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Abstract: Currently, components, processes and materials are mainly developed independently. However, to
exploit the full potential of modern materials in component design, integrative development work is necessary.
Component performance-based requirements and corresponding local material properties must be taken into
account. In this work, a component-driven approach and therefore an inverted process chain is presented and
demonstrated on the performance of a crash box, produced from DP600 steel. This is aimed to increase the
energy absorption of the crash box without losing progressive buckling behavior. The finite element
simulations were carried out on the crash box. It was shown that the crash box corners play an important role
in the crash box performance, and required material properties for improving the crash box performance were
derived based on the simulations. Heat treatment strategies were afterward developed and experimentally
validated to fulfill these requirements. Then different local heat-treatment processes were applied to the
corners of the crash boxes and tested experimentally. The experiments results validate the potential of the
inverted process chain to improve the components performance. Furthermore, in this paper, optimal material
properties were extracted for crash box strengthening, which lead to high energy absorption and a low peak
force of it.

Keywords: Gradient microstructure, local heat treatment, square crash box, axial crushing, DP600 steel, peak
force

1. Introduction

Crash boxes are thin-walled tubes, which are used widely for energy-absorption purposes in collisions.
Hereby, the kinetic energy of an impactor is converted by continuous folding into plastic deformation of the
crash box. Different aspects should be considered in a crash box design. In the last decades, a considerable
amount of research was conducted on the mechanisms of crash boxes. Several approaches have been introduced
for estimating their energy absorption [1-3]. Progressive buckling is a prerequisite for the crash box function.
Buckling of a tube is progressive when it produces several local folds (wrinkles) along the structures under axial
loading. The progressive buckling of crash boxes has been studied in several research works [4-8]. The crash
box peak force is another important aspect of a crash box design. Axial crushing of thin-walled tubes leads to a
high initial peak force, which is related to the first fold creation on the tube. A high peak force endangers
protected structures and passengers’ safety [9]. Apart from the mentioned aspects, cracking in corners [10] and
global-stability failure [4,8] of the component should also be considered in the crash box design. Comprehensive
books and review papers have been published on crash box analysis [11-15]. Even though a considerable
amount of research has been devoted to crash boxes, they require constant improvements due to the demand for
increasing passengers’ safety and lightweight design concerns.

Different studies have been conducted to improve crash box performance. Materials optimization and also
foam filling effects were studied in [16-19]. It is reported that the foam filling can enhance the energy
absorption, even though the exact response of the cellular material to dynamic loading is not yet
comprehensively understood. Wang et al. used a multi-objective optimization approach in combination with a
biomimetic-inspired lattice filling of the crash box to improve its crashworthiness [20]. Besides the material
approaches, geometrical approaches are also widely used to improve the energy absorption. Jones et al. studied
the effect of stiffening elements on crash box efficiency [21]. The stiffeners were joined to the inner and outer
surface of the crash box to increase the crash box energy absorption. Even though the energy absorption was
increased, the stiffeners also increased the chance of crash box global buckling. External linear-gradient grooves
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effect on crashworthiness of the circular tubes was studied by Yao et al. [22]. The crashworthiness design of
the windowed tubes under axial loading was studied by Nikkhah et al. [23]. Multi-cell tubes as a replacement
for typical tubes have been studied in several research papers [13,18,24,25]. The studies revealed that increasing
the number of the corners results in energy-absorption raise. Thickness grading and corrugating effect on the
multi-cell tube performance have been studied by Fang et.al [26] and Li et al. [27]. Zhang et al. have studied
the thickness grading effect on energy absorption of hollow square tubes [28]. They reported that the grading
can increase the energy absorption up to 30% without increasing the crash box peak force. This thickness
grading can be achieved by different process strategies [29], e.g., flexible rolling, which is used to produce
tailor rolled blanks [30], or adapted welding processes to manufacture tailor welded blanks [31]. The crash box
manufacturing itself was investigated by Dimirci et al. who characterized the influence of spot welding in crash
box assembly regarding its performance [32].

Additionally, local heat treatment has been introduced in the literature to improve crash box performance.
Bambach et al. [33] have used laser heat treatment to obtain spatially graded components to control folding
patterns of crash boxes. By applying the same crush energy, the crushing distance of the crash box decreased
almost by 28% due to the strain-hardening engineering. Similar results were reported by Quadfasel et al. who
also used strain-hardening engineering to enhance the material properties and thus the crash box efficiency [34].
The optimization resulted in a 35% weight reduction of the crash box. Conrads et al. [35] have used local heat
treatment for increasing the energy absorption capacity of the crash box and also increasing ductility at the
corners of the steel crash box to prevent crack initiation. Based on their results, the locally heat-treated crash
box in comparison to the fully-recrystallized crash box can absorb the same amount of energy with 17% less
crushing distance. The high effect of the crash box corners on energy absorption is reported by other researchers
as well [26,28,36]. However, the local heat treatments affect also other crash box features such as peak force
and progressive buckling, which need to be considered to design an optimized crash box. Contrary to the laser
heat source, which has been used by Bambach et al. [33], Hosseini et al. used an arc heat treatment technique
to produce graded microstructures through controlled temperature gradients [37]. A comprehensive review on
different approaches to improve crash-box performance is provided in [13].

Most of the existing design and optimization approaches of the thin-walled crash box can be categorized
into geometrical-based, material-based and process-based approaches. Usually, if a novel steel alloy is
developed its application on the crash box is investigated regarding the energy absorption. The same applies if
a heat treatment method or forming process is refined. Whereas in this paper, an integrative method is
established, which can be seen as an improvement of the current component design: From a material-focused
structural design approach to a component performance-based material and process development. This allows
the identification of component-derived local property requirements, which are converted into tailored material
properties. Similar concepts can be found in the literature. Ituarte et al. [38] developed a functional graded
material design and manufacturing workflow which includes problem specification, graded structural design,
the grading realization and product fabrication. This work focuses on additive manufactured structures of so-
called digital materials. Similar approaches of fully integrated design workflows can be found in the field of
aminated continuous fiber-reinforced composites [39]. In this context, local property grading for nodular cast
iron has been studied by Gebhardt et al. [40] and Ripplinger et al [41]. Both works showed a benefit in terms
of increased fatigue strength in the case of high silicone-alloyed nodular cast iron and ferrite graded nodular
cast iron. Even though the approach shows high efficiency, it has not been applied to dual-phase steel, nor to
crash relevant structural automotive components, to the best of the authors' knowledge.

