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Abstract. In recent years, due to the introduction of higher resistance materials in the automotive sector, sheet metal-
forming tool-makers have been forced to deal with more challenging process designs. Therefore, the optimisation of the
manufacturing process has become a key factor in obtaining a part which fits the required tolerances, and the Finite
Element Method (FEM) is the most widely used technique to speed up that optimisation time. However, to obtain a
numerical result as close as possible to those of industrial conditions, the FEM software inputs must be highly accurate.
The present work is focused on the hardening extension of the currently available reduced-formability materials, as it is a
key factor in the correct prediction of the stress state and hence, of the springback during a sheet metal-forming process.
The objective in this work was the selection of the most appropriate hardening model to extend the flow curve beyond the
necking limit for a wide variety of material families currently utilised in the industrial environment. To carry out that
analysis, a Digital Image Correlation (DIC) technique was utilised during conventional tensile tests to extend the
experimental flow curves of the analysed materials. Commonly used hardening models were fitted to the experimental
tensile flow curves with the aim of selecting the model that best predicts the hardening behaviour of each analysed
material family. The results showed that the DIC technique was valid for the extension of the hardening curve of the

analysed materials and for the final selection of the most suitable hardening model for each analysed material family.

Keywords. Hardening model; DIC; Isotropic hardening; Metal forming


mailto:jagirreb@mondragon.edu

1. INTRODUCTION

New CO» emission regulations together with increased safety standards in the automotive sector have forced
manufacturers to dedicate considerable time and resources reducing the weight of car body components. With this
aim, design optimisation and further studies of new materials have been carried out in recent decades. As Gonzalez
Palencia et al. (2012) stated, new materials such as aluminium, magnesium or carbon fibre-reinforced composites
have been incorporated into high-end cars, and steel makers have developed stronger steel grades to reduce the
thickness of components and therefore car weight (advanced high-strength steels, or AHSS). Examples of these new
steels are DP1000 and MS1200 whose formability and hardening behaviour was analysed by Silvestre et al. (2015),
or the third-generation steels discussed by Askari-paykani et al. (2016). These materials have contributed towards
the cost reduction of first and second generation steels but still maintain a combination of high tensile strength and a

competitive elongation capacity.

The introduction of AHSS to the automotive environment has resulted in important manufacturing challenges, as
compared to conventional steels, they allow reduced elongation levels and lead to higher springback (elastic
recovery after forming), forming forces and wear. Panich et al. (2016) investigated the ductile damage initiation and
fracture of AHSS by tensile testing diverse specimen geometries to better understand this phenomenon. As an
example, a typical drawing steel (such as, DC04 or DX56) has a yield strength of around 100-200 MPa and an
elongation of 35-40% (Suttner and Merklein, 2017). Silvestre et al. (2015) compared the hardening behaviour of
different steel families and determined that a martensitic steel (MS1200, MS1400) has a yield strength of around
1200-1400 MPa, but has a limited elongation to rupture of around 2—4%. Even when the formability of these
materials is high enough to obtain a sound component, the high level of stresses they reach results in high
springback phenomena. Gil et al. (2016) worked on the springback prediction of both mild steels and high strength

steels by studying the influence of the pressure dependent coefficient of friction in deep drawing operations.

To overcome the abovementioned manufacturing limitations, and to optimise tools and processes in sheet metal-
forming operations, toolmakers make use of Finite Element Method (FEM) software to obtain virtual predictions of
the process. With this technique, the high springback levels, drawing efforts and tendency to crack present in AHSS

can be taken into account in the process design. Finite element simulation validation was carried out by Ul Hassan et



al. (2016) to determine accurate springback predictions in deep drawing using pre-strained based multiple cyclic
hardening curves. Lee et al. (2015) analysed the influence of material and friction models for springback and punch
load predictions by utilizing FEM, and finite element simulation was employed by Teixeira et al. (2006) for the
prediction of ductile fracture in sheet metal forming processes. However, both the literature and experience have
demonstrated that the accuracy of FEM is highly dependent on the tribological and material constitutive models

entered in the software.

