stage iii) is typically absent, and as such, definition of a
representative yield stress becomes more complex.

3.1. Correlations to uniaxial properties

3.1.1. Small punch
Through the bilinear method as described in the EN standard to

obtain the small punch yield force, F, [8], uniaxial tensile yield
stress has previously been estimated from the following

relationship:

F,
Oy = 0 ['7 + 0y

where o; and o, are constants derived from linear regression across
a series of results and t is the thickness of the specimen at the start
of the test. This equation can also be used to define uniaxial proof
stress, aps, using the same values.

For the estimation of ultimate tensile strength values from the
maximum force values generated in a small punch test, Fyayx, the
following approach has been used:

F
ours = P <$> + B,

where f; and S, are constants derived from linear regression and d,,
is the deflection at the point of Fyax.

Finally, to estimate percentage elongation, El, values from the
deflection at maximum force results, d,,, the following relationship
can be adopted:

El=y,-dn

As shown in Fig. 9, the linear regression relationship between
uniaxial properties and results generated through SP testing are
highly comparable when considering ops and oyrs, with an R? value
of 0.93 being achieved in each case respectively. This is despite the
considerable change in underlying ductility properties across the
five different materials. This difference becomes more of an issue

(2)

3)

(4)

when attempting to correlate uniaxial percentage elongation to
the deflection values achieved at the point of maximum force,
illustrated in Fig. 9(c). Here, the R? value drops to 0.88 and the cor-
relation between the two contrasting data sets is not as clear.
Previous studies have been known to not incorporate o, and S,
setting the y-intercept at the origin, typically related to the result-
ing goodness of fit (R?) or average variance in the predicted values
compared to the known values. In this research the average vari-
ance has been used as the determining factor as to whether con-

stants o, and g, are used.

3.1.2. Shear punch

Guduru et al found that the definition of shear yield stress could
be obtained by using an offset approach on the ShP master curves
and comparing these shear yield stress values, t,, with uniaxial
tensile yield stress values, ¢, [23]. In this research, these terms will
be referred to as uniaxial tensile proof stress, ops, and shear offset
proof stress, Tps.

When attempting to correlate ShP data with uniaxial properties,
a similar approach to equations (2)-(4) can be implemented, as
shown in equations (5)-(7), where m;_3 and n; , are constants that
can be determined from a sufficient data series.:

Ops = My Tps + 1y (5)
Oyrs = My Tyss + N2 (6)
El = m;dm (7)

Guduru et al found that the shear yield strength corresponding
to 1% offset for the materials used in their study produced the best
overall correlation with m; = 1.77 [23]. Other researchers [26-28]
reported an m; value of 1.6-2.5 for different material systems.
Here, Tps is correlated directly to ops, and the relationship for the
five materials was found to be aps = 1.417ps (R% = 0.93), as presented
in Fig. 10 (a)). The reason for the discrepancy could be associated
with the evolving and additional multi-axial stresses exhibited
during shear punch testing. These include the stages of compres-
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sion, followed by stretching and bending, as the disc material is
forced through the receiving hole by the flat headed punch. A sim-
ilar linear correlation for oyrs and tyss was derived by several
researchers with m, ranging from 1.73 to 2.10 [23,26,28,29]. For
the five materials in this research, m; = 1.26 (R? = 0.91), as shown
in Fig. 10(b)). The correlation of total uniaxial percentage elonga-
tion to the deflection values achieved at the point of maximum
shear stress in an ShP test, is presented in Fig. 10(c)). Here, the
R? value drops to 0.95. The general fit of the data looks to have
improved when compared against the equivalent correlation
against SP data, with a clearer trend being established. However,
even though the correlation provides a high R? value, the linearity
of the results is not as strong as that seen for the correlations of aps
to Tps and aurs to Tyss.

The relationship between the uniaxial results and the predicted
results from the SP and ShP tests are presented as unity plots in
Fig. 11 with the data given in Table 3. In each case the average vari-
ance for the ShP predicted data is less than that for the SP predicted
data. For both agps and oyrs, the predictions show a high level of
agreement with the properties derived through uniaxial testing,
particularly at the lower stress values. The predictions for elonga-
tion values however, show far higher scatter in the results and
clearly an empirical prediction of this kind can not be deemed suit-
able in accurately capturing the ductility properties of these
materials.

