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Abstract

The non-proportional loading path describes a strain-dependent development of stress triaxiality and Lode parameter during
metal forming processes. Existing studies suggest a strong dependence of damage evolution on the non-proportional loading
path. This work focuses on investigating the influence of non-proportional loading paths observed in hot caliber rolling of the
case-hardening steel 16MnCrS5 using laboratory scale experiments. The applied torsion plastometer is highly flexible as it
can apply combined loading types (tension, compression and torsion) on notched round specimen and enables deformation
at elevated temperature. In this study, two characteristic non-proportional loading paths in caliber rolling and the maximal
achievable non-proportional loading path variation were recreated in the torsion plastometer based on both FE simulations
and experiments. After deformation, the specimen were further analyzed using Scanning Electron Microscopy (SEM) to quan-
tify the damage. The results indicate an influence of the non-proportional loading path on damage evolution. Furthermore,
fatigue tests were employed to characterize the fatigue performance of the deformed specimens. In the torsion plastometer
trials carried out no clear correlation of performance and damage was observed. This is most likely due to differences in
residual dislocation density after static recrystallization and deviations in the microstructure after hot working. Thus, the
superposition of microstructure evolution and damage needs to be considered carefully when testing at elevated temperature.

Keywords Non-proportional loading path - Triaxiality - Lode Parameter - Caliber rolling - Round to oval - Torsion
plastometer trials - Damage characterization - Fatigue tests

1 Introduction and state of the art

Caliber rolling is a metal forming process for the produc-
tion of semi-finished long products that is widely applied in
industry. Here the roll sequence round to oval is frequently
used for the production of rod-shaped parts due to its favora-
ble temperature distribution and large achievable strain. Due
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to inhomogeneous spreading commonly associated with this
roll sequence, the non-proportional loading path, i.e. the
stress state evolution during forming, at various locations in
the cross section of the work piece can differ greatly. Load-
ing conditions with positive triaxility can induce ductile
damage. Thus, a methodology to investigate these charac-
teristic non-proportional loading paths in caliber rolling and
their influence on damage evolution independently is sought.

Mechanical tests were adopted in numerous studies to
understand the relationship between stress state and dam-
age evolution during plastic deformation. Already in earlier
works, mechanical tests were utilized to characterize the
effect of triaxility on failure strain. Hancock et al. [1] car-
ried out a series of tensile tests on notched round specimens
with various notch geometries and a decreasing ductility
with increasing triaxiality was established. In more recent
studies, the Lode Parameter was also found to have a strong
influence on material fracture, especially at low triaxiality.
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Bao [2] employed a series of tests including upsetting, shear
and tensile tests on aluminium alloy and suggested the domi-
nance of shear damage for negative triaxiality. To vary the
Lode parameter in material tests Baroum [3] combined ten-
sion and torsion to create stress states between shear and
tension and identified a change in the rupture mechanism
with changing Lode parameter. Bai et al. [4] employed vari-
ous specimen geometries and load conditions to characterize
a 3D fracture locus in dependence of both triaxiality and
Lode parameter. To calibrate fracture models, Graham et al.
[5, 6] presented a modified Lindholm specimen to enable a
constant development of triaxiality and Lode parameter with
strain. Furthermore, the influence of non-proportional load-
ing paths was investigated in numerous studies. Papasidero
et al. [7] made use of a tubular tension—torsion specimen to
characterize the onset of ductile fracture in bulk materials
at positive stress triaxialities. Wu et al. [8] applied two-step
tensile tests and compression tests without lubricant, which
promotes non-proportional loading conditions to study this
effect on ductile fracture. Non-proportional loading of metal
sheets was investigated by Briinig et al. [9] using a specifi-
cally designed two-dimensionally loaded H-specimen allow-
ing a wide range of triaxialities and Lode parameters.

