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Abstract

Geared components can be manufactured from sheet metals by sheet-bulk metal forming. One relevant load case in service are overload events,
which might induce elevated strain rates. To determine the characteristic hardening and fracture behavior, specimens manufactured from the
deep-drawing steel DC04 were tested with strain rates ranging from 0.0001 to 5 s™1. The gear wheels manufactured by sheet-bulk metal forming
are tested at crosshead velocities of 0.08 mm/s and 175 mm/s. The tests are analyzed by measuring deformed geometry and hardness. While the
tensile tests results show obvious strain-rate dependency, the hardness measurements show no strain-rate depended effect. The analyses are
complemented by finite-element-simulations, which assess the homogeneity of deformation and point out the mechanisms of failure. Both
coupled and uncoupled ductile damage models are able to predict the critical areas for crack initiation. The coupled damage model has slight

advantages regarding deformed shape prediction.
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1. Introduction

Efficient manufacturing of structural components with
integrated functional elements like toothing or carriers requires
innovative manufacturing technologies. Sheet-bulk metal
forming (SBMF) processes can efficiently produce functional
elements directly onto the sheet by controlling the three
dimensional material flow, even in the thickness direction [1].
Increasing the thickness only locally when necessary allows
using thinner sheets for a component. Thus, the waste of
material is significantly reduced and the process chain may be
shortened. The technology is accompanied by large local strains
and nonlinear strain-paths [2], which may have effect on the
components’ behavior in overload or crash events. Such an
event will generate large strain-rates in the deformation zone.
For the user it is of interest how strength, energy absorption and
damage initiation or evolution, respectively of components
manufactured by SBMF are affected by the elevated strain-
rates.

2351-9789 © 2020 The Authors. Published by Elsevier Ltd.

This work exemplary investigates an overload event of a
gear wheel manufactured by SBMF process. The load cases
incorporate a  quasi-static and dynamic  scenario.
Complementary fatigue testing of gear wheel manufactured by
SBMF was performed by Besserer et al. [3]. Section 2 presents
the experimental studies of the material behavior. Initially,
details of the material and the tensile experiments for
calibration of simulation model are given. Afterwards the test
rig for the gears is presented, followed by a description of
micro-hardness tests, which are used for validation of
simulation.

Section 3 describes the simulation setup for assessing strain-
rate effects, including the geometric assembly and used
material models and identification of material cards.

Finally, in section 4 experiments and simulation are
compared. The analysis involves geometric deformation and
local entities like plastic strain, hardness and damage.
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2. Material testing
2.1. Material

The investigated material is a mild deep-drawing steel of
grade DCO04. Originally, it has a thickness of 2 mm. The local
thickness in the toothed area is increased to 3 mm by SBMF.

2.2. Tensile tests

Tensile specimens according to EN-ISO 6892-1 [4] with
parallel length of 90 mm are tested on a spindle driven Zwick
universal testing machine. A constant speed has been applied,
such that the following nominal strain rates are realized: 0.0002
s71, 0.02 s7! and 0.1 s™!. The material exhibits strain rate-
dependent mechanical behavior. The initial flow stresses at the
rates of 0.0002, 0.02, 0.1 s~* are 189 MPa, 202 MPa and 213
MPa, respectively. Similar relative increases with respect to the
lowest strain are observed for larger strains.

2.3. Split-Hopkinson tests

A Split-Hopkinson Tensile Bar is used for testing at elevated
strain-rates. The used incidence and transmitter rod have a
length of 2 m each and a diameter of 18 mm. In this study the
system is used for investigation of fracture surfaces. Therefore,
no force data is recorded. Fig. 1 reveals change of fracture
pattern with changing strain-rate.

Fig. 1. Tensile Split-Hopkinson specimens after test at different strain rates ¢.
Fracture pattern changes with increasing strain rate.