Focusing on the material model, different phenomena have to be taken into account, for example elasticity,
yielding, hardening and forming limit definition. Mendiguren et al. (2015a) characterized the elastic behaviour of
the TRIP700 steel using loading-unloading tests. Neto et al. (2017) experimentally and numerically compared the
yielding of a mild steel and a dual-phase steel to analyse the influence of boundary conditions on the prediction of
springback and wrinkling in sheet metal forming. The Bauschinger effect in dual-phase steels at strain levels close to
the ones observed in automotive stamping was investigated by Weiss et al. (2015) so as to characterize kinematic
hardening for numerical simulation and Peng et al. (2017) worked on the plastic forming limit of sheet metals by
employing various failure criteria. Among the aforementioned material properties, hardening is what defines the
final stress state of the material after a certain elongation, and this has a significant impact on the springback the
material will suffer, the forming forces during the process and the forming limits of the material. To analyse the
elastic recovery the material suffers after forming, Oliveira et al. (2005) studied the influence of work hardening
model parameters on springback prediction in mild and dual-phase steels. Hora (2006) compared two of the most
widely used pure isotropic hardening models in order to analyse their influence on the hardening behaviour and the

forming limit curve of a material.

Material hardening can be modelled as isotropic, kinematic or mixed hardening. Butuc et al. (2011) analysed the
formability of sheet metals utilizing various isotropic and kinematic hardening models. Mendiguren et al. (2015b)
developed a kinematic hardening effect graph to estimate the influence of kinematic hardening on the model
employed in numerical sheet metal forming simulations, avoiding the cost- and time-consuming material
characterization tests. As for mixed hardening, Yu and Chen (2017) proposed an isotropic-kinematic model taking
into account the transformation-induced plasticity effect for TRIP steels. New theories are now being introduced,

such as distortional hardening presented by Manopulo et al. (2015), but they are still at the research stage. However,



the isotropic models remain the most widely used, where the strain hardening is taken into account and the yield

stress evolution is represented depending on the plastic strain.

The most commonly used characterisation technique to obtain the stress-strain curve of a material is the tensile
test, in which a specimen is loaded in a uniaxial state. The major limitation of this characterisation technique when
applied to sheet metal-forming operations is the reduced elongations which can result (Shirgaokar et al. (2008)). In
metal-forming processes such as deep drawing or stamping operations, the metal sheet is deformed in such a way
that the loading strain path can differ from that of the tensile test. In a tensile test the specimen is loaded in a
uniaxial stress state, while in metal-forming processes, this stress state can vary from shear to biaxial stresses,
postponing the onset of necking and thereby obtaining greater elongations than those of conventional tensile tests

(Suttner and Merklein, 2016).

For this reason, different experimental techniques are used to extend the tensile test flow curve of a material to
higher strain values, for example, the bulge test and shear test. The bulge test is carried out to determine the
behaviour of the material under biaxial stretching. Mulder et al. (2015) worked on the precise measurement of flow
curves employing the bulge test by adding optical measuring systems. In this way, they were able to obtain more
detailed deformation values at high strains compared to those obtained by typical mechanical measuring systems.
However, as stated in Kuwabara (2007), the main drawbacks to this technique include its high economic cost and
technical complexity, apart from the need for special equipment. Other techniques used to extend the stress-strain
curve beyond the tensile necking limit are the biaxial tension and biaxial compression tests. Merklein and
Biasutti (2013) developed a biaxial machine for sheet metal hardening characterization and Liu et al. (2015) carried
out in-plane biaxial tensile tests using cruciform specimens to identify sheet metal hardening behaviour for large
strains. As for biaxial compression, Zillmann et al. (2014) performed this test to determine the hardening behaviour
at high strain levels and the tension-compression asymmetry in materials that present a strength-differential
(Bauschinger effect). Nevertheless, as in the case of the bulge test, these two techniques are expensive, because of
the complex shapes of the specimens and a biaxial machine is needed (Kuwabara (2007)). Nolan and
McGarry (2016) also found that, as the tension and compression tests are in a biaxial load condition, proper

assumptions have to be made for the correct conversion to uniaxial values. An additional disadvantage in the case of



the biaxial compression test is that it presents difficulties in obtaining accurate flow curves, due to the friction

between the specimen and the tool (Kuwabara (2007)).

