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Abstract. The present work summarizes the results of an experimental campaign aimed at
assessing the ductility of a wrought 17-4PH steel alloy. A simple specimen reproducing
multiaxial stress states through a universal testing machine is selected. A Finite Element Model
(FEM) for each test is setup to extract the local values of stress and strain in the most critical
point on the onset of failure. A Digital Image Correlation (DIC) technique is employed to assess
the strain field estimated via FEM. The collected data are used to analyse the material ductility,
calculating the triaxiality and deviatoric parameter at the fracture strain. The proposed tests fall
in the range of low triaxialities, which are less investigated in the literature. The results obtained
are compared with the prediction of a damage model, previously calibrated on the material
through more conventional tests. The prediction accuracy of the damage model was fully
confirmed by the outcome of the new tests. Eventually, the possibility of replacing some of the
conventional tests used for calibration with the proposed specimen is explored.

1. Introduction

Ductility is the ability of a material to sustain appreciable plastic strain before failure, thus its proper
estimation combined with the evaluation of ultimate strength are crucial in mechanical design. In the
last decades, different ductile damage models have been developed to describe how a material gets
damaged with plastic strain and to predict the onset of failure. In literature, different damage models
have been developed and can be classified according to their driving principle: Continuum Damage
Mechanics-based models (CDM) predict collapse based on thermodynamic principles [1,2], porosity-
based models analyse the failure by investigating the evolution of micro-voids, from nucleation to
coalescence considering the presence of inclusion sites also [3,4], void-growth-based models link the
failure to the evolution of microstructure [5,6], empirical-based models predict failure based only on
experimental evidence [7,8]. In the present work only the last will be considered.

For all models, a calibration procedure involving different experimental tests on the specific material
is required, which include tensile tests on round smooth or notched bar, torsion or compression tests,
and often multiaxial tests, which usually require special testing setups. This means that the calibration
procedure is generally non-trivial and not suitable for design companies which could not have in many
cases the specific equipment at their disposal. The use of damage models as failure criteria can be applied
in different scenarios: estimation of the ultimate strength of the material, evaluation of damage level of
a component subjected to residual stress produced by manufacturing processes, investigation of plastic

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



51° Conference on Engineering Mechanical Design and Stress Analysis (AIAS2022) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1275 (2023) 012037 doi:10.1088/1757-899X/1275/1/012037

formability limits in forming processes, better knowledge of the behaviour of a material subjected to
overloads, evaluating if components can withstand the accidental load without reaching failure.

The aim of the work is basically to assess the effectiveness of a simple specimen geometry, capable
to induce multi-axial states of stress, to simplify the experimental phase necessary for the damage
models calibration procedure. The specimen geometry proposed by L. Driemeier [9,10] is selected, to
be tested employing a common universal testing machine; its dimensional details can be varied to
reproduce several multiaxial stress states, ranging from pure shear to different combinations of tension
and shear.

Along with the experimental tests of multiaxial specimens, finite element simulations of the
experiments and a white light speckle digital image correlation technique are used to evaluate local
values of the stress and strain states which cannot be directly measured. Using the collected data coming
from the new simple tests, a ductile damage model is calibrated, and compared with the same model
previously tuned using typical tests such as round bar, round notched bars, torsion and flat grooved plane
strain tests [11]. The new calibration through multiaxial tests compared to the one with conventional
tests proved to be equivalent, thus verifying the potential of the new geometry in replacing some of the
above mentioned conventional tests. In addition, the good prediction accuracy of the ductile damage
model was further confirmed.

2. Theoretical background

While first empirical damage models described damage as a function of triaxiality 7 only, equation (1)
[12,13], recently it was found that damage accumulation also depends on a second parameter [14-17]
called Lode Angle § described by equation (2), which is often expressed in the form of a deviatoric
parameter X as in equation (3). The terms /;, J> and J; are the first invariant of the stress tensor, the
second and third invariant of the deviatoric tensor respectively. In this framework, the triaxiality and the
deviatoric parameter fully describe the stress state. According to the latest empirical models, ductile
damage is represented by a scalar D that increases proportionally with the equivalent plastic deformation
&, weighted on a function of the stress state f(T, X), as in equation (4). The parameter D falls in the

range from 0 to 1 where D equal to 1 corresponds to the onset of material failure, namely when g,
assumes the critical value of the equivalent plastic strain to failure &.