In this paper, the above-mentioned approach of a component performance-based material and process
development is demonstrated on property-graded crash boxes. Here, energy absorption is taken as the main
measure for the assessment of the crash box performance. The aim is to increase the energy absorption without
endangering the progressive buckling of the crash box by local adjustment of the material properties. Using
finite element models, highly stressed regions in the crash box were identified and artificial material cards were
assigned locally in order to optimize the energy absorption of the crash box. With this approach, local property
requirements were defined. Isothermal-heat-treatment investigations were afterward used to determine
information regarding holding time and temperature that allows fulfilling the previously identified mechanical
property requirements. Using a process-adapted heat treatment approach, process parameters leading to the
desired holding time and temperature were then determined and applied on crash boxes, which were tested
quasi-statically afterward. Furthermore, finite element analysis was used to investigate the crushing behavior
of the crash boxes. Thereby, the effects of different material behaviors on crash box features such as peak force
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were studied. Furthermore, finite element analysis was used to identify the advantages of local grading over the
homogenous heat treatment of the entire crash box regarding the progressive-buckling behavior of it. In
comparison to previous studies, current work contains the following novelties:

e implementing a new design approach, from a material focused structural design approach to a
component performance-based material and process development;

e identification of component-derived local property requirements, which can be converted into
tailored material properties;

e comparison of different local heat treatment strategies on enhancing the crash box energy-
absorption;

e definition of advantages and limitations of property-graded crash boxes.

2. Materials and Methods

2.1 Material

In this study, a cold-rolled DP600 steel with a material thickness of 1.5 mm was investigated. The chemical
composition of the material is displayed in Table 1. As part of the 2nd Gen. Advanced High Strength Steels
(AHSS), dual-phase (DP) steels are characterized by their good combination of strength and ductility, which
makes them attractive for crash components in the automotive industry. This mechanical property profile of DP
steels is attributed to the ferritic-martensitic microstructure. Depending on the hard to soft phase ratio the
mechanical properties can be designed. The investigated DP600 steel features a microstructure containing 9.1
% martensite and 88.9 % ferrite.

Table 1: Chemical composition of DP600 steel, in mass %.

C Si Mn P Cu Cr Mo Ni N
0.113  0.390 1.38 0.0167 0.0152 0.179 0.0515 0.0198 0.00001

Tensile properties of the DP600 steel were determined following the standard DIN EN 1SO 6892-1 using
a tensile specimen with a gauge length of 20 mm. According to the tensile test, a yield strength (YS) of 391
MPa, ultimate tensile strength (UTS) of 705 MPa, and total elongation (TE) of 31.3 % were extracted. The
stress-strain curve and the microstructure of the DP600 are shown in Figure 1.
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Figure 1: (a) Stress-strain curve; (b) Microstructure of DP60O0.

2.2 Identification of local property requirements using a component-driven approach

In the present work, a novel methodical approach for integrative material, process, and component design
are presented using the example of a thin-walled crash box. This approach aims to demonstrate the potential of
a component-driven material and process design in order to increase the energy absorption potential of a crash
box. Unlike conventional component design, where global homogenous material properties are defined, this
approach first derives required local material properties on the component level by a preliminary analysis that
combines FEM simulations with artificial material cards and analytical progressive buckling conditions (1).
The experimental fulfillment of these material requirements within the constraints of the applied process
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technology (e.g., short holding times) is investigated by selected, isothermal heat treatments of the base material
DP600 in a salt bath. This type of heat treatment is further called isothermal heat treatment. The following
material characterization, including microstructural and mechanical investigations, enables the identification of
functional relationships between heat treatment process parameters and resulting mechanical properties (2). In
order to transfer the outcomes of isothermal heat treatments to a locally applicable heat treatment process,
further experiments to define cooling rates and process-specific boundary conditions (e.g., critical cooling rates)
are performed. Based on this information, the crash box is locally heat-treated with a moving heat source to
adjust the material properties in the required regions, identified in step (1) of this approach. In the following,
this type of heat treatment is called process-adapted heat treatment. This processing enables high flexibility
considering the location and size of the heat-treated region and thus on the local properties. In the following
heat treatment patterns are defined either as line heat treatment or combinations of single spot heat treatments
using different spot densities and orientations. To assess the different heat treatment strategies, tensile test
specimens were processed by different heat treatment patterns and subsequently tested under quasi-static
conditions. The same patterns were applied locally to the corners of the crash boxes (3). The locally heat-treated
and reference components were then experimentally tested under axial compression. Based on the force-
displacement curves, the energy absorption can be derived. Further FE simulations were carried out to assess
the performance of isothermal heat-treated crash boxes (4). A Schematic process map of the component-driven
approach is shown in Figure 2.
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Figure 2: Schematic process map of the component-driven approach.

2.3 Crash boxes under axial loading

To carry out and validate the abovementioned method, both experimental and numerical compression tests
on crash boxes are required. These tests were used as a basis for formulating local-material-property
requirements to improve the component performance. The crash box specimens were manufactured from
DP600 steel, which was characterized in section 2.1. The crash boxes are manufactured by arc welding of two
u-shape profiles, which were bent from the DP600 steel sheets. Thus, the weld seams are located in the middle
of the side faces. Dimensions of the manufactured crash boxes are 40 mm x 40 mm x 200 mm and the thickness
is 2 mm (Figure 4 (a)).