Shear and torsion tests are the other two techniques used to obtain flow curves up to greater elongation levels.
Yin et al. (2014) investigated experimentally and numerically diverse shear test configurations for sheet metal
characterization and in 2015 carried out a grooved in-plane torsion test for the investigation of shear fracture and
hardening at high elongations. The drawbacks however are that the specimens are complex, and the tests are
expensive and time-consuming. Yin et al. (2014) also acknowledged that the results obtained from these tests are not

directly comparable to uniaxial tensile test values.

Finally, an increasing practice used to extend typical stress-strain curves beyond the necking limit is to use
digital image correlation (DIC) techniques. As an example, Gerbig et al. (2016) determined constitutive parameters
in the necking of tensile specimens by coupling digital image correlation and finite element analysis. The mentioned
DIC techniques are capable of acquiring accurate 2D and 3D images by means of artificial vision. Consequently, by
registering and tracking those images it is possible to obtain accurate material data, such as deformation,

displacement and strain.

In the past decade, DIC techniques have been applied in a variety of analyses in order to obtain advanced
material characterisations. Sutton et al. (2009) introduced the basic concepts, theory and applications of digital
image correlation for shape, motion and deformation measurements. Merklein et al. (2006) utilised DIC techniques
to measure tensile test specimen deformations to determine the thermo-mechanical characteristics of an ultra-high
strength steel (UHSS), and Holmberg et al. (2004) evaluated the forming limit of sheet metals by using DIC in
tensile tests. DIC techniques have also been used to identify the plastic behaviour of a material by inverse modelling
simulation and the virtual fields method. As an example, Grédiac and Pierron (2006) applied the virtual fields
method to the identification of elasto-plastic constitutive parameters. Avril et al. (2008) presented an overview of
mechanical parameter identification methods based on full-field measurements, and Rossi et al. (2013) made an
attempt to characterise the plastic behaviour of aluminium alloys at high plastic strain values by using the virtual
fields method. Many of the works published regarding the identification of post-hardening material behaviour have

been based on the inverse modelling simulation. Eller et al. (2016), for instance, determined the strain hardening



parameter of tailor hardened boron steel at high strain levels utilizing inverse FEM optimization and strain field
matching. Coppieters et al. (2011) compared the internal and external work in the necking zone of a sheet metal to

identify post-necking hardening.

Although these techniques are capable of extending the flow curve of a material beyond the tensile necking
point, in an industrial sheet metal-forming process even greater strain levels can be obtained (Larour, 2010). To
simulate these industrial processes, the simulation software needs to have information about the hardening of the
material at all the strain stages, that is to say, it needs to know the stress level which corresponds to each strain level
during the whole process. Therefore, to define the flow curve of a material to strain levels up to 100% or more, a

series of mathematical models known as hardening models are used.

Many examples of the use of hardening models in the extension of the hardening curve beyond the necking point
have been found in the literature. Larour (2010) employed many classical pure isotropic hardening models to
analyse the influence of plastic strain in automotive sheet steels and Saboori et al. (2014) used two of the most well-
known hardening models (Hollomon and Swiff) to extend the bulge test stress-strain curve of various aerospace
alloys such as IN 718 and SS 321. A particular DIC method was utilised by Coppieters and Kuwabara (2014) to
identify the post-necking strain hardening of ductile sheet metals and a pure titanium sheet, and then they were
compared to different hardening model predictions (Swift and Voce). Zhang et al. (2015) analysed the hardening of
two different morphologies of martensite in a dual-phase steel by using two hardening models (Hollomon and
Ludwik). Another example is that of Wang et al. (2016), in which the approximation of the hardening of a dual-
phase steel sheet was modelled with a different classical hardening model (Swift-Hockett/Sherby) to then simulate
and predict the forming and springback of a part during a test. Nevertheless, material engineers and researchers
always have to face the problem of having to select one model without knowing whether it is the optimum one for
that specific material. The incorrect selection of a hardening model could lead to the underestimation or

overestimation of the stress state, with all the consequences that ensue regarding force and springback levels.