All of the above mentioned studies focused mainly on
cold forming processes and damage evolution during hot
forming has received much less attention. In caliber rolling,
damage evolves at elevated temperatures, where the micro-
structure undergoes constant changes due to recrystallization
and recovery during plastic flow, which could influence the
damage evolution at microscopic scale. For instance, exist-
ing voids can be healed due to recrystallization, as described
by Wang et al. [10] and Faini et al. [11]. To study the effect
of non-proportional loading path at elevated temperature,
the evolution of microstructure needs to be considered and
its effect should be ideally separated from that of the load-
ing path. Furthermore, the recreation of characteristic non-
proportional loading path extracted from caliber rolling has
not been investigated before.

In this work, a torsion plastometer is utilized to recre-
ate characteristic non-proportional loading paths obtained
from a round to oval hot caliber rolling sequence. To achieve
that both the load conditions and the specimen design have
to be adopted based on FE simulations. The specimen are
machined, deformed based on the obtained load conditions
and afterwards investigated via micrographs and SEM to
analyze the microstructure and damage level induced during
forming. Finally, fatigue tests are conducted to investigate
the performance of the formed parts in dependence of the
applied loading paths. The fatigue test is considered as an
indirect approach for damage characterization. It is assumed
that the voids induced during forming processes are vulner-
able points during cyclic loading which contribute to the
fracture of the specimen. A decrease of fatigue lifetime due
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to damage was observed for cold forming in the work of
Tekkaya et al. [12], where the test layout ruled out an influ-
ence of strain hardening and residual stress.

2 Materials and methods

To recreate non-proportional loading paths presented in
caliber rolling in the torsion plastometer, a series of experi-
ments were designed based on two different notch geom-
etries that were determined beforehand via FE simulations.
Light optical microscopy and SEM analysis were conducted
on both the as-received rods as well as the deformed tor-
sion plastometer specimens to investigate the microstructure
and the damage levels. Finally the fatigue performance was
investigated by means of load increase tests to evaluate the
mechanical strength.

The material investigated in this paper is the case-harden-
ing steel 16MnCrS5. This steel possesses a good machina-
bility and is often used for applications in the automotive
industry, such as gear shafts and gear wheels [13]. It was
received as a pre-rolled rod with a 60 mm diameter.

2.1 Plastic behavior via compression tests

To characterize the yield behavior, hot compression tests
were conducted at different temperatures and strain rates.
The specimen were of cylindrical shape with 10 mm diame-
ter, 15 mm height and a Rastegaev collar for lubrication. Fig-
ure 1 shows the flow curves determined on a servo-hydraulic
testing machine using glass powder as lubricant.

2.1.1 Microstructure characterization via light optical
microscopy and electron backscatter diffraction
(EBSD)

To reveal the microstructure of the material, specimens
perpendicular to the rolling direction are cut and prepared
for further investigation. This preparation includes grinding
using SiC paper with increasing grit size, polishing with a
diamond suspension (6 um—0.25 um) and as final step, a
mechanical-chemical polish using a colloidal silica suspen-
sion (0.05 um). To identify the microstructural phases, the
samples are etched with nital. Micrographs were obtained
using the Leica Polyvar Met Light microscope.

Electron Backscatter Diffraction (EBSD) measurements
were performed on unetched samples using an EDAX-TSL
Hikari camera and OIM Data Collection 7.3 in a field emis-
sion gun SEM (“JEOL JSM 7000 F’). An acceleration Volt-
age of 20 keV was used, mapping a field of 500 x 500 um?>
with a step size of 300 nm. The data was analyzed with TSL
OIM Analysis 8.
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Fig. 1 Flow curves determined in hot compression tests for five temperatures and three strain rates

