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Due to the production process, thick high strength steel plates potentially exhibit inhomogeneous plastic material behavior through the 
thickness. For example, the initial yield stress and work hardening behavior might vary through the plate thickness. In order to establish a 
reliable plasticity model that can be used in finite element simulations to optimize forming processes or to investigate the structural integrity of 
large structures, this material behavior needs to be characterized. A straightforward characterization method consists of slicing the thick high 
strength steel plate and conducting standard tensile tests. However, this approach comes with a large experimental effort. A novel specimen 
is proposed enabling to inversely identify the work hardening behavior at distinct locations through the thickness of a thick steel plate. To this 
end, a tensile specimen with circular pockets at different depths is used. The strain fields within the pockets are captured using digital image 
correlation (DIC). finite element model updating (FEMU) is used to inversely identify a predefined strain hardening law for each pocket. First, 
the procedure is optimized and numerically verified using virtual experiments generated by a finite element model with a known variation of 
the work hardening behavior. Finally, the procedure is experimentally validated by characterizing the strain hardening behavior of a 10 mm 
thick S690QL grade.
Keywords: through thickness strain hardening, FEMU, Nelder-Mead, stereo-DIC, S690QL, thick high strength steel

Highlights
•	 The variation in work hardening behavior over the thickness was measured for S690QL by slicing a conventional dog bone 

specimen.
•	 A novel specimen was proposed for simultaneously identifying the strain hardening behavior of five different layers in a 10 mm 

thick steel plate.
•	 Stereo-DIC was combined with an inverse identification scheme to identify the variation in hardening behavior for S690QL.
•	 The effect of plastic anisotropy was investigated on the proposed specimen.

0  INTRODUCTION

Steelmaking involves a series of heating and cooling 
steps. During the cooling process of thick high strength 
steels, the outer steel solidifies faster than the inner, 
resulting in an inhomogeneous chemical composition 
and microstructure through the thickness of the steel 
[1] and [2]. For example, Nanba et al. [1] observed 
a larger grain size at the mid-thickness than at the 
surface of hot-rolled carbon steels. Raabe [2] observed 
large blocks of austenitic dendrites at the surface 
and austenitic grain structure with a martensitic 
volume fraction of 20 % at the mid-thickness region 
of hot-rolled stainless steel. The inhomogeneous 
through-thickness microstructure and chemical 
composition potentially leads to direction-dependent 
mechanical properties [3] and [4], especially in the 
direction perpendicular to the surface, referred to as 
the through-thickness direction [5]. Several authors 
reported inhomogeneous material behavior in the 
through-thickness direction of thick steels [6] to [8]. 
Moreover, the ASTM standard notes that there might 
be a measurable difference in mechanical properties 

through the thickness [9]. In addition to steelmaking-
induced inhomogeneous through-thickness material 
behavior, it must be noted that secondary forming 
processes can also induce this phenomenon. Indeed, 
in forming processes involving bending deformation, 
the outer layers are typically subjected to higher levels 
of strain, hence experience more work hardening 
than the inner layers. This can result in a gradient of 
plastic material behavior, e.g. strength, hardness and 
work hardening behavior, through the thickness of 
the plate. For example, during spiral forming of pipe 
line, the inner side is subjected to compression and the 
outer pipe side to tension while the mid-layer does not 
experience plastic deformation. This yields a gradient 
in the degree of work hardening resulting in different 
mechanical properties through the wall-thickness 
of the pipe line [8]. Overall, it can be stated that the 
degree to which work hardening varies through the 
thickness of a steel plate depends on several factors 
including the steelmaking process, the type of steel, 
the plate thickness and the applied secondary forming 
process. Finite element simulations are used to study 
and optimize secondary forming processes such as 
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spiral forming [10] of pipe line, but also to assess the 
structural integrity of the resulting pipe line [11]. The 
predictive accuracy of these simulations, however, 
highly depends on the accuracy of the adopted 
plasticity model [10] and [11]. As such, it is required 
to characterize the through-thickness variation of the 
material properties so that a reliable plasticity model 
can be established.