3.2. Finite element analysis

Numerical simulations were performed for the small punch (SP)
and shear punch (ShP) configurations on the alloys of interest. For
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computational efficiency the finite element analysis (FEA) carried-
out for each experimental setup was modelled using an axisym-
metric analysis, centred about the respective punch axis. The FEA
models were constructed in ABAQUS using four-noded bilinear
axisymmetric  quadrilateral elements, CAX4R. Equivalent
approaches have been taken elsewhere in the modelling of both
ShP [30] and SP [31], and the hybrid formulation for SP creep test-
ing [32]. In both configurations, the punch and the restraining dies
were modelled as discrete rigid bodies and no account is taken for
the elastic deformation of the punch and die materials, nor have
corrections been made to the simulation results to account for
any discrepancies in compliance. The models for both ShP and SP
were geometrically the same as those used for testing (Fig. 5) with
the exception of increased radii applied to the ShP and the die
restraints, from 10 pm to 20 um; this was chosen for computational
convenience.

The elastic constants used in the FEA were derived from a rep-
resentative data sample generated in the uniaxial tensile tests
described previously, and were used in the configurations of both
test setups. Whilst it is acknowledged that the Young’s modulus
(E) values deviate from standard values available, use of the tensile
data generated here was deemed necessary for direct comparison
of the force response in the ShP and SP scenarios. The input values
for E, Poisson’s ratio, v and density, p, for the different materials are
given in Table 4.

The mesh used in modelling of the ShP setup consisted of
31,000 elements in total. Mesh refinement was applied to the disc
workpiece over a width of 500 um, centred about the clearance
zone. The characteristic element size in this refined zone was
5 pum, whereas throughout the rest of the domain a coarser grid
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Table 3

Comparison of uniaxial tensile properties to values predicted from SP and ShP results. Standard deviation and average values across the five tests are given for each data set. The percentage difference between the measured uniaxial and

predicted results is also provided.

Predicted ShP Results

Predicted SP Results

Uniaxial Tensile Results

El
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[
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14
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1.5
1.5
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Ti-6Al-4V

375
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1.9
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Table 4
Elastic constants and material densities used in simulations.
E (GPa) v p (g/cm?)

Ti-6Al-4V 1223 0.34 443
Stainless Steel 149.6 0.27 8.00
Copper 94.3 0.35 8.94
Aluminium 55.4 0.34 2.69
In718 170 0.29 8.19

size of 20 um was used. A similar refinement was made in dis-
cretising the rigid bodies, whereby the nodal spacing was reduced
around the radii applied. Fixed boundary conditions were applied
to the upper and lower die parts and a vertical displacement of
the punch was applied at a constant rate throughout the
simulation.

In the case of the SP simulation the same principles of mesh
refinement were carried through, although here the regions of fine
grid sizes were in proximity to the die radii, in addition to another
zone of refinement in the free-moving region of the material disc,
centred around a point that was remote from the die and the
axisymmetric axis, which is an approach similar to that taken in
FEA of SP creep elsewhere [33,34]. Again, a characteristic length
of 5 pm is enforced in the refined areas, with a coarser grid
employed elsewhere in the model. Clearly, given the increased
clearance in the SP configuration versus the ShP, bending in the
subsequent simulations is expected to be more prevalent than pure
shear, although bending is permitted in the ShP setup.

Simulations were performed with a friction coefficient (p) of
0.75, but since no difference was observed, in all cases, surface-
to-surface contact between disc and punch/die was assumed to
be frictionless. A series of simplistic material models have been
used in ABAQUS CAE, describing the elastic-plastic characteristics
of the materials at ambient temperatures, based on uniaxial tensile
results given in Fig. 6(a). It is acknowledged that in the absence of a
validated damage model, the material models employed are a lim-
itation and the inclusion of sophisticated damage models and
genetic algorithms used elsewhere, e.g. [35,36], would be advanta-
geous in evaluating the mechanical behaviour beyond the tensile
strengths of the materials. As such, consideration of the simulation
results is limited to Mises stresses prior to the maximum exhibited
strength of the material. The material flow curves used in the sim-
ulations are shown in Fig. 12.