2.1.2 Damage characterization via scanning electron
method

Damage quantification tests were performed on the speci-
men using an automated particle analysis method of the
EDAX Genesis (Version 6.53) software in the same SEM.
For the SEM investigation polished, non-etched specimen
were used. Sample preparation can influence the result of
void quantification. Coarse grinding of the sample surface
can cause voids being smeared over by the surrounding
matrix material, reducing the total void number and area.
Subsequent polishing with a mechanical-chemical polish
in contrast increases void area by chemically removing
material. Inclusions, dropped out during preparation also
result in an increase of void area. By keeping the prepa-
ration parameters identical for all samples however, these
influences can be minimized. The analysis is based on back-
scatter electron (BSE) images recorded with an acceleration
voltage of 15 kV for good elemental contrast. Based on the
grayscale contrast in these images, energy dispersive x-ray
(EDX) spectroscopy measurements were performed on every
detected object in order to identify the object either as inclu-
sion, void or other types of artifacts. The number of voids
and the corresponding void area is then analyzed to evaluate
damage.

2.2 The caliber rolling process and its
non-proportional loading path distribution

2.2.1 Definition of a non-proportional loading path

The non-proportional loading path refers to the strain-
dependent development of both stress triaxiality and Lode

parameter, which together characterize the local stress
state in the material during plastic flow under the assump-
tion of isotropy. The stress triaxiality [1], denoted 7, is
defined as the ratio of hydrostatic stress and equivalent
stress, as shown in Eq. 1. Generally speaking, negative 5
represents compressive stress states while positive 7 rep-
resents tensile stress states and 7 =0 represents pure shear:
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The Lode parameter can be defined in different ways.
Here we adopt the definition given in Eq. 2, that is based
on the normalized third deviatoric stress invariant [4] and
related to the Lode angle 0 [14] by £=cos (30). Using this
expression, £ = lis generalized tension, { =— 1 is general-
ized compression and £=0 is pure shear.
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2.2.2 Process sequence and conditions of caliber rolling

In this work, the non-proportional loading path devel-
oped during hot caliber rolling based on a round to oval
sequence is investigated. This sequence is performed at a
starting temperature of 1100 °C and the geometrical con-
ditions are given in Fig. 2, where d represents the diam-
eter of the pre-rolled rod, w/h is the axis ratio of the oval
caliber, 6 is the percentage area reduction and € is the
global true strain.
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Fig.2 Caliber rolling process d =60 mm
with the rolling sequence round
to oval ; =
d TR h] | w/h=1.98
P > ) W =
. l d=0.25
£=0.29

2.2.3 FE simulations to determine the non-proportional
loading path in caliber rolling

In a previous study [15], a FE model in Abaqus Stand-
ard was established and the resulting triaxiality and Lode
parameter together with several fracture criteria were ana-
lyzed using the user subroutine USDFLD. The evolution
of triaxiality and Lode parameter for the rolling sequence
given in Fig. 2 are presented in Fig. 3. The contours on the
left-hand side agree with the expectation of an inhomoge-
neous non-proportional loading path distribution during
plastic deformation. On the right-hand side of Fig. 3, the
non-proportional loading paths at three material points

marked as P1, P2, P3 are plotted against plastic strain.
All points exhibit a varying non-proportional loading path
and different magnitudes of strain at the end of plastic
deformation.

The material point at the center of the work piece (P2)
is subjected only to compression in the deformation zone.
At the outer range of the longer axis (P3) the material
undergoes a predominantly tensile stress state while at the
outer range of the shorter axis (P1), the material point
experiences tensile stresses only at the beginning and the
end of the deformation.

The Lode parameter is also strongly dependent on
peripheral location as shown in Fig. 3. Yet a quite different
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Fig.3 Development of stress triaxiality and Lode parameter with equivalent plastic strain in three different positions (P1, P2, P3) during caliber

rolling
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distribution of the Lode parameter is observed compared
to the triaxiality.