While a large literature exists for characterizing 
the planar behavior of sheet metal [12] to [15], the testing 
methods to derive the through-thickness behavior are 
less widespread. So-called through-thickness tensile 
tests can be performed on small tensile samples [6] 
and [16] removed from the thick plate, see Fig. 1 
for a schematic of this approach. The test enables to 
determine the through-thickness ductility, also referred 
to as Z-qualities [4]. However, the feasibility of this 
test highly depends on the plate thickness. Indeed, the 
specimen needs to be manufactured without modifying 
the material behavior and a suitable testing machine 
(small specimen, yet a large load capacity is required) 
needs to be available. To circumvent the latter, Barsom 
et al. [6] proposed to weld extensions to the small 
tensile specimen, see Fig. 1b. However, this results in a 
heat affected zone potentially changing the mechanical 
properties in the gauge section. Furthermore, standard 
through-thickness tensile tests yield the average 
material behavior in the gauge section. Consequently, 
the standard test does not yield information with regard 
to the variation of the work hardening behavior through 
the thickness. Moreover, the gauge section is only a 
part of the full thickness. Indeed, the material near the 
two surfaces is used to clamp the tensile specimen or is 
affected by the welding of extensions. Finally, Barsom 
et al. [6] also concluded that the through-thickness test 
yields the mechanical properties of the weakest region 
throughout the thickness.

Fig. 1. Illustration of a through thickness tensile test: 
 a) machined from the entire thickness and b) with an extension 
(orange) welded onto the gauge section; the plate thickness t is 

indicated by the red arrows

As opposed to the through-thickness tensile test, 
the indentation hardness test in the thickness direction 
enables to detect inhomogeneous material behavior 
[7]. Indeed, hardness measurements can be converted 
into an initial yield strength [17]. Indentation hardness 

measurements, however, suffer from a substantial 
standard deviation [18]. Moreover, indentation 
hardness measurements through the thickness cannot 
be converted in the required flow curve describing 
the work hardening behavior. Probably the most 
straightforward approach to determine the variation 
of work hardening behavior in the through-thickness 
direction, is to slice a thick tensile specimen into 
several thin tensile specimens and performing tensile 
tests as proposed by Sohn et al. [8]. This directly yields 
the flow curve and the associated material properties 
as a function of the through-thickness direction. 
The slicing method should be carefully selected to 
minimize the influence on the measured flow curves. 
For example, wire-cut electrical discharge machining 
(EDM) can be used to slice the thick high strength 
steel. However, EDM potentially induces heat into a 
specific part of the sample resulting in a heat affected 
zone [19]. Additionally, independent of the chosen 
production process, it is inevitable that during slicing 
a part of the material is removed and the residual 
stresses are partially released. These effects might 
have an influence on the accuracy achieved by the 
slicing method. The large cost associated with the 
production of the slices and the limited measurement 
accuracy are the main impetus for this work. In this 
work, a novel inverse characterization method for 
determining the work hardening variation in thick 
steel plates is presented. The method is devised in 
the context of Material Testing 2.0 (MT2.0) [20]. A 
full thickness tensile specimen with circular pockets 
at different depths is used to inversely determine the 
work hardening of the different material layers probed 
by the pockets. During the tensile test, digital image 
correlation (DIC) is used to measure the strain fields 
within the different pockets. Those strain fields are 
fed to a finite element model updating (FEMU) [21] 
to [25] code characterizing a predefined hardening 
law for each probed material layer. This procedure 
is verified in a numerical concept study using 
virtual experiments. Finally, the inverse procedure 
is experimentally validated on a S690QL steel grade 
with a nominal thickness of 10 mm. The obtained 
results are compared with the slicing method. The 
paper is organized as follows. In section two, the 
slicing method is described and the results obtained 
for a 10 mm thick S690QL steel are discussed. In 
section three, numerical simulations incorporating 
the observed material behavior from section two are 
used to design the tensile specimen with pockets at 
different depths. Virtual experiments generated with 
finite element models [26] and [27] are used to verify 
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the proposed FEMU method. Section four embarks on 
the experimental validation of the proposed method.

1  THE SLICING METHOD

To establish a benchmark for the varying strain 
hardening behaviours across the thickness of the 10 
mm thick S690QL steel, a dog bone specimen was 
prepared in the transverse direction (TD) relative 
to the rolling direction. This specimen was then 
sectioned into five thin tensile samples, each with a 
nominal thickness of 1.8 mm, using wire electrical 
discharge machining. The thin tensile samples were 
subjected to a standard tensile test. A standard tensile 
machine with a load capacity of 250 kN was used. An 
extensometer with an initial gage length of 80 mm was 
used to measure the elongation. The slicing method is 
illustrated in Fig. 2c. 