The studies presented thus far have analysed the hardening behaviour of different materials by means of
hardening models; nevertheless, these works have focussed on fitting the materials with no more than two hardening

models. Taking into account that there are more analytical models which follow different hardening paths, it is



possible that the models utilised in these works were not the optimum ones. Consequently, a more detailed study
needs to be carried out in which a wider variety of materials is fitted by a greater number of hardening models.

Using this approach, the most suitable hardening model for each material can be selected.

The main objective of this work therefore is to determine the most optimum hardening model for each material
family. To characterise the hardening behaviour of a material beyond the necking point, a DIC technique was
employed to experimentally extend the flow curve obtained from a conventional tensile test. Once the experimental
hardening behaviour of the material was known, various hardening models were fitted and compared to the extended
experimental curve. Finally, the ability of each model to represent the real behaviour of the material was determined.
This procedure was carried out with a variety of material families with the objective of selecting the hardening

model which best fits each of the analysed material families.



2. METHODOLOGY

The DIC technique is applied in the accurate measurement of a wide variety of parameters via artificial vision,
and it is utilised in diverse scientific and engineering areas. In this work, DIC was used to extend the flow curve of a
material during a conventional tensile test beyond the necking point to higher strain values. The methodology
explained below has been applied in a wide variety of materials which are currently used in many industrial

applications (Figure 1).
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Figure 1: Technical stress—plastic strain curves of the analysed materials
The DIC-based system employed to carry out the required measurements in this work was the GOM Aramis
SM®. This system is a non-contact measuring facility composed of a series of highly precise stereo-vision devices,
commonly used to measure and determine diverse material parameters. One of the main advantages of this system is
its high integration capacity into existing test environments via external triggering and analogue data acquisition

(GOM, 2016).

In the present work, this system was utilised to obtain material parameters from a conventional tensile test. This
artificial vision is capable of measuring the strain distribution of a testing specimen, and it is also able to capture the
force signal enabling the synchronisation of both the force and the strain data (GOM, 2014). In the present work, a

first measuring strategy was followed to obtain pre-necking tensile values. In this step, a large surface area was



defined along the length of the sample by means of artificial vision (Figure 2). Measuring the strain distribution of
that selected area and taking into account the load values provided by the tensile machine (50 kN Instron/Zwick
3369), the average tensile values were acquired which showed good agreement with those obtained in a standard
tensile test without DIC (GOM, 2014). In this paper, this first measuring stage will be called the Before-Necking

Measurement (BNM).

A second measuring strategy was followed to acquire material properties after the necking limit. The theory
behind this strategy considers that if the localised necking zone of the specimen still follows a homogeneous strain
distribution, the loading condition can be assumed as uniaxial, obtaining stable local values (GOM, 2014). It is
understood that in the necking area of the specimen the homogeneity is lessened, but considering a small area in the
necking zone, values close to the homogenous ones can be acquired during part of the necking (GOM, 2014) (Figure
2). In calculating the average values of that localised area, mechanical properties can be obtained beyond the
necking point up to a point close to the fracture of the specimen. Therefore, by using this technique, the true stress-
true strain curve of the material can be extended to greater strains. The major advantage of this procedure is its
simplicity, since from a standard tensile test, by just adding external artificial vision devices, larger strain values can
be achieved. The drawback of this strategy however, is the fact that in the final stages of the test, close to the
fracture, the final values of the curve have to be considered invalid because the strain distribution loses its
homogeneity. This method is also highly dependent on the post-necking behaviour of the material. If the necking
and fracture points are close to each other, this technique does not offer much information. For the purposes of this

article, this second measuring stage is called the After-Necking Measurement (ANM).
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Figure 2: Homogeneous strain distribution of a specimen during different tensile stages

The technical specifications entered in the GOM Aramis SM® system to carry out the measurements are as
follows. As a compromise between accuracy and computation time, the facet size utilised in the measurements was
19 x 19 pixels, and the facet step was 15 pixels. The frame rates employed to obtain the BNM and the ANM values

were 0.5 and 15 frames per second, respectively (the rate of 15 frames per second was also used for the elastic part

of the BNM).