14
T_3 32 Sy
0= garccosX 0<6<mn/3 (2)
27 J3
==L —-1<X<
XS 1<x<1 3)
D = [V f(T,X)de, 0<D<1 4)

Assuming the hypothesis of proportional loading conditions, which means 7" and X constant with the
evolution of plastic strain, posing D=1/ and inverting the equation (4), the following expression can be
obtained (5):

g =T, X) (&)
the above expression graphically represents a surface in the space (7, X, &) usually called “Fracture

Surface”, which uniquely links each single stress state, namely each pair of 7 and X, to a single fracture
strain value. Generally, 7 and X are not perfectly constant, exhibiting limited variations, therefore it is
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accepted to use their average value calculated via equations (6-7) to meet the proportional or quasi-
proportional loading conditions and allowing the use of expression (5).

1
Tavg = 7§, T(©) dep (6)

Xavg = é I, X (o) de,, (7

Several expressions of the function f (T, X) were devised in the literature; in the present work the
formulation proposed by Coppola-Cortese-Folgarait (CCF) was adopted (8):

1

1
— ie—CzT ( cos[ﬁ%—%arccos(y)]])” (8)

& =
f [4 cos[ﬁ%—%arccos(Xy)

where c;, c,, f e y are material constants that define the surface shape and » represents the strain
hardening exponent of the Hollomon's power law 6=K¢".

The calibration constants are obtained by means of the following procedure: enough experimental
tests characterised by different loading conditions are conducted, typically tensile tests using round bar
(RB) and round notched bar (RNB), tensile test in plane strain condition (PS) with flat grooved
specimens and torsion tests with cylindrical bar (Tors) [18-20]. For each test, global quantities such as
load and displacement are measured and recorded. Subsequently, a Finite Element Analysis (FEA) is
performed for each test to derive the local quantities at the critical point of the specimen at the onset of
failure, such as the three principal stresses and the equivalent plastic strain, from which 7 and X were
derived through the equations (6-7). Then, a specific set of three parameters (7avg, Xave, &) is obtained
for every test at the onset of failure which represents a point in space (7, X, &,). Through a minimisation
algorithm, the calibration constants governing the shape of the fracture surface are determined: the input
data of the algorithm are the coordinates of each point, and the output are the values of the calibration
constants that provide the best fit between the fracture surface and the experimental points. For the sake
of brevity, please refer to the results section to see the representation of the fracture surface of the steel
17-4PH.

3. Methods and setup

A 17-4PH steel was taken as the reference material since it was already fully characterized by some of
the authors of this paper [11] in order to use the results of the previous experimental campaign as a
benchmark for the comparison between the fracture surface obtained with the conventional specimens
(RB, RNB, PS, Tors) and that obtained employing the proposed multiaxial specimens. All 17-4PH
specimens mentioned in this work were manufactured from the same wrought bars used for the
previously mentioned work. The material is considered isotropic and its constitutive law is given in
figure 1, in which the best fit of the Hollomon’s power law is reported: the strength coefficient K and
the strain hardening exponent » are equal to 1420 MPa and 0.12 respectively. For further information,
please refer to [11]. Concerning the new specimens, as above mentioned in the introduction, the
geometry taken into account is that proposed by L. Driemeier [9,10], whose dimensions were optimised
through a sensitivity analysis carried out by some of the authors of this paper to meet specific design
requirements such as: easiness of manufacturing, constant 7 and X in the critical area, and localization
of the highest plastic strain in the centre of the specimen. Please refer to [21] for more information on
the optimisation. The specimen shown in figure 2, hereafter referred to as the “Driemeier”, permits to
generate several stress states in low regime of triaxialities, such as pure shear or a mix of tensile-shear
stress, and can be tested employing only a uniaxial testing machine.
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Figure 1. Experimental stress-strain constitutive behavior of 17-4PH wrought
steel alloy and corresponding Hollomon’s power law best fit curve.

In particular, the central holes can rotate by an alpha angle (o)) along a circumference centred on the
centre of the specimen, varying the proportion between shear and tensile state, figure 3a.

In the present work, two different configurations of Driemeier specimens were chosen, having the
centres rotated clockwise by 10° and 30° respectively and hereinafter referred as Pos10 and Pos30,
figures 3b and 3c. In detail, the Pos30 configuration generates a combination of shear-tensile stress
characterized by a higher tensile component than the Pos10 configuration.