Fig. 2.  a) dog bone, b) slicing of dog bone into five layers, and c) 
performing a tensile test on each layer. The tensile direction (y) 

corresponds to the TD

The results of the five tensile tests are shown in Fig. 3, 
where the true stress is plotted as a function of the 
equivalent plastic strain εeq

pl . The numbers of the 
slices can be found in Fig. 2 where 1 and 5 represent 
the outer layers. It can be inferred from Fig. 3 that 
outer layers (slices 1 and 5) exhibit a similar strain 
hardening behaviour, yet the absolute stress levels 
significantly differ. The difference in initial yielding 
(i.e. the proof stress at εeq

pl = 0.002) between the outer 
layers is approximately 10 %. It can be seen that the 
strain hardening behaviour is distinctly different 
between the outer layers and the inner layers. The 
outer layers exhibit a strain hardening behaviour that 
can be described by a power law equation, while the 
inner layers exhibit linear strain hardening. Moreover, 
it can be concluded that the inner layers (slices 2, 3 
and 4) exhibit approximately the same strain 
hardening behaviour. The overall observation is that 

the strain hardening behaviour is not symmetrical with 
respect to the mid-thickness layer (slice 3), a 
phenomenon that has been previously reported by 
Raabe et al. [2].

Fig. 3.  The slicing method: strain hardening behavior of five layers 
through the thickness, numbered as in Fig. 2; initial yielding is 

determined through the proof stress

2  THE FEMU METHOD

Fig. 4 schematically shows the proposed tensile 
specimen with five circular pockets at different 
depths. The pockets are chosen in accordance with the 
layers tested via the slicing method presented in the 
previous section. The diameter D of the pockets is first 
optimized via three virtual experiments assuming D = 
10 mm, 20 mm and 30 mm. To this end, the tensile 
experiments are simulated using Abaqus/Standard 
using a reference strain hardening behavior for each 
layer. The reference strain hardening behavior of 
the five different layers is shown in Fig. 5 by the 
solid lines. It can be inferred that the reference strain 
hardening behavior qualitatively corresponds to the 
strain hardening behavior determined by the slicing 
method, see Fig. 3, ensuring a realistic material 
behavior in the virtual experiments. Swift’s hardening 
law is used to describe the strain hardening of each 
individual layer. The von Mises yield criterion is 
used to simulate the three tensile tests using the 
reference hardening behavior shown in Fig. 5. The 
virtual test data generated by the FE models is then 
used to verify the FEMU code, hence determining the 
optimal diameter D. It must be noted that the FEMU 
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code simultaneously identifies fifteen unknown 
strain hardening parameters (five layers, each layer is 
described by Swift’s hardening law with three model 
parameters). To limit the computational cost, the 
adaptive Nelder-Mead simplex method [28] has been 
employed to inversely identify the sought parameters. 
The FEMU code essentially minimizes the 
discrepancy between the numerical and experimental 
strain fields within the pockets, i.e. the blue regions 
in Fig. 4. 

a)      b) 
Fig. 4.  a) Front view of the full thickness tensile specimen with 
five circular pockets at different depths, and b) geometry of the 
pockets shown through Section A-A with t the thickness of the 

plate

In the virtual experiments, the experimental 
strain fields are obtained from the simulation using the 
reference strain hardening. In practice, the experimental 
strain fields are acquired by stereo-DIC measurements. 
Because the FE simulation is displacement-driven, 
also the tensile force F can be considered. The surface 
strains components (εxx, εyy and εxy) and tensile force F 
have a different order of magnitude. To obtain an equal 
weight in the cost function C(p), the strain components 
and the tensile force have been normalized by their 
root mean square (RMS) value and experimental 
tensile force, respectively:
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with p the vector of the unknown parameters of Swift’s 
hardening models, m the number of load steps (five in 
this study) and ni the number of data points from the 
DIC measurement at load step i. The subscripts exp 
and num represent the experimental and numerical 
response, respectively. The results of the virtual 
experiments for D = 10 mm, 20 mm and 30 mm are 
shown in Figs. 5a, b and c, respectively. The reference 
strain hardening behavior is shown by the solid lines, 
the inversely identified strain hardening is shown by 
the circles. Each color represents the same material 
layer. Clearly, the size of the diameter affects the 
robustness and accuracy of the identification. It can 
be observed that the specimen with a diameter of D = 
20 mm enables an accurate inverse identification. The 
results suggest that the identifiability decreases for a 
diameter larger than D = 20 mm, probably because of 
the interaction between the pockets. The results for D 
= 10 mm are good, yet from an experimental point of 
view it is deemed more suited to opt for the largest 
suitable diameter. Indeed, a larger pocket diameter 
enhances the application of a speckle pattern and 
ensures adequate measurement resolution.

