Journal of Manufacturing Engineering, September 2021, Vol. 16, Issue. 3, pp 070-076

ESTD 2005

THE INFLUENCE OF MANUFACTURING PROCESSES AND
OPTICAL MEASUREMENT METHODS ON THE DAMAGE
BEHAVIOR OF HX340LAD MICRO-ALLOYED STEELS

*Mortaza Otroshi, Gerson Meschut and Aathavan Nesakumar

! Laboratory for Material and Joining Technology, Paderborn University, Paderborn, 33098, Germany

ABSTRACT

This study deals with the damage behavior of metallic materials by the application of different
manufacturing processes and using different optical measurement methods to identify the crack
initiation in the damage specimen. The study is intended to highlight the importance of considering
manufacturing processes and optical measurement methods in a humerical simulation when analyzing
the damage behavior of metallic materials. To describe the damage behavior of the material in the
process chain simulations, it is important to calibrate the parameters of damage model more accurately.
These parameters are determined using experimental investigation of desired damage specimens. In this
regard, a selected damage specimen manufactured by different cutting processes is first experimentally
and then numerically investigated. It is shown that the manufacturing process and the optical
measurement methods influence the stress state analyzed in the numerical simulation.
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1. Introduction

In order to continuously promote crash safety,
failure prediction is constantly being investigated in the
automotive industry. In order to consider the damage
behavior of the material in the simulation, the damage
and failure behavior of the material should be modelled
using damage models. In general, the damage behavior of
the material can be described by micro- and macro
mechanical models. Micromechanical models describe
the failure mechanisms from the microscopic point of
view. In fact, the material is assumed to be
inhomogeneous with existing defects and microcracks.
From the category of micromechanical models Gurson
[1], Tvergaard [2], Needleman [3], and the
Rousselier [4] models could be mentioned.
Macromechanical models are based on empirical
observations and describe the damage behavior of the
material using phenomenological approaches. Depending
on the model, varieties of damage specimens should be
experimental and numerical analyzed. The damage
behavior is generally dependent on the stress state. This
can be described by the triaxiality n and the load angle
parameter &, which can be derived from the principal
stress components and the invariants of the stress tensor

[5].

The investigation of the influence of stress state
on damage has already been investigated in some papers.
In this respect, the work of Basaran investigated the
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influence of stress state on damage modeling, especially
focusing on the lode angle parameter. By selection of
different damage specimens from the material dual-phase
steel DP600 such as notched round specimens among
others notched flat tensile specimens, the desired stress
states triaxiality as well as the lode angle parameter were
generated [5]. In [6] the stress state dependent GISSMO
damage model was used to describe the evolution of
ductile damage and to predict the material failure during
the simulation of self-piercing riveting process. To
calibrate the model five damage specimens were
manufactured using wire electrical discharge machining
(EDM). The product and the material ‘s capability can be
influenced by the manufacturing process [7]. The
influence of manufacturing process on hole production
was investigated in [8] (Fig. 1). Two different
manufacturing processes, reaming and punching
(shearing) were used to produce the holes. It was shown
that the production of the holes by shearing leads to lower
failure strain compared to the reaming process. In [9], the
influence of milling process on the hole expansion ratio
of a punched sheet is investigated. It was reported that the
milling process after the punching removes the
accumulated shearing damage and leads to a higher
expansion ratio. In [10] it was pointed out that the
mechanical cutting process can initiate pre-damage at the
cut edge and lead to a macroscopic crack. To avoid
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damage initiation, laser cutting was proposed as a
suitable method. The Influence of cutting processes on
the property of dual-phase and complex-phase steels was
investigated in [11]. The influence of the manufacturing
processes milling, drilling, and punching on the
maximum reachable strain at the crack region was
investigated for AHSS steel, DP800, and aluminum alloy
AA5182 [12].
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Fig. 1 Influence of manufacturing process on failure
strain in hole expansion and tension tests [8]

In [13] the effects of manufacturing processes
piercing and wire-cutting on stress state variables and
subsequently on damage in terms of hole expansion ratio
was investigated. It was pointed out that cutting processes
can have an essential influence on the material’s
properties (Fig. 2).
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Fig. 2 Influence of manufacturing process on hole
expansion ratio [13]
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In none of the mentioned studies, the effect of
machining process and damage measurement method on
HX340LAD micro-alloyed steels has been investigated.
The objective of the work is to improve the accuracy of
damage modeling in the numerical simulations, in which
the stress state dependent damage models are used. By
accurate measuring of damage and damage relevant
variables, the accuracy of crashworthiness simulations
can be improved. Consequently, over dimensioning of
components will be avoided and lightweight design will
be achieved.

2. Materials and Methods

2.1 Stress state variables

To understand the subsequent numerical
investigations, the stress state variables are introduced at
this point. These are the triaxiality n and the lode angle
parameter & which play a significant role in a damage
analysis. The triaxiality n influences the size of the voids
and is formed from the ratio of the mean principal stress
o,, and the equivalent stress a,,,,.