The results of the multiaxial tests will be employed to verify the prediction accuracy of the CCF
model previously calibrated by conventional tests [11]. In addition, a new calibration will be performed
using only the simple multiaxial tests data together with the RB and RNB test results from the previous
experimental campaign. The aim is to verify the equivalence between the previously and the new
fracture surface and whether it is possible to replace the PS and Tors with the new simple multiaxial
tests, which are easier to perform, requiring a more common experimental setup. Finally, a further
calibration containing all six tests (RB, RNB, PS, Tors, Pos10, Pos30) will be compared with the others
for an additional validation.

The experimental campaign involved three repetitions for both Driemeier specimen configurations
and a universal servo-hydraulic MTS with 250 kN maximum load and 150 mm stroke testing machine
was used. The same equipment was used for the RB, RNB, PS and Tors tests in the previously
experimental campaign [11]. Then, a finite element model was created for both tests using the
commercial software ANSYS 2020 R2, to derive the equivalent plastic strain and principal stresses to
evaluate the histories 7 and X with plastic deformation. The mesh size of the models, composed of brick
elements, is fine enough to balance numerical accuracy and computational cost. The displacement was
applied to the upper part of the specimen, while the lower part was kept fixed. For further validation of
the finite element analyses a 2D digital image correlation was carried out to evaluate the full field
distribution of the equivalent plastic strain on the specimen surface. The selected DIC software was
developed by one of the authors, for more information please refer to [22,23].
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Figure 2. Technical drawings: a) Driemeier 10° (Pos10); b) Driemeier 30° (Pos30).
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Figure 3. a) Representation of the alpha angle (a); b) Pos10 sample; ¢) Pos30 sample.
4. Results

The outcome of experimental campaign is reported in figure 4, along with the numerical results of the
finite element analyses. Though three repetitions were performed for each specimen, only the average
curve was reported. The drop in load-bearing capacity, which indicates the onset failure condition is
highlighted by a red circle, and occurred for a displacement of around 0.95 mm for both specimens. The
maximum load is around 3.6 kN and 4.0 kN for Pos10 and Pos30 respectively. The experimental-
numerical match is very good, which confirmed the reliability of the FE analysis. The accuracy of the
FEA was further assessed by comparing the numerically estimated strain field with that evaluated during
the experimental test using the 2D-DIC technique, figures 5 and 6. For the sake of simplicity, only the
DIC results of the first repetition are reported. As shown for both specimens, Pos10 and Pos30, the
distribution of the equivalent plastic strain field is totally comparable. In terms of numerical values the
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strain estimated through FEA and measured using 2D-DIC technique are essentially equal, with an
average value around of 0.33 and 0.46 for Pos10 and Pos30 respectively. This outcome is a further proof
the confidence of local quantities retrieved via FEA.

j’g ____________ o - Figur.e 4. Nume.:rical and

3 ’ s - = experimental load-displacement
_ 3'0 curves for Posl0 and Pos30
Z 55 tests. The red circles indicate the
T 20 onset of failure.
g 2
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’ — = =FEM Pos30

0 01 02 03 04 05 06 07 08 09 1 1.1

Displacement [mm]
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Figure 5. Specimen Pos10: comparison between the strain plastic field evaluated with FEM (left) and
DIC technique (right).

[mi'm]

Figure 6. Specimen Pos30: comparison between the strain plastic field evaluated with FEM (left) and
DIC technique (right).
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Figure 7 illustrates the evolution of the instantaneous value of triaxiality and the deviatoric parameter
as a function of equivalent plastic strain: since the quantities exhibit limited variations, their average
value up to the onset of failure evaluated by means of equations (6-7) can be taken as a reference. In this
way the hypothesis of quasi-proportional loading is met and the fracture surface can be derived
according to the equation (5). The value of Tuyg, Xave and &¢ for both Driemeier specimens are provided
in Table 1. For the sake of clarity, the values of the RB, RNB, PS and Tors tests evaluated in the work
proposed by Nalli et al. [11] are also reported, which will be employed in the new calibrations involving
the Driemeier tests.

1.0

0.9 —a—T Pos10
0.8 —&—X Pos10
0.7 —8—T Pos30
0.6 X Pos30

0.5
0.4
0.3
0.2
0.1
0.0

T, X [-]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Equivalent plastic strain [m/m]

Figure 7. Evolution of the instantaneous values of the triaxiality and deviatoric parameter as
function of equivalent plastic strain for Pos10 and Pos30 up to a displacement of 0.95 mm.