2.3 Recreation of the non-proportional loading
path in caliber rolling via a torsion plastometer

2.3.1 FE model of the torsion plastometer

To confirm that the non-proportional loading path of the
caliber rolling sequence can be recreated in a torsion plasto-
meter a FE simulation is required. Thus, a thermo-mechan-
ically coupled FE model to capture the effects during hot
deformation was implemented using Abaqus Standard.
To increase the simulation efficiency, a 2D axisymmetric
model was used and the fully integrated 4-node generalized
axisymmetric thermally coupled quadrilateral element with
twist CGAX4T was adopted for discretization. The element
size was chosen to be 0.2 mm for the notch and 1 mm for
the shaft. The elements in the shaft were deliberately cho-
sen much larger than the elements in the notch since it is
assumed that the plastic deformation takes place primarily
inside the notch. The initial temperature in the notch was set
to be 1100 °C just like in the caliber rolling process.

In the torsion plastometer experiments, the specimen
is heated up using an inductive coil. The modelling of the
forming process coupled with magnetic induction would
complicate the analysis further and therefore is not consid-
ered here. To mimic the skin-effect in induction heating and
the heat transfer from the notch center to the gage, an initial
temperature field is specified in the model. Furthermore,
heat radiation with an emissivity of 0.2 to the surroundings
as well as dissipation with an inelastic heat fraction of 0.9
is used. Since the temperature is controlled by the inductive
coil through reheating during the experiments, which can
be hardly considered in the simulation, the emissivity was
deliberately chosen rather low to avoid a large temperature
drop. Figure 4 displays the resulting temperature distribution
over the cross section after tensile loading for both specimen
geometries defined in the following section.

2.3.2 Specimen geometry design for the torsion
plastometer

The torsion plastometer is designed to enable experiments
under various loading types. The aim here is to identify load-
ing types and specimen geometries that recreate the loading
paths in caliber rolling. Notched round specimen with two
notch geometries are used in the torsion plastometer tests
to allow for a variation of triaxiality. The specimen will be
afterwards machined into a different geometry for the fatigue
tests, aiming to obtain homogenous damage distribution at
notch center. According to the work of Bai and Wierzbicki
[4], ductility increases with decreasing triaxiality. The

Nodal temperature [°C]

R3

Fig.4 Temperature distribution in both specimens after tensile load-
ing

influence of Lode parameter increases with decreasing tri-
axiality and becomes particularly significant in the compres-
sive stress state. With respect to this, for the loading path
recreation the triaxiality is considered to be the governing
feature on damage in the case of tensile loading (positive
triaxiality) and for compressive loading (negative triaxiality)
both Lode parameter and triaxiality need to be considered.
For a specimen with a given geometry, the largest pos-
sible triaxiality is achieved with pure tension and accord-
ingly the smallest with pure compression. When torsion is
imposed, the Lode parameter increases but at the same time
the triaxiality decreases according to Eq. 3. In this case, the
Lode parameter increases but at the same time the triaxiality
gradient shows a sharper drop near the surface so that the
mean triaxiality decreases for tensile loading and increases
for compressive loading according to the simulation.
Shifting the triaxiality is possible according to [16] by
altering the specimen geometry controlled by the term a/2R
were a is the smallest notch diameter and R is the notch
radius. The value of triaxiality at the notch center can be cal-
culated according to Eq. 3 with positive value in the case of
tension and negative value in the case of compression [16]:

=s(3 o En(1+ )