The shear stress values calculated using Eq.1 are given for the
ShP simulations and presented in Fig. 13. An offset has been
applied for clarity of viewing, whereby the start of each curve is
separated by a 0.02 mm interval to allow the individual curves to
be fully appreciated. It is noted that the quoted displacements
are much smaller than those experimentally derived, which has
been observed elsewhere and attributed to the higher stiffnesses
associated with the use of rigid bodies [30]. The order of 7ps values
can be seen to follow that of the experimental results and the
derived values are in reasonable agreement with the mechanical
tests performed, which are representative of the material inputs
for the models. As is seen in the tensile data, the greatest degree
of hardening prior to the tyss value is exhibited by IN718, whereas
the more ductile, less alloyed materials - commercially pure alu-
minium and copper - show limited hardening and only moderate
ductility under ShP testing prior to reaching the tyss value.

The evolution of the shear stress fields and the associated plas-
ticity measure, PEEQ, are shown in Fig. 14 for one of the materials
of interest - stainless steel - at a deflection corresponding to the
peak shear stress present, equivalent to those predicted at yield,
and 75% of the maximum predicted shear stress. The shape and
form of the predicted plastic zones are in good agreement with
other published results [30] and show a moderate width of the ele-
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Fig. 13. ShP curves obtained from FEA simulations.

vated shear stress band both at tps and close to tyss. The equivalent
plastic strain can be seen to be confined close to the contact
between the shear punch specimen and the rigid bodies close to
yield and extend through the specimen thickness at larger defor-
mations centred around the clearance zone. In all cases, the shear
stress levels throughout the simulated tests are limited to a
material-specific shear band width with the majority of the speci-
mens experiencing relatively low stress levels, confining the inter-
pretation of the data from this type of test to this highly directional
deformation on a relatively small volume of material.

A comparison between the IN718 alloy and the commercially
pure copper specimens under ShP conditions is presented in

Fig. 15, where the predicted Von Mises stresses are given at Tps,
independent of the applied deflection. The difference between a
ductile material and a highly alloyed material is demonstrated
clearly here, where the width of the peak stress band is increased
for the more hardenable IN718 alloy (Fig. 15(a)) than that for the
near-pure elemental copper specimen. In both cases, the peak
Von Mises stresses stretch from the flat extremity of the punch
to an equivalent position on the die. However, additional peak
stresses are observed on the upper and lower faces of the specimen
under the punch in the case of IN718, although in the experimental
tests no significant evidence of deformation was observed, nor fail-

ure from these positions.
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Fig. 14. PEEQ and o, contours for stainless steel simulation at (a-b) tps, and (c-d) 75% tyrs.

Fig. 15. Mises stress contours at yield for simulations on (a) IN718, and (b) Copper.

The correlation between the predicted 7ps and the experimen-
tally determined ops in tensile tests is given in Fig. 16 (a). A strong
trend can be seen to exist between the measured tensile and sim-
ulated shear data with a factor close to /3, which is in agreement
to the experimentally derived relationship determined in this
investigation and given in [23] where materials of similar beha-
viour were investigated. In terms of comparison between predicted
shear stress results (calculated from simulated reaction loads using
Eq. (1)) and the tyss observed in ShP tests (average given in Fig. 16
(b)), there is reasonable correlation between simulation and exper-
imental values, with a slightly reduced predicted tyss than
observed. This discrepancy may be a result of unoptimized mesh
parameters or the limitations of the material model inputted from
the tensile data up to the limit of the tensile stress only. Again, no
damage parameters have been introduced into the FE model and as
such there is likely to be a higher degree of error present at large
deflections and stresses. The greatest discrepancy in the data seen
in Fig. 6(b) is the data point corresponding to stainless steel,
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although it is acknowledged that the variance in determination
of 7ps in the presence of experimental take-up and in the absence
of a correction applied elsewhere [23] is likely to influence the val-
ues determined.

The results from simulations performed using the SP configura-
tion and the same material models is given in Fig. 17, describing
the reaction forces predicted as a function of the applied punch
deflection. The F-d curves follow those derived in experimentation
(to the limit of the material model, oyrs shown in Fig. 17) and the
order of the Fyux values predicted is in line with what would be
expected, although a greater deviation in the simulated behaviour
between the IN718 alloy and the stainless steel materials is pre-
dicted versus that observed in SP testing, particularly at smaller
punch displacements. The resultant curve for the Ti-6AI-4V mate-
rial is given in Fig. 17(b) for the experimentally determined F-d
results and the numerical simulation. It can be seen in experimen-
tation, the range of deflection is considerably lower than the other
materials, and indeed less than would be expected considering the
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generated tensile data in isolation. In contrast, the simulated F-d
curve for Ti-6Al-4V shows a form that is consistent with the results
predicted for the other materials of interest.