Even though the normal function of the crash boxes is under dynamic loadings, such as collisions, it is
enlightening to first investigate the crash box behavior under a quasi-static load. Moreover, most of the vehicle
collisions are in low velocities, about 40 m/s at most, and the influence of the stress-wave speed on the crash
box behavior during an impact weakens as the impact velocity decreases [42]. As a reasonable simplification,
the axial impact behavior of tubes with velocities up to tens of meters per second, for metal tubes, is taken as
quasi-static in the literature [12]. Therefore, in this study quasi-static tests were carried out as well for
experimental investigation of the energy absorption of the heat-treated crash boxes and also to validate the
numerical simulation of the crash box. The specimens were painted with a stochastic pattern to investigate the
local strains by digital image correlation (DIC), Aramis GOM. The mechanical tests of the investigated crash
boxes were performed by a servo-hydraulic testing machine, Instron 8804. The sampling frequency was set at
100 Hz. Force signal was correlated with DIC data (sampling frequency of 4Hz) to extract local strains at certain
load points of interest during the test. The compression load was applied via a load stamp with a displacement
rate of 30 mm/min until the crash box is bottomed out. The experimental setup is shown in Figure 3.
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Figure 3: The experimental setup for quasi-static compression of the crash box. DIC method was used for
investigating the local strains.

The numerical simulations of the crash boxes were performed using Abaqus commercial software. By
considering the symmetry of the crash box and also the symmetry of its crushed form, half of the crash box was
simulated. 4-node doubly-curved shell elements with full integration were used for meshing the crash box. By
performing a mesh convergence study, a 1.25 mm mesh size was chosen for the meshing. On the tested crash
boxes, there was not any imperfection made deliberately; however, the production phase could not be perfect.
Therefore implementing a small imperfection on the FE model can result in more realistic results [43]. Thus, a
small imperfection with 0.1 mm deflection was applied on the second fold region of the crash box (see Figure
4 (b)). The fold region can be located by calculating the fold length of the crash box, as a progressively buckled
crash box has a specific fold length. The fold length means the length of the crash box that contributes to a local
fold creation and it can be extracted analytically or experimentally, by dividing the crash box length by the
number of the folds produced along it [17,44,45]. The material card of the DP600 steel was applied to the model.
The flow curve was derived from the previously discussed quasi-static tensile tests of the DP600 steel. The
equivalent plastic strain value in the simulated crash box can go beyond the strain at the necking point extracted
by the one-dimensional tensile test [46]. Thus, the extracted flow-curve was extrapolated using VVoce hardening
function,

o,(gp) = Ko + Q(1 — e77%p), (1)

where oy(gp) donates the stress as a function of plastic strain, Ko and Q are material constants and b is the strain
hardening exponent, which were extracted experimentally, based on the tensile test results (see Table 3).

The explicit method can be used for low-speed quasi-static simulations [47]. To reduce the calculation
time, it is often useful to use mass-scaling or reduce the analysis time. Both approaches yield similar results for
the rate-independent models [48]. The analysis time of 0.3 s and mass-scaling factor of 4 were considered for
the analysis. Even though the mass scaling and the analysis-time reduction are common approaches to decrease
computation time, attention should be taken as they can affect the results accuracy [43,49]. Therefore the FE
results should be analyzed to be sure about the model accuracy. The calculated kinetic energy was insignificant
compared to the energy absorbed by the specimen and the load-displacement diagram was not affected
remarkably. Furthermore, in order to ensure the simulation accuracy, the model is validated with the
experimental results.
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Figure 4: (a) Dimensions of the tested crash boxes, the thickness of the crash boxes is 2 mm. (b) imperfection
on the simulated crash box at the second-fold region (exaggerated); (c) force-displacement diagrams of the
experimental test and numerical simulation of DP600 crash box (none heat-treated).

Validating the FE model is crucial in a crash box simulation. FE and experimental results of the
compression test on the none heat-treated crash box are presented in Figure 4 (c). Furthermore, Figure 5 shows
the comparison of the out-of-plane displacement, in the x-direction, between the FE analysis (a) and the
experiment (b) at the peak force moment, captured with DIC method. The extracted peak force is 116 KN (see
Figure 4 (c)), this peak force is related to the first fold creation on the tube. The first fold is located at the bottom
end of the crash box, both in the FE and experiment. Furthermore, two pre-folds are emerging as well, in the
middle and at the top edge of the crash box. Considering the crash box crushed shape and force-displacement
diagrams, overall a good agreement could be obtained between the FE model and the experiment. As can be
seen in Figure 6, the corners of the crash box face the highest strain. Therefore, increasing strength and ductility
of the corners region can improve the energy absorption, which is going to be discussed more in detail in the
result section.

The energy absorption of the crash box is defined as the area under the force-displacement curve derived
from a component test; whereas, the material’s energy dissipation in homogeneous uniaxial deformation
(dissipation parameter) is defined as the area under its stress-strain curve extracted by tensile tests and can be
seen as the absorbed energy per unit volume. The energy absorption E (kJ) and the so-called dissipation
parameter, D (MPa), describing the combined strength and ductility effect up to the UTS can be calculated as:

E= f F(8)ds, )

D = fa(e)de, (3)
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where F represents the force, & the displacement, o the stress and ¢ the plastic strain, respectively. In some
resources [50], the dissipation parameter is named modulus of toughness when the upper bound of the
integration is the fracture strain of the material.

Figure 5: Comparison of the out-of-plane displacement in the x-direction (mm) for peak force between FE
analysis (left) and experiment (right) captured with DIC method.

Mises stress [MPa

(@ (b)
Figure 6: (a) Validated FE mode; (b) experimental test result of the crash box with DP600 steel material
behavior.