Based on Eq. 3 two specimen geometries were designed
with notch radii of 12 mm (R12) and 3 mm (R3) respec-
tively, as shown in Fig. 5. The specimen R12 aims to repli-
cate the stress triaxiality evolution present in the caliber roll-
ing process, while R3 is optimized to recreate the maximal
and minimal triaxiality. The triaxiality at the notch center
was calculated as +0.74 for geometry R12 and +1.72 for
geometry R3.
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However, the predicted triaxialities and Lode parameters
at notch center of R12 and R3 are generally lower than the
analytical values and the triaxiality and Lode parameter
gradient along the radius is visible in Figs. 6 and 7. The
triaxiality of R12 increases from near the surface (0.4 at
Point C) to the center (0.57 at Point A) after deformation.
Similarly, the triaxiality of R3 increases from 0.6 near the
surface (Point C) to 0.7 at the center (Point A). As men-
tioned earlier, the specimens will be further machined into a
notch with 5 mm-diameter after forming for the subsequent
fatigue tests. This is to ensure a more homogeneous stress
state and consequently homogeneous damage distribution
at the beginning of the fatigue tests. During the later fatigue
tests, where tensile loading is periodically applied, a similar
gradient of stress along the radius is expected and conse-
quently crack nucleation should occur in the circular area
with higher triaxiality around the symmetry axis (analogous
to the area in red color in Fig. 6).

In order to easily compare the predicted triaxiality with
the material points from caliber rolling, averaged value of
triaxiality and equivalent strain over the cross section area
are used for further discussion and also shown in Figs. 6 and
7 using the term “mean value”.

2.3.3 Load conditions for the torsion plastometer
To recreate an arbitrary non-proportional loading path in the

torsion plastometer, tension, compression and torsion can be
superimposed. However, pure tension and pure compression

@ Springer

are the preferred load conditions for this study as they induce
more homogenous conditions in notched specimen with tor-
sion only incorporated to achieve higher strains.

As discussed in Sect. 2.2.3 non-proportional loading
paths associated with three material points are considered
representative of the investigated caliber rolling process.
While material points P2 and P3 show a relatively smooth
evolution of the triaxiality with moderate differences
between min and max, the evolution of P1 exhibits much
higher fluctuations. Thus, only the evolution of material
points P2 and P3 will be recreated. For this study, the R12
specimen is adopted and the required amount of equivalent
strain is provided by changing the displacement accordingly.
It should be mentioned that for one load condition, a small
proportion of torsion (27.6 °) is superimposed to achieve the
strain required for P2 that lies beyond the maximum possible
displacement in compression.

Moreover, to also investigate the extremes in caliber roll-
ing, the maximal (1.0) and minimal (— 1.6) triaxiality was
approximated using specimen geometry R3. For this study,
identical strains in the notch are required to rule out any
strain influence on the damage evolution. Due to the tem-
perature gradients in the specimen, discussed earlier, differ-
ent displacements are required to achieve these comparable
strains in the notch.

In Table 1, the four final load conditions determined for
the torsion plastometer experiments are given. Load con-
ditions denoted with R12-T and R12-CT are designed for
simulating the characteristic triaxiality evolution at P2 and
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P3 in caliber rolling, respectively. While load condition R3-T
and R3-C are designed for recreating the maximal variation
in triaxiality.

2.3.4 Validation of the specimen geometry and load
conditions

A comparison of the non-proportional loading paths devel-
oped in caliber rolling and the torsion plastometer is pre-
sented in Figs. 8 and 9. On the left side of Fig. 8, the triaxial-
ity of R12-T reaches approximately 0.5 and stays constantly
during the whole process. It matches the starting phase of P3
quite well until the triaxiality of P3 starts to drop when the
strain reaches 0.14. It was not possible to recreate this sharp
drop in the torsion plastometer. For R12-CT the agreement
is good but the high equivalent strains of P2 are not reached
although the compression is superimposed with torsion. The
recreation of the Lode parameter is presented on the right
side of Fig. 8. For dominant tensile or compressive loading,
the Lode parameter is constant around the extreme values (1
for tension and — 1 for compression). The Lode parameter of
R12-CT is roughly in the range of P2. The Lode parameter
of P3 is not adequately recreated. Nevertheless, as discussed

in Sect. 2.3.1, the exact recreation of the Lode parameter in
compression i.e. for P2 is by far less important than for P3
where tensile loading prevails.