Im

r]:
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The other stress state variable, the lode angle
parameter &, which is responsible for changing the shape
of the void is defined as follows:

27 J3 _ 33 J3 _
f—?é—T];%—COS(39), (2)

where J, and J; are the second and the third invariants of
the deviatoric stress tensor and & is the lode angle.

2.2 Material and specimen

Notched flat tensile specimens with a radius of
4 mm manufactured from the micro-alloyed steel sheets
(HX340LAD, thickness = 1.5 mm) were used for the
following study (Fig. 3). The specimens were
manufactured by different cutting processes milling,
wire-cut, and water jet.
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Fig. 3 The notched flat specimen radii R=4 mm [5]

The experiments were conducted on a Zwick
Z100 tensile test machine under quasi-static loading
condition. While the global force and displacement could
be obtained directly from the machine, the local
displacement was also needed for the local analysis.
Therefore, the GOM Aramis optical measurement system
and the high-speed camera were used to measure the
displacement locally in the specimen. Prior to the test, it
is necessarily to spray the specimens with a stochastic
pattern, so that later the deformation can be properly
measured by the GOM software. To generate the patterns,
two different types of sprays were used: graphite and
acrylic paints.

The HX340LAD micro-alloyed steels are used
in particular in the field of cold forming. Due to their
good weldability and high strengths, they are used in
highly stressed areas of bodywork and chassis. The
chemical composition of the HX340LAD is summarized
in the Table 1 [14].

Table 1 Chemical composition of the HX340LAD,
according to DIN10268

HX340 C Si M P S Ti N Al
LAD n b
Min. 0
We'ght 1 1 1 1 ' ' 1 8
% o
Max. N 5 o @O v o
Weighht 5 © < 32 3 &
%
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The niobium and titanium elements are
responsible for the targeted strengths. Above the carbon
content of 0.02 %, the niobium and titanium carbides in
combination with a finely dispersed matrix produce high
strength grades. These carbides have Vickers hardness of
2500 — 3000 HV. They represent significant barriers for
the movement of dislocations during the forming process.
The mechanical properties of the material such as elastic
modulus, yield strength, tensile strength, and the
Elongation at break were characterized using uniaxial
tensile test. For the numerical simulation, in addition to
the mechanical properties, the flow behavior of the
material under quasi-static loading was identified. Five
specimens were investigated, and the flow curves were
extrapolated for large strain ranges using Ludwik
approach. By measuring the fractured surface of the
specimens and calculating the true stress and strain, the
validity of the extrapolation approach was ensured

(Fig. 4).
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Fig. 4 Plasticity behavior and mechanical properties
of HX340LAD

2.3 Numerical FEM simulation

The numerical FEM simulation software LS-
DYNA was used to investigate the stress state as well as
the failure strain of the specimen. Due to symmetry
conditions, only 1/8 of the notched flat specimen was
considered for the numerical simulation. This allows a
considerable reduction of computation time. The
specimen was meshed using solid elements with an
element size of 0.05 mm in the region of the notch and a
coarser mesh up to 0.25 mm away from the notch.
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3. Results and Discussions

3.1 Influence of manufacturing processes in terms of
force-displacement curves

The force-displacement curves of the
experiments for the specimens manufactured by wire cut,
milling, and water jet cutting processes are compared in
Fig. 5. It can be seen that experiments are reproducible
and the manufacturing process has an influence on the
results in terms of force-displacement diagram. It can be
explained through different mechanical and thermal
loads applied by each process as well as different
geometrical tolerances. Considering the water jet
process, high compressive stresses are applied which
could cause an increase in strength of the material. In
addition, after manufacturing the specimens, it was
noticed that the specimens manufactured by water jet
have a greater surface area than the ones manufactured
by wire cut and milling cutting processes.

Testing method
L e S RS SRty rommmmm, tensile test
| Test speed
1.2 mm/min
Material
HX340LAD; t = 1.5 mm
Rolling direction
0
Strain rate
0.0008 [1/s]
Specimen geometry
Flat tensile specimen R = 4 mm

Forcein KN

" Milling (5 Specimens) |
——Water jet (5 Specimens)
—Wire cut (5 Specimens)

[} 0.5 1 1.5 2 25
Displacementin mm

Fig. 5 Comparing the manufacturing processes in
terms of force-displacement curves

3.2 Influence of manufacturing processes on the
failure location

The location of the crack initiation was
identified using the GOM optical measuring system. To
focus only on the influence of manufacturing processes,
the same spray as well as the same camera were used for
the investigation. Comparison of the crack initiation
locations in Fig. 6 shows that the crack initiation occurs
in the center of the specimen regardless of the
manufacturing process. It can be concluded that the
manufacturing process has no influence on the crack
initiation location.
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Fig. 6 Influence of manufacturing processes on the
failure location