2.4 Progressive buckling and corner-strengthening of a crash box

Progressive buckling is a prerequisite for the crash box function. A progressive buckling results in local
folds production along the crash box length. Plastic deformation is the main energy-absorption mechanism of a
crash box and just by a progressive buckling considerable portion of the crash box deforms plastically.
Progressive buckling is also named stable deformation under axial loading. A crash box has a progressive
behavior when its side plates buckle plastically [6,51]. A crash box can be considered as four connected plates,
and critical buckling stress of a plate can be calculated as

n’E t\?2
Ior =k = vty (E) ’ @

where E is Young modulus, v Poisson’s ratio, k buckling coefficient, b width and t thickness of the plate
respectively [52,53]. Based on the dimensions of the plates, the boundary condition of the crash box plates was
considered simply supported [54]. Besides the plastic bucking necessity, it was shown in [6] that a crash box
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cannot buckle progressively when the length of the local folds is higher than the crash box width. Therefore,
the maximum length of a plate that contributes to a local fold production is the same as the crash box width, see

Figure 7. In order to have a plastic buckling, the critical buckling stress of this plate should be beyond the yield
stress of the material, gy,¢,4 < 0., Which is a necessary condition for the crash box to buckle progressively

[6,51].
F

Lt

Figure 7: Crash box under compression load F with the plate region engaged in a local fold.

Crash box corners face the highest deformation by the local folds production. The mechanism of a fold
production on a crash box starts with the local buckling of the crash box plates. Plates have a special capability
to withstand the axial compression load even after buckling [55] By initiation of the buckling, the mid-side of
the crash box plates cannot bear the compression load anymore, and the stress decreases at these regions.
However the compressive stress can still increase at the crash box corners owing to the higher rigidity at these
regions. Therefore by initiation of the buckling, the stress distribution is not uniformon on the cross section any
more. By further loading, crash box corners buckles as well, which is known as crippling, and local folds are
produced along the crash box. Production of these local folds results in the creation of the sharp curves and high
plastic deformation at the corners, which results consequently in high energy absorption at these regions. Thus,
the corners play an important role in the energy absorption of a crash box. High-stress concentration at the crash
box corners can be seen in the FE results as well, see Figure 6.

Due to the high importance of the crash box corners in energy absorption, corner strengthening can
enhance energy absorption significantly. In this paper the effect of corner strengthening on crash box energy
absorption was studied experimentally and numerically, using the validated FE model. A parametric study was
conducted to study the effect of different corner strengths. The higher strength material properties were applied
on crash box corners, as depicted in Figure 4 (a). Results of these simulations were compared regarding the
energy absorption and also peak force of the crash box in the result section. Furthermore, heat-treatment
processes on DP600 steel were studied in order to increase the strength at the crash box corners as indicated by
the computations.

2.5 Heat treatments and characterization methods

The heat treatments to examine suitable strategies to fulfill property requirements were carried out in a
salt bath. The material was isothermally heat-treated for one minute at a specific holding temperature, which
was ranged from 750 °C to 950 °C, before quenching in oil. These heat treatments lead to partial or complete
austenitization before quenching, so that microstructural configuration is significantly different from the initial
state. For microstructural characterization of the different heat treatment states, the samples were etched with
Nital after metallographic preparation. The mechanical properties were determined by Vickers hardness test
and tensile test according to DIN EN ISO 6892-1.

To transfer the conditions from the isothermal heat treatment to a process-adapted heat treatment that uses
a moving heat source, the phase-transformation behavior of the material is studied by dilatometric
investigations. Therefore, continuous cooling curves with different cooling rates that range between 1.6 - 204
K/s are measured. The combination of this dilatometric data yields a continuous cooling transformation (CCT)
diagram (see Figure 13), which can be used to identify critical cooling rates for the DP600 steel. To minimize
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radiation effects on the measurement, the temperature of the specimen is determined on the inside at a point of
heat treatment. The crash box specimens were heat-treated by using a tungsten inert gas arc welding torch.
Different process-adapted heat-treatment strategies were applied to identify a suitable pattern for increasing the
energy absorption of the crash box. Conrads et al. have shown that the energy absorption of crash boxes can be
increased by implementing a wavelike pattern using laser heat treatment [35]. However, the arc welding
technique has not been investigated for such application. The application of an arc provides a fast and flexible
way of heat treatment without the necessity of additional equipment other than a relatively small power source
and a welding torch. Line and spot heat treatment patterns have been chosen, which are easy to implement in
an industrial context. Figure 8 depicts the different heat treatment patterns. In the following, it can be
distinguished between non-heat-treated (N), line heat-treated (L), spot heat-treated (S) and spot double-dense
heat-treated (SDD) patterns. In addition to crash boxes, tensile test samples with similar heat treatment patterns
were manufactured to compare material properties resulting from process-adapted heat treatment and isothermal
heat treatment. The shape DIN 50125 — H 20 x 120 was chosen for the tensile test samples. In accordance with
DIN 6892-1, an elongation speed of 15mm/min was used for these tests.

Spot Double Dense Spot Line Base material
(3DD) (8) (L) (N)

a) 9 c) ’
$ ’
R 3
o
| @

b) @ d)

S o /M
ARA)

Figure 8: (a) Heat-treatment pattern on the crash box; (b) Heat treatment pattern on the tensile specimen;
(c) schematic of heat treatment setup; (d) Indication of the thermoelement positioning.

3. Results and Discussion

3.1 Energy absorption of the corner-strengthened crash box

The FE-analysis results of the corner-strengthened crash box are provided in this section. As it was
discussed, strengthening the crash box corners can improve the crash box energy absorption. A parametric study
was conducted and different material cards were applied on the crash box corners in order to study the edge
strengthening effect. The DP600 steel has true ultimate stress of 841 MPa. Three artificial materials were
defined with increased ultimate stress of 1000 MPa, 1200 MPa and 1400 MPa, named U1000, U1200 and
U1400 respectively. Except the plasticity parameters, all the other parameters, e.g., Young’s modulus and yield
stress, of the artificial materials were kept the same as the DP600 steel. The flow curves of the materials were
extrapolated using Voce-law. The extrapolated stress-strain curves of the artificial materials and DP600 steel
are shown in Figure 10 (a). The extrapolated curves were used for the numerical simulations of the crash box.
The artificial materials were applied to 5 mm wide strips along the crash box corners (Figure 4 (a)). Voce-law
parameters, the energy absorption and the peak force of the corner-strengthened crash boxes are shown in Table
3. The force-displacement diagram of the U1400 corner-strengthened crash box is compared with the DP600
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crash box in Figure 10 (b). The force-displacement diagram of the other strengthened crash boxes are located
between the shown graphs. As it is obvious in the diagrams; even though the energy absorption of the
strengthened crash box is increased considerably, the peak force is almost the same as the non-heat-treated DP
600 crash box. According to the FE results, by applying U1400 locally to the corner of the crash box, the energy
absorption is increased up to 32% without any change in structural and folding behavior. This increase is
correlated to the improved balance of strength and ductility caused by the increased UTS. Thus, a component
motivated local-material requirement can be defined as follows:

The corners of a crash box should have a higher strength level compared to the base material

However, in common steels an increase in strength goes along with a decrease in ductility which
subsequentially leads to an earlier failure event. Therefore, a local strength increase of a crash box might be
limited by the possibility of an early local fracture. Even though large cracks during the fold creation should be
avoided, Liu et al. showed that the influence of local fracture appearance after folding has a negligible effect on
the energy absorption of a crash box [10].

As it was discussed, an improved performance can be achieved by grading the material properties on the
crash box. A low vyield stress at mid-plate region results in progressive buckling of the crash box and a high
stiffness at the corners increases its energy absorption. However, a minimum required ductility at the corners
should also be considered in the design to prevent large cracks formation, as the highest deformation takes
places at these regions. This minimum ductility acts as a boundary condition for the design. The radar chart of
Figure 9 depicts the design requirements for corner-strengthened crash boxes.
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Figure 9: Requirement definition of the corner strengthened crash box (depicted as a radar chart) and
corresponding microstructures (schematic).

3.2 Isothermal heat treatments

The component simulations showed that an increase of strength at the corners of the crash box leads to an
improvement of the overall crash box performance, see Figure 10. In order to fulfill the proposed requirement
and achieve similar improvements in the experimental component tests, the local microstructure, and thus the
mechanical property profile of DP600 steel in the crash box corners needs to be adapted. The suitable
microstructure adjustment can be achieved by isothermal heat treatment. During this heat treatment, the material
is held at a temperature within the austenite-ferrite or fully austenitic range before it is quenched to room
temperature. The rapid cooling transforms the austenite into martensite, resulting in a ferritic-martensitic or
fully-martensitic microstructure whose phase fraction composition, morphology, grain size, and local chemical
composition depend on the isothermal heat treatment temperature. The choice of a suitable isothermal holding
temperature is therefore important to fulfill the requirements from the component simulations. To propose a
suitable process window for the process-adapted heat treatment, isothermal heat treatments at different
temperatures were carried out. In Figure 11 (b) it can be seen that the martensite (M) phase fraction, determined
in light optical measurements, increases between 775 °C and 850 °C from 26 % to 98 %. At the same time, the
amount of ferrite (F) in the microstructure decreases proportionally. At higher holding temperatures, the
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microstructure remains similar and the martensite fraction shows a low variation of 1-2 %. A similar trend can
be found for the hardness profile. The hardness increases with raising the temperature from 235 HV up to 413
HV where a plateau is reached. The constant hardness and the high martensite content above a holding
temperature of 850°C indicate that Ac3 temperature has been reached. This hypothesis was verified by

dilatometry studies. According to the investigations, the Ac3 temperature lies at 837 °C.
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Figure 10: (a) Extrapolated DP600 steel and the artificial flow curves defined for corner-strengthening of the
crash box; including maximum PEEQ values experienced in the simulation (stars), (b) FE results of DP600
crash box and U1400-strengthened crash box. Force-displacement diagrams of other strengthened crash boxes
are located between the shown graphs; (c) Absolute and proportional (compared to DP600) energy absorption
for each artificial material
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Figure 11: (a) Influence of the isothermal holding temperature on the hardness and martensite phase fraction of
heat-treated DP600; (b) Light optical microscopy images of the heat-treated DP600, natal etching.

Based on the previous results, tensile test specimens were processed at a holding temperature ranging from
800 °C to 875 °C. Figure 12 shows the stress-strain curves of the heat-treated DP600 specimens. It can be seen
that yield strength and ultimate tensile strength increase with higher holding temperature, while the uniform
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and total elongation decrease. However, the stress-strain curves at a holding temperature of 850 °C and 875 °C
show similar behavior, which correlates to the microstructural and hardness findings.
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Figure 12: Stress-strain curves of heat-treated DP600 samples.

From the tensile test curves, it is clear to see that the strength level required by the component simulation,
i.e., U1400, cannot be achieved completely, but at least the desired UTS level can be approximated by an
isothermal heat treatment at 850-875 °C. Thus, a reasonable process window could be defined for the process-
adapted heat treatment:

According to isothermal heat treatment, the local property requirements can best be met by isothermal
heat treatment of DP600 steel for 60 s at a holding temperature of 850 °C.

3.3 Process-adapted heat treatments

The transfer of the process window determined by isothermal heat treatment in salt baths to process-adapted
heat treatment using a moving heat source requires additional investigations. To investigate the phase-
transformation behavior of the DP600 steel, dilatometric measurements under continuous cooling conditions
were conducted. The results are shown in Figure 13. Based on the CCT diagram, a feasible process window to
achieve the desired mechanical properties can be determined. In accordance with this study, local heat treatment
should achieve temperatures above Ac3 for the material to be fully austenitic. The cooling rate after the heating
process determines the distribution of austenite, ferrite and martensite. Higher cooling rates lower the
transformation temperatures to around 350 °C and 290 °C and therefore increase the austenite ferrite ratio.
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Figure 13: CCT-diagram measured with cooling rates between 200 K/s and 2 K/s.