2.4. Investigated gear wheel

The manufacturing process of the gears is a two step process
involving deep drawing and subsequent upsetting. A detailed
description of the process and the simulation of the process is
presented in [5]. The geometry of the gear is given in Fig. 2.
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Fig. 2. Geometry of the tested gear wheel.
2.5. Test rig for gear wheels

A test rig to subject single teeth of the gear wheel to plastic
deformation is designed for testing on a servo-hydraulic
Walter+Bai AG servo-hydraulic universal testing machine with
a maximum test load of 25 kN. The maximum cross head
velocity is 2500 mm/s. The displacement of the crosshead is
approximately 10 mm. The gear wheel is clamped on a free
rotating bar (cf. Fig. 3). The gear is connected to a lever with
length of 120 mm to transmit the translatory motion of the
testing crosshead to a rotation of the gear. The lever is equipped
with teeth enclosing the gear teeth so that the load is distributed
over several teeth.

Lever arm

Fig. 3. Test setup mounted in universal testing machine.

With the length of the lever and pitch circle radius of
approximately 17.5 mm the teeth experience the
circumferential velocity as indicated in Table 1.

Table 1: Testing velocity for gear wheels

Velocity Crosshead Circumferential
Label velocity velocity

Slow testing velocity 0.08 mm/s 0.012 mm/s
High testing velocity 175 mm/s 25 mm/s
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3. Simulation model
3.1. Material modelling

The elasto-plastic behavior is modelled with the Johnson-
Cook model:

g=[A+B(e)"] [1 +Cln (i—?)] (1)

Here, A, B and n describe the flow curve at a reference strain
rate €,. The parameters have been fitted by least-square
approach (Table 2). The parameter C scales the flow curve for
strain rates deviating from &,. The reference strain rate has
been set to &, = 0.0002 s~1. The other test data at deviating
strain rates are equally weighted for determination of C.

Table 2: Elasto-plastic material parameters for investigated DC04.

A in MPa B in MPa n C
DC04 1 204 0.124 0.013

The agreement of the fitted model with experimental data
can be seen in Fig. 4:
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Fig. 4. Experimental and fitted stress-strain curves for different strain-rates.
(slow: ¢ = 0.0002 s™%; mid: ¢ = 0.02s7%; fast: ¢ = 0.1s7%;

The damage is modelled with two different approaches. A
coupled approach is realized with the Abaqus ductile damage
model (ADD) [6]. Its concept relies on a damage initiation
strain €;,;:(n) and an evolution law, which can account for
stiffness and strength degradation.

Here, 7 is the triaxiality 71 = 0y,y4/0eqy, With o1,yq and geqy
the hydrostatic and equivalent stress, respectively.

The evolution of damage follows a linear law until the
specified fracture displacement uf !is reached. The concept of
a fracture displacement alleviates the mesh dependency
observed when using material models with degrading stiffness
or strength. Previously conducted Nakajima tests [7] are used
for the determination of damage initiation strain &,;¢(n7) (see
Table 3). The onset of necking is assumed mark the beginning
of damage evolution. From the known strain state a
corresponding triaxiality can be calculated [8]. The fracture
displacement u? "is determined by:

1 1
uP = L eP @

where L is the characteristic element length L = 0.05 mm
and 8}3 "is chosen as the macroscopic strain in uniaxial tension
experiments between ultimate strength and final rupture.

Table 3: Damage material parameters for investigated steels.

&inie (M) uP!
n -1.0 -0.33 0 0.33 1 f
DC04 10 5 2 0.5 0.5 0.08

The second approach is a version of the Lemaitre model
with enhancement for low triaxiality. The model parameter
may be identified with fewer experiments. Besides, it is of
interest to compare coupled and uncoupled approach in use
case scenario. The evolution of damage D is given by:

Y — Y0>5 1

S [1 —DJ#

D=y< 3)

Here, y is the plastic increment and S,Y,, 8,8 are
parameters of the model. The driving force Y is defined by:

14w [(a)loky (—a)i(—a)
=% (1—D)2+h (1 — hD)?2
5 5 4
_ L {Okk) ih (—0x)
2E|(1—-D)2 (1 — hD)?

Herein, the parameter 2 weighs the evolution of damage
under compressive hydrostatic stress. The model is used in an
uncoupled version [9]. Thus, the damage does not affect neither
strength nor stiffness. The parameters have been identified in a
previous investigation [9].