In order to ensure that the values obtained from the tests were trustworthy, three tensile tests were performed for
each material; however, just one representative curve was utilised for the study as the results showed good

repeatability. The strain-extending capacity of both the BNM and ANM procedures is presented in Figure 3.
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Figure 3: BNM and ANM hardening curves of a DX56D mild steel
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The tool utilised to calculate the fittings of the aforementioned hardening models was the numerical computing
software Matlab®. First, all hardening models were fitted to the last third of the BNM experimental hardening curve
by the least squares method (Figure 4). The reason for selecting this fitting range is that in this range, the hardening
tendency of the true stress-true strain curve was stabilised. In the fitting process, the optimum variables of all
hardening models were calculated. Once these variables were known, all hardening models were extended up to
100% of the plastic strain. As the employed hardening models were of different mathematical features, the stress
difference among them was increasingly noticeable as the strain level increased (Figure 4). It is important to
highlight that the hardening model predictions calculated in this work extend the hardening curve starting from the
last value of the BNM curve (necking point). That is to say, the hardening curve introduced in the virtual simulation
software was composed of experimental BNM values until the necking point, and from that point on optimum

hardening model predictions were used to extend the curve.
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Figure 4: Fitting and comparison ranges

Secondly, to evaluate the suitability of each hardening model for representing the material hardening behaviour,
errors among the experimental ANM curve and model predictions were calculated. These errors were calculated

within the second and the third quarters of the ANM curve (Figure 4). The first quarter was disregarded due to the
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similarity in the predictions of all the hardening models. The errors were negligible. The fourth quarter was also
disregarded because the final values of a tensile test acquired by the ANM method are considered invalid due to the
proximity of the specimen fracture (GOM, 2014). Thus, in the last part of the ANM curve, the homogeneity of the
measured area vanishes, and the theory of the average stress-strain values is not fully accurate.

Relative errors in the comparison range among the experimental ANM data and the hardening model predictions

were calculated using the following equation (1):

1 n
n 1

(1)

where O

um Tepresents the stress value predicted by the hardening model, O, Tepresents the experimental stress

value obtained by the ANM strategy and n represents the quantity of the analysed data.

Finally, taking into account the errors calculated with equation (1), a final selection of the most appropriate
hardening model was made for each of the analysed material families. The most suitable hardening models were the

ones with the lowest error values.

2.1 MODELS

In Table 1, the seven hardening models employed in this work (2—8) are presented. These mathematical models
were utilised to extend the stress-strain curves of materials up to large strain values to then enter them in the virtual
simulation software. This kind of software requires information about the stress behaviour of the processing material
at all the strain stages during the metal-forming process simulation. The hardening models employed were based on
diverse mathematical features, and thus were capable of describing different hardening patterns. Depending on the

hardening nature of the material, some models are more suitable than others.

Table 1: Hardening models

Hardening model Abbreviation Formula
Hollomon (Hollomon, 1945) H o( 3p) _ C1 . ngz 2)
Ludwik (Ludwik, 1909) L o gp) =0, + Cl . ngz 3)

Swift (Swift, 1952) S o(e,)=C, (g + Ep)C2 4)
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Voce (Voce, 1948) \ o(e,)=C, +(o,-C))-exp(-C, - &,) (5)

Hockett/Sherby (Hockett

HS —C —(C -5 ) -exp(—C. - & 6
and Sherby, 1975) o(,) 1 =(C—0y)-exp(=C, -¢ » ) (6)
Gosh (Ghosh, 1977) G O-(gp) — Cl ,(80 + gp)Cz _ C3 %)

Swift-Hockett/Sherby (Kaps

c, c
et al., 1999) SHS o(g,)=C, (&g +&,) " +C;exp(=C,-£,7) (®)

2.2 MATERIALS
In this work, a wide variety of materials were analysed, such as mild steels, dual-phase steels, third-generation
steels, martensitic steels and titanium alloys, representing a broad range of materials currently employed in the
industrial environment. Some of the materials were analysed at various thicknesses; however, as the results of the
fittings did not differ from thickness to thickness, the final model calculations were carried out taking into account

only one thickness per material. The flow curves of the materials that were analysed can be seen in Figure 1.