Figure 9 clearly shows that the analytical value of +1.72
triaxiality calculated from Eq. 3 is not confirmed by the
simulation. Instead, the triaxiality achieved by R3-T and
R3-C is approximately + 0.8. Hence, the maximal triaxial-
ity variation in caliber rolling could not be entirely reached.
A specimen with an even smaller notch radius would be
required but would further complicate tensile loading and is
very difficult to machine. In summary, the triaxiality values
predicted are mostly comparable to those found in caliber
rolling and the load conditions should guarantee discernable
differences in the results.

Note that in Figs. 8 and 9 the obtained strains in R12-CT
and in R3-T are both 25% higher than that of R12-T and
R3-T respectively. Literatures suggest that different level
of work hardening is likely to influence the performance
in the following load increase fatigue tests. This material-
dependent effect is described i.e. in the work of Gupta
et al. [17], where an increase of fatigue performance can be
observed with strain hardening until a certain level, before
the material turns brittle. Here the trials were carried out
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Fig.7 Distribution of triaxiality R3 Tension
and Lode parameter in the notch
center at the end of deformation
for R3-T Triaxiality Triaxiality
0.74
0.80 ' \
0.2
0.60
0.34
Point € n
P(‘:I.':t B 040 ==Point A
Point A —=Point B
0.20 Point C
w){can value
0.00
0.00 0.04 0.08 0.12 0.16
£eq
Lode P :
e Lode Parameter
0.0 100 pee—
0.80
-1.0
Poimt C E 0.60
Point B -
Point A 040 ==Point A
===Point B
0.20 Point C
w)lcan value
0.00
0.00 0.04 0.08 0.12 0.16
Leq
Tab.le 1 Load copditions RI12-T R12-CT R3-T R3-C
designed for torsion plastometer
tests Type of specimen R12 R12 R3 R3
Type of load Tension Compression + torsion Tension Compression
Displacement 2.3 mm 4.42 mm + 27.6° 1.15 mm 4.8 mm
Deformation speed 2.4 mm/s 2.4 mm/s + 157 s 2.4 mm/s 2.4 mm/s
Strain at notch center 0.36 0.62 0.14 0.14
Caliber rolling vs. torsion plastometer Caliber rolling vs. torsion plastometer
0.8 1.2
—P2 i —P2
0.8
04 - =RI2-CT : = =R12-CT
—P3 04 ) w—P3
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n |
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Fig.8 Recreation of non-proportional loading paths at P2 and P3 in caliber rolling via load conditions R12-T and R12-CT using mean triaxiality
and mean Lode parameter over the 5 mm diameter
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Fig.9 Comparison of the maximum variation of the mean triaxiality
in torsion plastometer with the observed maximum and minimum in
caliber rolling

at elevated temperature and the samples were afterwards
slowly cooled down. Thus, dislocations developed during
plastic strain are assumed to be mostly annihilated during
static recrystallization.

2.4 Experimental torsion plastometer trials

Twenty-eight experiments were conducted using the tor-
sion plastometer Bihr STD812 shown in Fig. 10 and trials
for each of the four load conditions were repeated seven
times. The specimen were heated up to precisely 1100 °C

Fig. 10 The torsion plastometer
Bihr STD812 together with pic-
ture and a sketch of a specimen

Vacuum
chamber

with a heating rate of 6.1 °C/s and the temperature was
held constant during deformation using an induction coil.
An Argon atmosphere was used to avoid any scaling of the
specimen. After deformation, controlled cooling with a pre-
defined cooling rate of 0.52/s was implemented to achieve
a ferritic-perlitic microstructure. During deformation, the
reaction force and torque was measured using a load cell
and the temperature at the center of the notch was measured
and controlled using a thermocouple attached to the surface
of the specimen.