Earlier works have shown significant prestrain in the zone
of the formed gears [10]. The entire forming zone exhibits
strains of approximately 1.0. Only in the vicinity of the tooth
surface there is a larger strain. Due to different mesh size in
forming and testing simulation the prestrain in the current
simulations is approximated as 1.0 with uniform distribution.

Furthermore, the damage level for current simulations is set
to zero. This is justified, since Isik et al. [9] showed that there
is little damage evolution in the compression-dominated
manufacturing process. It also enables a comparison of the
current ADD model and the damage models used in forming
simulations.

3.2. Model setup for gear wheel tests

The simulation is performed with Abaqus 2019 using
implicit dynamic time integration. The used elements are 8-
node linear hexahedra with reduced integration and hourglass
control (C3D8R). The contact between gear and tool is realized
with a surface-to-surface algorithm. Penetration is avoided by
penalty method. The Coulomb friction coefficient is set to
p=0.1. A convergence study proved that discretization with
elements of 0.05 mm edge length is sufficient. In addition, the
contact algorithm has negligible influence on the predicted
results.

In an initial step the “complete” test rig assembly is modeled
including driver, single tooth tool and entire gear wheel (cf.
Fig. 5).
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Driver Test Gear

Rigid Tool

Fig. 5. Assembly of the “complete” model. Driver and tools are modelled as
rigid parts.

The analysis of the above setup revealed that the
deformation in the gear highly concentrated in a single tooth
region. Therefore, in the following investigations the model is
reduced to a 47.4° section of the entire gear (Fig. 6).

Fig. 6. Assembly of reduced model. The gear rotates in upward direction.
4. Results and Discussion
4.1. Experimental results

All specimens tested in the test rig exhibit a similar
deformation behavior (Fig. 7 and Fig. 8). There is a pronounced
shear deformation at a distance equivalent to about
approximately half of the distance between the tooth base and
the tooth head. This leads to tilting of the upper half of the tooth
in the direction of the applied rotational motion. Due to the
severe plastic deformation, the moving tooth in contact with the
specimen forms a plateau, marked by straight region. The
length of this shear plateau is a measure of the experienced
plastic deformation and resistance against damage of the
material. During the testing in the test rig, the substantial plastic
strain leads to a pronounced crack on the side of the specimen
tested at velocity of 0.08 mm/s, which is in contact with the
moving tooth. There is also an incipient crack at the base of the
tooth at the opposite side. There is considerable deformation
with a region where the side of the tooth and material from the
base come into contact. The width of the shear plateau and the
width of the sheared zone are chosen as geometric measures to
quantify the deformation, the effect of damage and the strain

rate. The shear plateau width is 624 um for the gear tested at
0.08 mm/s and 652 pm for the gear tested at 175 mm/s.
Correspondingly, the width of the sheared zone are 1062 pm
and 1097 um for the gears tested at 0.08 mm/s and 175 mm/s,
respectively. This means that the width of the sheared plateau
increases by 4.5% when the test velocity is increased from 0.08
mmn/s to 175 mm/s.

The influence of strain-rate dependent local deformation on
the deformed tooth is assessed by micro-hardness test. Tests are
performed according to Qness Standard microhardness test
with a penetration force of 0.05 kPond and duration of 11 s.
The measurement spot lies in the deformed zone (cf. Fig. 7).
The determined hardness values is the average of 9 single
measurements performed for the specific measurement spot.

The experiments with the faster testing velocity have a
hardness of 224 HV and the experiments with the slower testing
velocity have a hardness of 225 HV. For both experiments, the
accuracy of the hardness measurement is +/- 20 HV. As
reference, the untested gear wheel manufactured by SBMF has
a hardness 200 HV +/- 10 HV. According to the experiments
the strength of the most severely deformed region should not
be affected by the different strain rate.

Hardness

measurements
%7
L

W :
- sheared zone

Fig. 7. Measures for geometric deformation and location of spot for micro-
hardness measurements, here representatively shown for a gear wheel tested
at 0.08 mmy/s.