3  EXPERIMENTAL VALIDATION AND DISCUSSION

The sample is manufactured by precision milling 
using extensive cooling to avoid surface hardening. 
The quasi-static experiment is conducted on a MTS 
tensile machine with a load capacity of 1000 kN 
equipped with hydraulic wedge grips. One stereo-DIC 
setup was used to acquire the five strain fields within 
the pockets. The adopted DIC settings can be found 
in Appendix, see Table 1. The experimental setup is 
shown in Fig. 6. The FEMU code was employed to 
simultaneously identify five independent, yet identical 
strain hardening models as Swift’s hardening law 
is assumed for each layer. The initial guess for the 
hardening behavior of each layer is taken from a 
tensile test on the full thickness. The initial guess for 
the hardening behavior is shown by the dashed black 
line in Fig. 7. The inversely identified hardening 
behavior is shown in Fig. 7 by the circles. The solid 
lines represent the measured strain hardening behavior 
obtained from the slicing method in Section 1. Each 
color represents the same material layer. It can be 
observed that the inversely identified strain hardening 
(circles) does not perfectly match the results from 
the slicing method (solid lines). However, it can be 
clearly observed that the FEMU code identified a 
substantially lower strain hardening behaviour for 
Layer 1. This trend is in good agreement with the 
variation of strain hardening found by the slicing 
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method. The observed discrepancy between the 
slicing method and the FEMU method are potentially 
attributed to:
• The predefined character of Swift’s hardening 

law. A general downside of the current 
FEMU code is that a hardening law is used to 
parameterize the strain hardening behavior. If 
the adopted hardening law cannot describe the 
actual strain hardening of a particular layer, the 
identification of the other layers will be biased. 
For example, Fig. 7 shows that the slicing 
method yields linear strain hardening for Layers 
2, 3 and 4. Such linear strain hardening cannot 
be described by Swift’s hardening law, hence 
potentially affects the identification accuracy of 
the outer layers. A multi-linear strain hardening 

Fig. 5.  Numerical verification of the FEMU method; reference 
(solid lines) and inversely identified (symbols) flow curves obtained 

with a) D = 10 mm, b) D = 20 mm and c) D = 30 mm

Fig. 6.  Setup of the tensile test with a stereo-DIC measurement 

Fig. 7.  Comparison between the through-thickness flow curves 
identified through the slicing method and the FEMU method
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model would eliminate the problem yet might 
introduce robustness problems as reported by 
Denys et al. [29].

• The slicing method used specimens with a 
thickness of approximately 1.8 mm, the FEMU 
method considers layers of 2 mm in each pocket.

• The slicing method removes the residual stress 
between the different layers that, instead, is still 
present in the material surrounding the circular 
holes in the FEMU method.

• The FEMU method assumes that the material 
is plastically isotropic. However, the material 
potentially exhibits plastic anisotropy which 
could bias the identification.
It is assumed that the difference in sheet thickness 

between the slicing method and the FEMU method 

will have marginal effect. Indeed, while the strain 
hardening variation is pronounced over a 10 mm 
thickness, it is questionable whether such differences 
would be observable over a much smaller range of just 
0.2 mm using the FEMU method. The effect of plastic 
anisotropy is further investigated in the remainder of 
this section. Fig. 8 shows the numerically predicted 
and the experimentally measured strain fields (the 
longitudinal strain εyy is shown) in the five pockets. 
It can be inferred that the experimental and the 
numerical strain fields qualitatively correspond, the 
value of the difference between the two strain fields 
∆ is also shown. From Fig. 8 each pocket exhibits a 
different strain field. Moreover, the strain field within 
each pocket is inhomogeneous. The inhomogeneity 
of the strain field within each pocket is shown in 