The parameters for the welding power source were derived by these measurements and chosen as high as
possible without creating a weld pool on the surface of the material. For the process-adapted heat treatment of
tensile specimens and crash boxes, a welding current of 8 A and a voltage of 12-15 V were proven to be suitable.
The temperature measured during heat treatment is displayed in Figure 14. These results were obtained from
the opposite side of the heat source (see Figure 8) to minimize errors introduced by radiation emitted from the
arc. Clearly visible is the difference of time exposed to temperatures above 400 °C for the two different
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configurations “S” (spot) and “L” (line). To achieve the targeted effect of higher UTS the measured
temperatures are insufficient because the desired holding temperatures have not been reached. However, due to
the highly inhomogeneous nature of the temperature distribution around the arc, it is possible areas even closer
to the heat source may have reached higher temperatures than those that were measured on the opposite side of
the heat source, so it is likely that the desired temperature was reached. Therefore, the samples treated by a
movable heat source might perform similar to those that were heat-treated in salt baths.
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Figure 14: Local temperature experienced during the heat treatment for the two configurations “S” (spot) and
“L” (line).

In order to assess the different patterns applied to the crash box depicted in Figure 8, tensile specimens
with identical process-adapted heat treatment strategies were produced and tested. These tests were
accompanied by a full-field strain measurement using DIC to obtain the difference in local material properties
at the location of heat treatment. The results obtained from the analysis of local strains are displayed in Figure
15. There are clear distinctions at the location of local heat treatment in comparison to the untreated areas. The
positions are chosen in order to demonstrate the effect of local heat treatment as they display the highest strain
in the sample. The point of failure is not evaluated because of the shortcomings of DIC. The speckle pattern is
not stable if there is a crack in the sample, therefore the position with the next highest strain was chosen
throughout. The spot heat-treated (S) tensile test sample displays a difference of local strain by the factor of two
compared with line heat-treated (L) at UTS. The projected raising of the UTS from around 800 MPa to over
1400 MPa is not visible. However, a notable deviation of the balance between strength and ductility up to UTS
is visible between the different heat-treated specimens.

Figure 15: Engineering strain field of tensile specimen moments before failure with spot heat treatment (a), line
heat treatment (b) and spot double dense heat treatment (c).
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436 Figure 16: (a) Global true stress and true strain curve; (b) Local true stress-strain curve of heat-treated tensile
437 specimen at the depicted positions. Dissipation parameters (D) were calculated up to the UTS.
438 The tensile test results of the different heat-treatment strategies are shown in Figure 16. As plastic

439 deformation is the prevailing mechanism of the energy absorption in the crash boxes, the flow curves were
440 extracted and compared with the flow curve of the base material up to UTS. The material behavior after UTS
441 is highly dependent on the stress state, which in itself depends on factors like geometry and the heat treatment
442 pattern. Therefore, the extent of inference on crash boxes is very limited. The tensile test results show the
443  applied heat treatment processes do not result in a higher UTS. On the contrary, the results show a decrease in
444 UTS for “L” and S. The reduction of UTS is probably due to the huge temperature gradient induced by the arc.
445 However, the resulting property gradient displays an improved ductility and dissipation parameter until UTS
446 for several heat treatments ranging from T=62.62 MPa with “L” heat treatment to T=135.25 MPa with “S” heat
447  treatment, which affect the energy absorption of the crash boxes.

448 3.4 Component assessment

449 Performance of the process-adapted heat treatment

450  The heat-treated crash boxes were tested under quasi-static compression, see Figure 17. The experiment results
451  show that the process-adapted heat treatments do not affect the folding behavior of the crash box considerably.
452 In quasi-static compression of a crash box, the first fold is produced randomly along the crash box, based on its
453 imperfections. Due to the regular folding pattern, crash boxes have a specific fold length, thus based on the first
454 fold location a small deviation in the number of the folds can be seen in the tested crash boxes. In the conducted
455  tests, “S” and “SDD” crash boxes have eight folds, whereas “N” and “L” crash boxes have seven folds; however,
456  some small-size unfolded regions remain at both ends of “N” and “L” crash boxes. Therefore it can be concluded
457  that the applied local heat treatments do not affect the fold length of the crash boxes.

458

50 mm
459 I I

460 Figure 17: Compression test result of the crash boxes with different heat treatments: non-heat-treated (N), line
461 heat-treated (L) spot heat-treated (S) and spot double-dense heat-treated (SDD).

462  The resulting force-displacement curves of “N”, “L”, “S” and “SDD” heat-treated crash boxes and overview of
463  the extracted results are shown in Figure 18 (a) and Table 2 respectively. “N” crash box represents the reference
464  configuration for the comparison. Due to the deviation in the number of the produced folds, absorbed energy
465  over crushing distance diagrams of the crash boxes were considered in extracting energy absorption change of
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them. In order to extract the effect of the local heat treatment on energy absorption of the crash boxes, first
energy absorption over crushing distance was extracted using equation (2) for all the crash boxes. Subsequently,
the absorbed energy of each crash box was correlated with the reference configuration and a regression line was
fitted to the curve. The slope of the fitted line shows the level of the energy-absorption change due to the local
heat treatment. An exemplar is shown for “S” crash box in Figure 18. The slope of the fitted line is 1.028, which
shows a 2.8 % energy absorption increase compared to the “N” crash box. The energy absorption changes of
all the crash boxes were extracted using the same approach. A similar effect to “S” crash box can be seen for
the “SDD” crash box as well, which has an energy absorption increase of 2.2 %. In contrast, the “L” crash box
has an energy absorption decrease of 4 %. Obviously, additional factors have resulted in a negative effect on
the component performance. The particular metallurgical reasons for this behavior have to be the subject of
further studies.
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Figure 18: (a) Force-displacement diagrams of all tested crash boxes; (b) Energy absorption of “S” crash box
over energy absorption of “N” crash box with a linear fit.

Table 2: Compression test results of the locally heat-treated crash boxes.