Shear stress fields and Von Mises stress contours predicted by
FEA are given in Fig. 18 for IN718 and Ti-6AI-4V at a deflection
of 0.5 mm. It can be seen that the areas of peak shear stress
induced at this deflection is far more prevalent in the Ti-6Al-4V
material (Fig. 18(a)) than in the IN718 material (Fig. 18(c)), span-
ning from the tangent of the punch to the radius of the rigid die.
In terms of Von Mises stress at this deflection, the bulk of the mate-
rial under bending is experiencing a maximum value, in contrast to
IN718 (Fig. 18(b)) where the maximum Von Mises stress is limited
to the disc material directly below the advancing punch. This rapid
rise in stress for material in unsupported areas of the test piece,
with a relatively small applied deflection, may be the cause of
the Ti-6Al-4V material being unsuitable for testing in the small
punch test configuration under these test conditions, i.e. 0.5 mm/
min. It is also important to consider the hexagonal close packed
(HCP) crystal structure of Ti-6Al-4V and the reduced number of

readily available slip systems in the material. Given that the
stress-state in SP testing is far more complex and continuously
evolving as compared to uniaxial and ShP deformation, Ti-6Al-4V
could potentially be unsuitable for SP testing due to the material’s
low ductility and the reduced number of available mechanisms of
slip. Also given in Fig. 18 is the equivalent plastic strain field, PEEQ,
for each simulation at this deflection, and it is seen that the plastic
strain accumulated in Ti-6Al-4V (Fig. 18(d)) is coincident to the
location observed in IN718 (Fig. 18(b)). However, it is more con-
fined in area and its angle is more acutely orientated relative to
the deformed specimen.

Fig. 19 shows typical macro-scale images of the fractures of the
SP specimens for each of the tested materials. In general, a large
degree of plasticity is observed for four of the materials (alu-
minium, copper, IN718 and stainless steel) in the form of dimpling,
and a defined thinned circumferential region is present, accompa-
nied by the fracture. In the case of the Ti-6Al-4V, a much smoother
bottom surface of the test piece is observed, with cracking to a lar-
ger scale. The deformation behaviour of Ti-6Al-4V is known to be
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Fig. 18. Predicted G,, and Mises stresses in SP simulations on (a-b) IN718, and (c-d) Ti-6AI-4V taken at a displacement of 0.5 mm; PEEQ fields at equivalent displacements are

shown inset.

Fig. 19. Fractured small punch (SP) specimens for (a) aluminium, (b) copper, (c) IN718, (d) stainless steel and (e) Ti-6AI-4V, captured using a Keyence VHX-700F digital

microscope.

sensitive to both strain rate and temperature under high strain [37]
and quasi-static [38] conditions and the failure mechanism is
known to change - grain boundary sliding, shear band formation
- depending upon the grain size and testing conditions, such as
temperature, strain rate and applied strain.

4. Conclusions

The research presented in this paper has examined the suitabil-
ity of determining tensile properties of a selection of metallic
materials using small punch (SP) and shear punch (ShP) test
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approaches. The materials used for this study included copper, alu-
minium, stainless steel, IN718 and Ti-6Al-4V. From this research,
the following conclusions can be drawn:

e Linear relationships between data sets generated from SP, ShP
and uniaxial tensile test methods have been proven, producing
regression coefficients of comparable similarity to those pub-
lished in the current literature. Correlations between ultimate
tensile stress and proof stress properties and their respective
SP and ShP equivalents were particularly strong, obtaining R?
values > 0.91.
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¢ Unity plots displaying the relationship between the experimen-
tal uniaxial results and the empirically derived predicted prop-
erties from the SP and ShP tests showed a high level of
agreement for ultimate tensile stress and proof stress proper-
ties. In each case, the properties predicted from the ShP results
offered a stronger fit.

Finite element modelling has been shown to capture the defor-
mation behaviour of both SP and ShP test types, up to the point
of maximum force. The simulations of the SP test revealed that
for a relatively small applied deflection, a significant rise in
stress in unsupported areas of the test piece was seen in Ti-
6Al-4V. This behaviour was observed in isolation to the other
materials, and can be attributed to the HCP crystal structure
of the material and the reduced number of readily available slip
systems, thus leading to a reduction in ductility. This behaviour
was corroborated by post test fracture analysis, where ductile
dimpling and gross plasticity was observed in copper, alu-
minium, stainless steel and IN718, yet these features were
absent in Ti-6Al-4V.
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