3.3 Influence of manufacturing processes on the
stress state

The evaluation of the stress triaxiality and the
plastic strain in the simulation was performed at the
failure location. Since the center of the specimen was
identified to be the failure location for all three
manufacturing processes, the elements located there were
selected for the analysis. Although the location of crack
initiation is the same for all three manufacturing
processes, the processes differ in terms of displacement
at failure. The difference between the wire cut and
milling is small. However, the crack on the specimen
produced by the water jet cutting process occurs at a later
stage, which can also be expected from the Fig. 5. The
resulting triaxiality values of the differently
manufactured specimens show that there is a biaxial
tension stress state in the failure location at the time of
failure. Furthermore, the plastic strain at failure was
analyzed in the simulation. In Fig. 7, it can be seen that
there are differences with regard to the plastic strain. It
can be concluded that the manufacturing processes has a
certain influence on the deformation behavior of the
material. This could be due to material-physical effects,
such as mechanical and thermal stresses as well as
different geometrical tolerances, which are introduced
into the speciemen by the manufacturing process.
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Fig. 7 Influence of manufacturing processes on
fracture strain and triaxiality

3.4 Identification of the crack
different sprays

initiation using

Two types of sprays were used to analyze the
influence of the quality of the spray on the detection of
crack initiation. In this regard, the specimens were
sprayed using Acrylic and Graphite sprays. For the
investigation, the same manufacturing process and the
same optical measurement system were used. The results
of optical images are shown in Fig. 8. It can be seen that
the crack initiation in the specimen sprayed with acrylic
is visually more clear and recognizable than the one
sprayed by graphite. In other words, using the graphite
spray leads to a later detection of crack initiation due to
poor quality of the spray.

Testing method
Quasi-static tensile test
Speciment geometry

Notch radius (R = 4 mm)
Material
HX340LAD, t = 1.5 mm
Analysing software
GOM Correlate
Optical measuring instruments
GOM Aramis Camera
B Manufacturing process
) Wire cut
Spray type
Acrylic, Graphite

Acrylic

Graphite

AP T e

Crack initiation

Crack propogation

Fig. 8 Influence of the type of spraying on the
identification of crack initiation
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3.5 ldentification of the crack
different measuring systems

To analyze the influence of optical
measurement systems on crack detection, the images
were captured using the high speed camera. It can be
observed that the quality of the images taken by GOM
Aramis optical measurement system is better than the one
taken by high speed camera. Accordingly, only a rough
visualization is possible by using the high speed camera,
and it is difficult to precisely recognize the crack
initiation location and time (see Fig. 9).

initiation using

Testing method
Quasi-static tensile test

GOM

Speciment geometry
Notch radius (R = 4 mm)

Material
HX340LAD, t = 1.5 mm

Analysing software
GOM Correlate

Crack initiation

Wire cut

Optical measuring instruments
GOM Aramis, High speed camera

s Manufacturing process

Spray type
Acrylic

Crack propogation

Fig. 9 Influence of the optical measurement system
on the identification of crack initiation

The influence of using different evaluation
methods was analyzed in the numerical simulation. The
elements were selected at the failure location and times
determined from the experiments. Based on the results
shown in Fig. 10 and Fig. 11, it can be concluded that
despite different failure times, the elements are in the
same stress state. However, a deviation with respect to
the plastic strain at failure can be seen. Since the
evaluation methods used specimens of the same
manufacturing process, the differences in plastic strains
are caused by different spaying and measuring systems.
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Fig. 11 Influence of optical measurement system on
the identification of fracture strain and stress
triaxiality

4. Conclusions

In this paper, the effects of manufacturing
processes milling, wire cut, and water jet on the damage
behavior of the notched flat tensile specimen HX340
LAD (t=1.5 mm) was investigated. It was shown that the
manufacturing process has an influence on the force-
displacement diagram. Besides, the results of optical
measurement and numerical simulation show that the
location of crack initiation and the stress state is the same
for the different manufacturing processes. However, the
plastic strain at failures is different. Furthermore, the
influence of different sprays used for specimen
preparation and the optical measurement systems on the
crack detection was investigated. It was shown that the
type of spray and the optical measurement system
influence the accuracy of crack detection and the
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following analysis. In fact, poor quality of images due to
type of spray or optical measurement system leads to a
later detection of crack initiation. By comparing the
results of numerical simulation, it was seen that different
evaluation methods lead to the different simulation
results in terms of plastic strain at failure. This is
important for the subsequent damage modelings.
Especially for the stress-state dependent damage models,
the accuracy of the determined fracture strain and stress
state is important for the calibration of the damage model.
In this work, a simple geometry of the damage specimen
was used. For future analyses, more complicated
geometries could also be investigated. By considering the
influence of manufacturing processes and measurement
methods for other damage specimens (stress states), the
prediction accuracy of process simulations (For example
self-piercing riveting), in which the damage model is
used, will be improved.
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Nomenclature

Symbol | Meaning Unit
n Triaxiality -
O Mean normal stress N/mm?
O,m | EQuivalent stress N/mm?
I, Second invariant of deviatoric | N/mm?
stress tensor
I3 Third invariant of deviatoric N/mm?
stress tensor
& Lode angle parameter -
0 Lode angle rad
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