Table 1. Values of Tuyg, Xave and & for multiaxial and conventional specimens.

Tests Tave [-] KXavg [-] & [m/m]
Pos10 0.05 0.16 0.33
Pos30 0.10 0.38 0.46
RB 0.61 0.99 1.17
RNB 0.76 0.99 0.81
PS 0.70 0.00 0.66
Tors 0.00 0.00 0.47

Three different calibrations based on data of Table 1 were performed, and the results are illustrated
in figures 8a-f. For the sake of clarity, in addition to the 3D graphs, a 2D view of plastic strain as function
of triaxiality along X isocurves are provided in figures 8b, 8d and 8f.

In the first calibration conventional specimens are adopted, i.e. RB, RNB, PS and Tors, figures 8a
and 8b. The fracture surface was calibrated ex novo. It is clear from figures 8a, 8b that the new Driemeier
points, here not used for tuning, are close to the calibrated fracture surface with conventional specimens,
meaning that the calibrated damage model well predicts failure under these new loading conditions. It
should be noted that the Driemeier test points fall slightly lower than the fracture surface.

A second calibration is based on the new multiaxial specimens Pos10 and Pos30, together with the
RB and RNB tests. In this case the two multiaxial specimens replace the PS and Tors specimens, see
figures 8c and 8d. The new surface follows the same behaviour as the previous one and is slightly lower
because, as already mentioned, the Driemeier specimens exhibited a lower plastic strain at failure. It is
worth noting that this new fracture surface presents a good match both with the calibration points and
with PS and Tors tests which are excluded from the calibration procedure. Thus, the evidence suggests
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that the new fracture surface successfully predicts the onset of failure, namely the use of multiaxial
specimens does not affect the calibration compared to that performed using conventional specimens.

In the third calibration, reported in figures 8e and 8f, the data coming from all the tests mentioned in
Table 1 are involved as input. This calibration is supposed to be the most accurate as it is based on more
experimental evidence than the other two. The resulting fracture surface is very close to the experimental
points showing a good fit while sharing the same surface behaviour of the other two surfaces.

CCF damage model - 3D

CCF damage model - 2D

a b 3
. Conventional surface —X=0.99 RB
34 Conventional tests ——%=0.99 RNB
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Figure 8. 3D and 2D views of fracture surface of 17-4PH obtained from different set of experimental

tests: a-b) Conventional surface involving RB, RNB, PS and Tors; c-d) Driemeier surface involving

Pos10, Pos30, RB and RNB; e-f) Surface involving all the tests Pos10, Pos30, RB, RNB, PS and Tors.
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Lastly, a comparison of all three surfaces is shown in figure 9; they are very close one another and
have the same qualitative behaviour, which means that they can be defined as almost equivalent and it
is possible to replace torsion or plane strain tests, with the Driemeier multiaxial tests. Although the two
fracture surfaces calibrated with the Driemeier specimens, figures 8c and 8e, are slightly lower than the
conventional surface, however they are more conservative regarding the estimation of ductility and then
are safety oriented.

Conventional surface
Driemeier surface CCF damage model

Calibration using
all tests

39 © Conventional tests
© Pos10
254 @ Pos3o

€ [m/m]
o

1
\OM
1 0
T[] X[
Figure 9. Comparison among the of 17-4PH fracture
surfaces obtained by different set of experimental tests.

5. Conclusion

In this work an experimental campaign was carried out to successfully estimate the ductility of a wrought
17-4PH steel alloy. A damage model proposed by one of the authors was tuned to this purpose. In
particular, the suitability of adopting simple multiaxial specimens for the tests, compared to more
conventional ones, was investigated. The main results reported in the paper showed that together with
tensile specimens such as round bars and round notched bars which are also required for elastic-plastic
characterisation, it is possible to calibrate a damage model using the proposed multiaxial specimens,
replacing more complex geometries, such as cylindrical bar for torsion tests and flat grooved specimens
for plane strain conditions tests, thus avoiding more sophisticated testing equipment. All this should lead
to a simplification of the calibration procedure, making the use of the damage models on an industrial
scale more accessible and widespread. Finally, the new specimen geometry additionally permitted to
investigate stress states at low triaxiality, for which few experimental evidences are available in the
literature.
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