The analysed materials were classified into six different material families. The first family analysed was the
dual-phase steel family. Materials belonging to this group were the DP780, the DP980, the VOESTALPINE 1880
and the NIPPON DP1310. These steels are new AHSS and were developed mainly for the automotive industry.
Other analysed steels included the conventional DX54D and DX56D steels, which were grouped within the mild
steel family. These steels offer high elongation levels, low strength properties and are especially utilised for deep

and extra-deep drawing operations.

Another material family analysed was the transformation-induced plasticity (TRIP) steel family. Two steels were
analysed in this group, the TRIP700 and the new NIPPON TRIP1180. Steels belonging to this family provide high
strength together with high ductility levels. The MS1200 steel of martensitic steel family was also studied. This steel
is primarily utilised in roll-formed and tubular applications in which high strength is needed. Steels in this family
offer high strength properties but a very limited formability. The last of the analysed steel families was the third-
generation steel family. This UHSS group was developed to provide an additional weight reduction in cars by
improving the mechanical properties of AHSS while maintaining the formability. This steel family was represented

by the new FORTIFORM 1180.
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In addition to steel families, titanium Grade 2 of the titanium-based material family was examined. This
unalloyed titanium grade is employed in applications such as airframes, aircraft engines or marine chemical parts,
and it is cold formable. Table 2 summarises the mechanical properties and thicknesses of all the studied materials

classified in the above material groups.

Table 2: Mechanical properties of the analysed materials

. t Rpo,2 Rm (True) Rm (Eng.) &0 &necking
Grou Material
P [mm]  [MPa] [MPa] [MPa] [%] [%]
DP780 1.3 490 885 786 0.44 12.60
DP980 1.5 739 1015 962 0.56 5.47
Dual-phase
VOESTALPINE1180 1.2 982 1348 1212 0.8 11.22
NIPPON DP1310 1.6 1132 1402 1331 0.83 5.32
DX54D 0.6 153 395 310 0.3 27.72
Mild
DX56D 0.77 161 384 300 0.29 27.76
Transformation- TRIP700 1.5 513 925 726 0.47 27.35
induced
plasticity NIPPON TRIP1180 1 970 1363 1247 0.78 9.34
Martensitic MS1200 1.5 1349 1370 1354 0.85 1.19
34_generation FORTIFORM 1180 1.2 1071 1363 1247 0.8 9.27
Ti-based Ti G2 1.55 315 509 442 0.44 15.18

3. RESULTS AND DISCUSSION

Once the values were calculated, the final selection of the best hardening model for each material family was
carried out. The most appropriate hardening model for each material family was the one whose average error value,
taking into account all the materials in the family, was the lowest. Therefore, in some materials, the selected
hardening model was not the one with the lowest individual error value but that with the lowest average error value,

considering all the materials in the group.

In Table 3, the results of the dual-phase steels are shown. In this case, four materials were analysed: DP780,

DP980 and the new VOESTALPINE DP1180 and NIPPON DP1310. The Error column, based on equation (1),
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shows the error value of each hardening model, while the values in the Variables column are the constants which

constitute the hardening model expression for each material.

Table 3: Error results and fitted hardening model variables of the analysed dual phase steels