Heat treatment pattern N L S SDD
Dissipation parameter (MPa) 108.02 65.62 135.3 1243
of corresponding tensile test ' ' ' '

Peak force (KN) 116.3 1154 112.8 115.4
Energy absorption 6.37 6.11 6.55 6.51

experiment (kJ) ' ' ' '
Normalized Energy i 40 28 29

Absorption (%)

In this part, the energy absorption difference of “S” and “N” crash boxes is compared to have a more robust
data evaluation. The difference in energy absorption, AE, between the crash boxes was extracted over the
crushing distance, see

Figure 19. Unsynchronized local buckling of the crash boxes results in fluctuation of the AE curve. Using a
linear fit a smoothing of AE was achieved, and the energy absorption increase, owing to the corner strengthening
of the crash box, is obvious during the crushing. It can be seen that the “S” crash box continuously absorbs
more energy than the “N” crash box.

Different process-adapted heat treatments lead to specific energy absorption potentials. According to the
global flow curves (see Figure 16) of the process-adapted heat-treated specimens, the highest energy absorption
potential could be expected for “N” crash box. Nevertheless, “S” crash box and “SDD” crash box show a higher
energy absorption. Thus, the corresponding local material properties that are related to the individual heat
treatment patterns should be taken into account. Therefore, the balance of strength and ductility (dissipation
parameter in equation 2) is defined as the reference material property for comparing each process-adapted heat
treatment. Figure 20 displays the crash box energy absorption over the dissipation parameter for each process-
adapted heat treatment. The graph indicates a linear correlation between the dissipation parameter and energy
absorption. Starting from the reference, “N” crash box, a lower dissipation parameter leads to an energy-
absorption decrease, while a higher dissipation parameter results in an increase in energy absorption. The reason
for this correlation can be found in the local material properties in the corners of the crash box. Crash boxes “S”
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and “SDD” show increased early strain hardening without significant reduction of UTS (Figure 16) so that their
dissipation parameter is higher compared to the reference crash box “N”. In contrast, crash box “L” shows a
slightly improved strain hardening at the early stage of yielding, but due to the different thermal conditions
compared to “S” and “SDD” crash boxes, UTS is significantly lowered compared to the reference crash box
“N”. In total, this results in a decreased dissipation parameter, accordingly, the energy absorption is decreased
compared to the reference configuration “N”. Comparing “S” and “SDD” crash boxes, owing to the interaction
of the spots in “SDD” heat-treatment pattern, the dissipation parameter of “SDD” is below “S” pattern, which
results in lower energy absorption as well. Likewise, the effect of the dissipation parameter on the crash box
energy absorption can be approximated as shown in Figure 20. The presented results serve as a good example
to demonstrate that materials design and component design show pronounced interactions that should be
considered to establish new lightweight engineering potential.
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Figure 19. Energy absorption difference between “S” crash box and “N” crash box (reference) over crushing
distance. The positive slope of the fitted line shows enhanced energy absorption of the “S” crash box during the

crushing.
g :I T T T ]
= 2 e -
& |
o X I -~
89 oOf A .
< o F //
c L P
5c [ -
6 21 L o L -
= r e = N
; e + S
- 4+ SDD
O Adg~l ol R ———
60 80 100 120

Dissipation-parameter [MPa]

Figure 20 Energy absorption change of the crash boxes due to the dissipation parameter change at the crash box
corners. The linear trend indicates the strong influence of corner material properties on overall performance.

Performance of the isothermal heat treatment

Since the isothermal heat treatment in salt bath was not applied to the crash box, owing to the limitation
of the applied process-adapted heat treatments, the component assessment was carried out based on FE analysis.
Recommended isothermal heat-treated (1SO-HT) material behavior, discussed in Section 3.2, was applied to
the corner of the crash box as described in Figure 7. The simulated crash box shows a 53% energy-absorption
increase compared to the DP600 reference model, which is much more than that of the U1400 strengthened
crash box, i.e., 32%, see Table 3. Comparing the energy absorption of the U1400 and ISO-HT strengthened
crash boxes, even though the ISO-HT steel has lower ultimate stress than U1400, its energy absorption is higher.
The higher energy absorption is related to the higher strain-hardening in the early phase of yielding in ISO-HT.
The high energy absorption can be explained by considering that the significant portion of the crash box is
deformed plastically at relatively small equivalent-plastic strains, and the 1SO-HT affects this portion much
more than the U1400. However, the strong hardening at the beginning of the ISO-HT flow curve results in an
unfavorable sharp increase of the peak force as well. In contrast to the high peak force of ISO-HT strengthened

16



530
531
532
533
534
535
536
537
538
539
540
541
542

543
544

545
546

547
548
549
550
551
552
553
554
555
556
557
558

crash box, peak force of U1000, U1200 and U1400 strengthened crash boxes are almost the same as the DP600
reference model (Table 3). The sharp increase of the peak force can be explained by analyzing the fold-creation
mechanism. In a plastically buckled crash box, by increasing the stress beyond the yield point, material stiffness,
E, decreases significantly, which results in local buckling and fold creation on the crash box, see equation (4).
Therefore the fold is created at relatively small plastic strain values. Thus, both the yield stress and hardening
behavior of the material in the low strain region affect the peak force. For a better investigation, a new material
card, named U1400Y952, was defined with the same yield stress as ISO-HT and higher ultimate stress of 1400
MPa. The new material has a lower hardening behavior than ISO-HT at low strain values, see Figure 21 (a).
Comparing the crash boxes strengthened with ISO-HT and U1400Y 952 material cards; even though both absorb
almost the same amount of energy, U1400Y952 has a 5.3% lower peak force due to a lower hardening behavior,
see Table 3 and Figure 21 (b). In sum, corner strengthening of crash boxes using a material behavior with a low
yield stress, low hardening and high ultimate stress enhances the crash box energy absorption and prevents the
destructive increase of the peak force.
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Figure 21: (a) Material cards used for FE simulation; (b) FE results of DP600, ISO-HT strengthened and
U1400Y952 strengthened crash boxes.
Table 3: Extracted parameters of the Voce hardening functions for extrapolating the materials and energy
absorption value extracted using the validated FE model.
Material K Q b uTsS Fpeak Energy Absorption  Normalized Energy-
0 .
(MPa)  (MPa) ) (MPa) (kN) (kJ) Absorption Change
(%)
DP600 388.7 447.4 17.9 841 95 6.13 -
U1000 388.7 621 191 1000 95 6.2 1.14
U1200 388.7 8293 20.3 1200 97.5 7.23 17.94
U1400 388.7 1023 20.6 1400 98.5 8.08 31.81
ISO-HT 952 387.1 146.1 1359 137 9.36 52.69
U1400Y952 952 453.9 20 1400 129.4 9.42 53.67