Cracks in
Experiment

Fig. 8. Cracks observed in experiment for gear wheel tested at 0.08 mm/s
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4.2. Simulation results

Both experiments and simulations show similar trends in the
deformation of the tooth. With elevated testing speed, the width
of the sheared zone increases by 3.3% for experiments and by
3.0% for simulation. In addition, the width of the sheared
plateau increases similarly. In experiments the increase was
4.5% and in simulation it increased by 3.4% (cf. Fig. 7).

Interestingly, those trends are only valid for the ADD.
Simulations with Lemaitre were not able to capture these
trends. It is assumed that the coupling of the damage to the
strength and the stiffness in the ADD are responsible for the
differences. Yet, both damage models predict similar damage
distribution. The maximum values occur in the transition zone
from the shear plateau to the side of the tooth in contact with
the moving tooth. The head of the moving gear severely
deforms the tested gear wheel in this region. The analysis of the
stress triaxiality reveals that this region is governed by tension-
dominated stress states with triaxialities > 0.4. This tendency is
observed for the simulations with the testing speed of 0.08
mm/s and 175 mm/s. The predicted damage distribution is
reasonable for both damage models and coincides with cracks
spotted on the deformed tooth (Fig. 8 and Fig. 9).

a) ADD
0.61
0.30
0.21
0.17
0.13
0.09
0.04
0.00

b) Lemaitre Damage
0.040
0.025
0.021
0.014
0.011
0.007
0.004

Fig. 9. Damage prediction by ADD model (a) and Lemaitre model (b),
respectively. All results for slow testing velocity.

A strength of the Lemaitre model is the physically motivated
correlation of its damage value to the void area fraction. Thus,
the damage value is significantly below the value predicted by
ADD model (0.025 vs. 0.3, respectively). For instance
relatively low void area fractions were determined in [11].

The plastic strain in the deformation zone is almost
independent of the testing speed or the applied damage model
(Fig. 10). The path is plotted along the sheared zone, starting at
the end of the shear plateau (cf. Fig. 7).

This is in good correlation to the hardness measured in the
deformed area (Fig. 10). Slight deviations can be found for the
ADD. This is due to the accumulation of damage in this region
(cf. Fig. 11). The reduction of stiffness and strength increases
slightly with the accumulation of plastic strain for the coupled
model.

Finally, the testing speed affects the evolution of damage.
Higher strain-rate results in higher damage levels for both
Lemaitre model and ductile damage model.

For analysis of this effect, simulations have been repeated
with a deactivated strain-rate dependent term, such that only
inertia effects take place.
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Fig. 10. a): Hardness in the deformed zones for slow and fast testing velocity.
‘Reference’ refers to an untested gear wheel; b): Model predictions of plastic
equivalent strain models along the deformation zone for both testing
velocities and both damage. (ADD: Abaqus ductile damage model, Lem:
Lemaitre damage model)

In that case no difference between slow and fast testing
could be observed. Thus, the increased damage evolution is
triggered by the strain rate sensitivity of the material and not by
inertia effects.

In previous analysis of machined gear wheels from steel, the
teeth failed at the tooth base [12]. The used testing stand was
differently designed such that the contact point of the tooth was
closer to the tooth base. In the current investigation it was not
possible to shift the contact point closer to the tooth base.
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5. Conclusion

Gear wheels manufactured by SBMF have been tested in a
specialized testing rig for an overload event. Tests have been
conducted at low and elevated velocity. The geometry of the
deformed gear wheels as well as their hardness have been
investigated. It has been found that the hardness is not affected
by the testing velocity.

Simulations to increase the insight have accompanied the
investigations. The plasticity was modelled as strain-rate
dependent with data from tensile tests. The damage has been
investigated by both an uncoupled Lemaitre model, and the
fully coupled ADD model. It has been found that both damage
models produce reasonable results. The coupled model has
slight advantages concerning the prediction of shape deviation.
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Fig. 11. Damage prediction by ADD model (upper) and Lemaitre model
(lower), respectively. Path plot along the sheared zone starting at the end of
the shear plateau. (noSRD: deactivated strain rate dependency in plasticity
model)
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