Material Hardening Error Variables
model C1 C2 C3 C4 C5
H 13.43 1145 0.122
L 14.73 715 0.284
S 13.74 1153 0.128
DP780 v 4.07 913 21.8
HS 8.04 949 9.22 0.736
G 13.08 3000 0.04 1875
SHS 13.74 1153 0.128 -5e-10 0.489 14.2
H 12.49 1245 0.067
L 6.87 598 0.255
S 5.58 1270 0.076
DP980 \% 95.39 1033 57.5
HS 68.24 1063 14.4 0.668
G 9.20 3000 0.029 1750
SHS 5.58 1270 0.076 -le-10 -1.47 6.7
H 3.65 1668 0.094
L 13.90 860 0.433
VOEST S 2.18 1692 0.104
1180 DI; A% 36.47 1396 19
HS 11.02 2800 0.586 0.473
G 2.18 1692 0.104 4e-10
SHS 2.18 1691 0.104 0.823 0.303 11.2
H 25.75 1614 0.044
L 31.23 566 0.249
NIPPON S 29.70 1651 0.054
1310 DP A% 10.00 1420 66.5
HS 30.49 2800 0.398 0.27
G 29.14 2784 0.03 1143
SHS 29.71 1651 0.054 0.558 0.428 9.77

Taking into account the relative error of each hardening model, it was concluded that the Swiff model best fits the

four analysed materials. The objective of these fittings was to obtain the optimum parameters to extend the
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hardening behaviours of these materials beyond the necking. The hardening predictions of the Swift model are

shown in Figure 5.

True stress

0.2 0.4 0.6 0.8 1
Plastic strain [-]

Figure 5: Swift hardening model prediction for the analysed dual-phase steels

Values of the calculated results for the mild steel group are shown in Table 4. In this material family, two

materials were analysed: DX54D and DX56D.

Table 4: Error results and fitted hardening model variables of the analysed mild steels

Material Hi;if;llng Error C1 C2 Varlablescs c4 Cs
H 6.62 507 0.201
L 7.30 366 0.344
S 6.68 507 0.204
DX54D % 2.81 417 8.23
HS 4.09 444 4.55 0.771
G 5.89 3000 0.027 2509
SHS 6.68 507 0.204 0823 0311 10.47
H 2.89 504 0.219
xSeD L 5.00 362 0.397
S 2.68 504 0.222
v 36.66 413 7.23



17

HS 242 992 0.548 0.457
G 2.68 504 0.222 -4e-10
SHS 2.64 502 0.223 2.12 -0.394 6.67

Based on the average relative error of each hardening model, it was concluded that the Hockett/Sherby model

was that which best fit the two analysed materials. The hardening predictions of this model are shown in Figure 6.
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Figure 6: Hockett/Sherby hardening model prediction for the analysed mild steels

The results for the transformation-induced plasticity steels are shown in Table 5. Two materials were analysed:

TRIP700 and the new NIPPON TRIP1180.

Table 5: Error results and fitted hardening model variables of the analysed TRIP steels

Hardening Variables
Material Error
model C1 C2 C3 C4 Cs
H 1.68 1228 0.216
L 16.45 809 0.519
TRIP700 S 1.94 1231 0.221
A% 29.42 1048 5.4
HS 12.74 2800 0.416 0.568
G 1.94 1231 0.221 -5e-11
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SHS 18.76 807 0.552 531 -286 12974
H 10.34 1687 0.086
NIPPON L 9.63 840 0.354
S 6.29 1714 0.096
TRIP \% 72.76 1405 26.2
1180 HS 3.95 1989 1.31 0.437
G 6.29 1714 0.096 -1.4e-5
SHS 6.29 1713 0.096 0.971 0.357 14.4

In this case, the most suitable hardening model was determined to be the Ghosh model based on the average

error value. Figure 7 shows the prediction of the optimum hardening model for this material family.

1600 NIPPONIB)

A AT

14001 "

1200 | CRIPTO0

—_
N 0 O
o o O
o o O

True stress [MPal]

400 |

200 | |

0 0.2 0.4 0.6 0.8 1
Plastic strain [-]

Figure 7: Ghosh hardening model prediction for the analysed transformation-induced plasticity steels

The values for the martensitic steel are shown in Table 6. In the case of this material family a single material was

analysed: MS1200.