Fig. 8.  Comparison of the experimentally and numerically 
obtained longitudinal strains: Layer 1 (L1) to Layer 5 (L5)

Fig. 9.  Numerically predicted strain fields using the inversely 
identified flow curves: Layer 1 (L1) to Layer 5 (L5)

a)        b)
Fig. 10.  Comparison of the strain state in layer 5 predicted at the final load step by: a) von Mises, and b) Hill48
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detail in Fig. 9. This figure shows the in-plane strain 
components computed using the inversely identified 
flow curves and the results confirm that in all pockets 
an inhomogeneous strain state prevails. Consequently, 
layers within the pockets are subjected to a multi-
axial stress state. The thin circular layer deforms 
in accordance with the surrounding thick material. 
The circular pocket elongates and contracts, hence 
forming an ellipse. This deformation is imposed to the 
thin layer resulting in a multi-axial stress state.

Fig. 10a shows the strain state in Layer 5 at the 
final load step. It can be inferred that the majority 
of the material points deviate from uniaxial tension. 
A similar strain state is found for all layers. Fig. 11a 
shows the evolution of the mean stress components 
in Layer 5. The dashed lines represent one standard 
deviation. First, it can be concluded that plane 
stress conditions prevail in the layer since the out-
of-plane stress components (S33, S13 and S23) 
are zero. Second, most of the points is subjected 
to biaxial tension after the onset of yielding, hence 
plastic anisotropy might play a role of importance 
in the inverse identification. Indeed, by selecting the 
von Mises criterion in the inverse identification, it 
was implicitly assumed that an increase in the cost 
function caused by an error in the work hardening 
is significantly larger than an increase caused by an 
error in the anisotropic yield function. To assess the 
importance of plastic anisotropy, the strain and stress 
state analysis was repeated using the 3D Hill48 yield 
criterion. The anisotropy parameters were calibrated 
in [30] and the values can be found in Appendix, see 
Table 2. It should be emphasized that it is assumed 
that the plastic anisotropy does not vary through the 
thickness of the plate. Fig. 10b and Fig. 11b show 
the strain state and mean stress evolution in layer 
5 considering the plastic anisotropy of S690QL, 

respectively. When comparing these results with 
Fig. 10a and Fig. 11a, it can be concluded that 
plastic anisotropy does not play a significant role in 
this material and can be neglected. Indeed, it can be 
inferred from Table 2 that the investigated material 
exhibits a relatively weak plastic anisotropy.

4  CONCLUSIONS

A FEMU-based method is proposed to characterize the 
inhomogeneous through-thickness strain hardening 
behavior of thick steel plate. The procedure relies on 
a full thickness tensile specimen with circular pockets 
at different depths enabling to probe work hardening 
in different layers through the thickness. During the 
tensile test, the strain fields within the pockets are 
measured using digital image correlation. The strain 
fields are then fed to a FEMU code which inversely 
identifies the strain hardening behavior defined in the 
finite element model. The identification procedure is 
first optimized and verified using virtual experiments. 
Subsequently, experimental validation is pursued 
by applying the procedure to a sample of S690QL 
grade, which has a thickness of 10 mm. Based on 
these investigations, the following conclusions can be 
drawn:
• The proposed inverse method enables to 

simultaneously identify the strain hardening 
behavior of five different layers in a 10 mm thick 
steel plate.

• The inverse identification process demonstrates 
qualitative agreement with the slicing method. 
However, a slight discrepancy is observed, which 
can primarily be attributed to the predefined 
nature of the hardening law in the FEMU method.

• S690QL displays a notable variation in work 
hardening behavior across its thickness.

a)           b)
Fig. 11.  Comparison the stress state evolution in Layer 5 predicted by: a) von Mises, and b) Hill48
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5  APPENDIX

Table 1. Specification of the DIC parameters for stereo-DIC set front

DIC implementation Specification
Matching criteria ZNSSD
Interpolation Bicubic interpolation
Transformation Affine
Subset 21 pixels
Step 1 pixel
Displacement resolution 1.49 · 10−3 mm
Strain smoothing Bilinear interpolation
Strain window size 7 Datum points
Strain resolution 3.28 · 10−3

Table 2. Anisotropy parameters of the 3D Hill48 yield criterion for 
S690QL (10 mm)

F G H N M L
0.485 0.481 0.519 1.445 1.741 1.352
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