Benefits of corner-strengthening on crash box progressive-buckling behavior

Enhancing the energy absorption capacity of a crash box should not endanger its progressive buckling.
Using equation (4) elastic buckling stress of the experimentally tested crash box can be calculated as 1888 MPa.
The calculated buckling stress is higher than the yield stress of the DP600 steel, i.e., 389 MPa, and it is expected
that the crash box buckles progressively, which is confirmed by the experimental results (Figure 17). In order
to explore the advantages of the corner-strengthening of the crash box over homogenous heat treatment of it,
three simulations were conducted using the validated FE model. By decreasing the crash box thickness to 1 mm,
the critical buckling stress of the crash box decreases to 451 MPa. The buckling stress is below the yield stress
of the ISO-HT DP600 steel, i.e., 952 MPa. However, the buckling stress is still beyond the yield stress of the
DP600 steel. Two simulations were conducted on crash boxes using the DP600 steel and ISO-HT material cards.
The results are shown in Figure 22 (a) and (c). As it was predicted, the crash box made by the ISO-HT steel
buckles unprogressively, but the crash box made by DP600 steel buckles progressively. For longer crash boxes,
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this unprogressive behavior can result in global bending of the crash box, which prevents the energy absorption
process. A corner-strengthened crash box was simulated in addition to the previous simulations. Material
properties of the DP600 steel were used for the mid-plate region and ISO-HT material card was applied to the
corners (see Figure 21 (a)). The corner-strengthened crash box shows progressive behavior and produces the
same number of the folds as DP 600 crash box, see Figure 22 (b). Thus, by corner-strengthening the crash boxes,
the energy absorption can be increased without any critical change in the crushing behavior.

Mises stress (MPa)

(b) (©
Figure 22: Crushed crash boxes (1mm thickness) of (a) DP600 steel; (b) Homogenous heat-treated using 1SO-
HT; (c) ISO-HT-strengthened crash box.

Evaluation of component-driven approach in the context of other methodologies

An increase in component performance can be achieved through either material, process or design techniques
[23,26,34]. In most cases, material-technical approaches to enhance the component performance first obtain
improved mechanical material properties by means of heat treatment strategies, which then positively influence
the component behavior [34]. The mentioned approach would possibly have led to a closer match of the
experimental and FEM results of the crash box performance. However, the focus of this investigation was to
postulate an inverse material-process-component design method, the component-driven approach, which
reverses the process chain perspective. Although this approach did not lead to an increase in energy absorption
of 53 % as calculated in the simulations owing to the points already discussed, it may in the future enable a
comprehensive, integrative material, process and component design. Thus, resulting in strong lightweight and
sustainable construction potential in the future. In addition to the mechanical properties addressed in this paper,
this approach makes it possible on the one hand to extend the range of properties and requirements to include
for example corrosive, welding and functional properties and on the other hand to fully exploit local property
profiles. The authors see further potential to increase the integrated component performance through a
numerical consideration of the process control and the associated microstructure evolution. Both the potential
transferability of the methodology to other scientific and technical challenges and the flexibility of the approach
offer further potential for the presented approach.

5. Conclusions

In this paper, a component-driven approach is proposed and demonstrated on a crash box. It was shown
that a requirement profile for local material properties derived from the component can lead to energy absorption
increase. Starting from a calibrated and validated FE model of the crash box, a corridor of desired material
properties could be specified with simulations using artificial material cards and corner-strengthening.
Subsequently, isothermal heat treatment strategies and material characterization methods, including light-
optical microstructure, hardness and tensile property measurements, were used to achieve the required property
profile and to propose a process window for the process-adapted heat treatment. In order to transfer the given
process window to a flexible process with a moving heat source, different heat treatment patterns were
characterized using thermal and mechanical investigations, The heat treatment patterns were applied to the crash
box corners, to strengthen the corners and enhance the energy absorption. Then, the crash boxes were tested
under axial quasi-static compression. The results show an increase in energy absorption by 2.8 % compared to
the reference un-heat-treated crash box. Correlating the energy absorption to the dissipation parameter of the
heat treatments patterns, a linear trend is observed, which indicates the strong influence of local material
properties at the crash box corners on the overall component performance.

The experiment results validate the potential of the inverted process chain; however, the numerical results
show a considerably higher energy-absorption increase for the strengthened crash box using the material card
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extracted by the isothermal heat treatment. This difference is related to the limitations of the applied process for
local heat-treatment of the crash box; using this process the defined temperatures by the isothermal heat
treatment could not be achieved. This process has to be studied and improved further in order to enable the
application of this technique in the future. Fast-moving modified welding processes have a good prospect of
success in this domain.

Even though the full potential of corner strengthening of crash boxes could not be achieved by the chosen
means of process-adapted heat treatment, the inverted process chain showed high potential for integrated design
approaches. However, further research is needed to implement additional property requirements and methods
such as microstructure evolution and process simulations into the inverted process chain description

Considering the structural behavior, this research shows that local heat treatment has advantages over
homogenous heat treatment of a crash box. An increase in the whole crash box stiffness can result in non-
progressive buckling of the crash box. But, the local heat treatment can increase the energy absorption without
endangering the progressive-buckling behavior of the crash box.

The effect of corner strengthening on crash box features was studied by conducting parametric studies on
the material properties of the corners and the optimal material properties were extracted. The results show high
ultimate stress besides a low yield point and low hardening behavior at the beginning of the flow curve not only
enhances the crash box energy absorption but also prevents destructive increase of the peak force.
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