Table 6: Error results and fitted hardening model variables of the analysed martensitic steel

. Hardening Variables
Material model Error C1 C2 C3 C4 Cs
H 74.12 1416 0.006
MS1200

L 176.84 2529 0.974
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S 26.59 1523 0.024
v 23.02 1519 19.1
HS 20.16 1514 19.9 1
G 26.74 1626 0.022 104
SHS 26.59 1522 0.024 0.557 0.067 17.7

In this case, the Hockett/Sherby model was identified as the most suitable hardening model. Figure 8 shows the

prediction of the optimum hardening model for this material.
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Figure 8: Hockett/Sherby hardening model prediction for the analysed martensitic steel

For the last of the steel families, the results for a third-generation steel are shown in Table 7. A single material

was analysed: the new FORTIFORM 1180.

Table 7: Error results and fitted hardening model variables of the analysed third generation steel

Material Hardening Error Variables
model C1 C2 3 Ca Cs
H 3.20 1651 0.078
L 11.25 756 0.394
FORTIF.
1180 S 1.56 1674 0.087
v 38.08 1406 23.5

HS 5.92 1548 4.2 0.513
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G 2.17 3000 0.043 1344
SHS 1.56 1674 0.087 0.726 0.285 15

As for the dual-phase family, the most suitable hardening model was the Swiff model. Figure 9 shows the

prediction of the optimum hardening model for this material.
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Figure 9: Swift hardening model prediction for the analysed third generation steel

Finally, the results for titanium are shown in Table 8. Once again, a single material was analysed: Ti G2.

Table 8: Error results and fitted hardening model variables of the analysed grade 2 titanium alloy

Material Hi:]:fiting Error Var(l:albles C2 C3 c4 Cs
H 9.91 643 0.123
L 1.52 367 0.344
S 8.90 646 0.128
Ti G2 % 46.05 529 15.4
HS 2.02 2800 0.158 0.357
G 8.90 646 0.128 -0.001
SHS 8.83 642 0.129 432 1.07 5.39

In this case, the most suitable hardening model was determined to be the Ludwik model. Figure 10 shows the

prediction of the optimum hardening model for this material.
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Figure 10: Ludwik hardening model prediction for the analysed titanium grade 2 alloy

The hardening variables presented in Table 4-Table 8 were utilised to extend the experimental curves of the
materials starting from the necking point (the last value of the BNM curve). The validity of the hardening model

predictions in smaller strains prior to the necking limit was not analysed.

The results presented in this section show that in some cases, such as in the TRIP steel family, two of the
analysed models had the same minimum error value (Swift and Ghosh); therefore, both models can be valid. The
model selected as the most suitable hardening model was the one with the minimum average error value; however,
in some cases, the error difference among the models was negligible, so in such cases, more than one model could

represent the hardening behaviour of the material.

Finally, a summary of the results is presented in Table 9, in which the optimum hardening model for each of the

analysed material families is shown.

Table 9: Optimum hardening model for each analysed material family

Material family Optimum hardening model
Dual-phase Swift
Mild Hockett/Sherby

Transformation-induced plasticity Ghosh
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Martensitic Hockett/Sherby
3d_generation Swift
Ti-based Ludwik

4. CONCLUSIONS

This paper aims to determine the optimum hardening model for a broad variety of material families to predict
their hardening at high strain levels. The DIC technique was utilised to obtain experimental hardening data of the
materials and several commonly used models were analysed to select that with the best ability to represent each

hardening behaviour. The conclusions based on this procedure are as follows.

e  The DIC technique is a simple method for the extension of the stress-strain curve of a wide variety of
materials. Based on a conventional tensile test, by just adding external artificial vision devices, larger
strains than those obtained in standard tensile tests can be achieved. However, to support this statement
and obtain experimental values at higher strain levels, the performance of tests such as the shear test or

the bulge test would be enriching.

e The ANM curve extension varies depending on the material stretching capacity. In low-strength steels,
greater experimental extensions are obtained in comparison to high-strength steels. This effect could be

due to the necking to fracture behaviour of each material.

e In material families in which just one material was analysed, further analysis of more materials needs to

be carried out to determine the appropriateness of the selected hardening model.

e  Aspects, such as temperature and strain rate, have a significant effect in industrial sheet metal forming
processes. Therefore, further research should be undertaken to investigate their influence on the

hardening behaviour of the analysed materials.
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