2.5 Characterization of the performance via load
increase fatigue tests

For the evaluation of the fatigue performance, the deformed
specimen after testing were machined into a geometry shown
in Fig. 11. This procedure guarantees that the fatigue results
can be compared among each other. Additionally, it reduces
the variation in triaxiality. The surface roughness in the
notched part of the specimens was manually grinded with
emery papers (269 up to 5.5 pm) and polished (6.3 up to
1 um) in order to reduce the influence of the surface condi-
tion to the greatest possible extend in accordance with DIN
EN ISO 1099:2006.

The fatigue experiments were conducted under standard
atmosphere at room temperature. A fully reversed sinusoidal
endurance load with the frequency of 1 Hz and mean stress
equal to zero was applied, using the servohydraulic testing
machine walter 4+ bai LFV T250 T2500 HH equipped with a
50 kN nominal maximal load cell. For the characterization

Inductive coil Specimen

-z
g‘}
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Fig. 12 Optical microscopy image of the 16MnCrS5 case hardening
steel in as-received condition. The polished surface was etched with
nital acid and reveals a ferritic-perlitic microstructure

of fatigue performance, the well-established load increase
test was used [18]. This method was recently shown to be
suitable to evaluate the influence of ductile damage if per-
formed using load control [12]. The investigated materials
showed stabilization of the stress—strain hysteresis at around
500-600 load cycles, wherefore a stair size of 1000 cycles
was selected. The starting amplitude and step size were 0.5
kN.

3 Results and discussion

3.1 Microstructure and damage of the as-received
material

3.1.1 Initial microstructure
An optical microscopy investigation of the etched starting

material samples is shown in Fig. 12. Bright areas show
large ferritic grain clusters, surrounded by the darker pearlite

@ Springer

Fig. 13 Mean triaxiality after torsion plastometer tests shown only in
a region of 5 mm diameter around the notch center as only this mate-
rial is used for subsequent fatigue performance testing. Mean values
were acquired in radial direction

microstructure. Pearlite is composed of ferrite and cementite
lamella. This microstructure is expected in the low carbon,
case hardened steel 16MnCrS5.

3.1.2 Initial damage

The damage of the material in its as-received condition was
characterized using the method detailed in Sect. 2.1.3. A
void area fraction of 1.33x10™* with a total void number of
582 voids was detected. Thus, the material already contains
some damage owed to the pre-rolling of the as-received rods.

3.2 FE model validation based on the torsion
plastometer trials

To confirm that the triaxiality evolution predicted for the
four load conditions and summarized in Fig. 13 holds, the
FE model was validated using the experimental results. The
simulated and measured results of the torsion plastometer
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trials listed in Table 1 were compared in terms of material
flow and reaction forces.

To validate the material flow, the predicted minimal
diameter of the notch (D) and the notch length (L) in the
simulations were compared to the experiments. The results
and relative deviation are given in Table 2. It can be seen

that most of the deviations are lower than 10%. However,
D was overestimated for both R12-T and R3-T suggesting
less necking in the simulation due to imprecisely predicted
temperature fields.

In Fig. 14, the comparisons of the roll force are shown
and good agreement between simulation and experiment is

Table 2 Comparison of the

. Load conditions  Diameter of the cross section at notch Notch length
geometric features of the center
specimen between simulations
and experiments D, (mm) Dg, (mm) Deviation to Ly, (mm) Ly, (mm) Deviation to
experiments (%) experiments
(%)
R12-T 5.95 6.86 +15 21.38 20.16 =57
R12-CT 10.53 9.7 -7.9 13.81 13.95 +1
R3-T 8.33 9.46 +13.6 6.97 6.8 -24
R3-C 12.10 11.48 -5.1 3.62 3.57 -14
R12-T 70 R3-T
6.0 —
5.0
£40
|53
53.0 /
2
- 2.0
1.0 —Experiment —Experiment
0.5 —Simulation 1.0 —Simulation
0.0 0.0
0 05 1 1.5 2 25 0.0 0.5 1.0 1.5
Displacement/mm Displacement/mm
R12-CT R3-C
0.0 0.0 :
1.0 —Experiment ~Experiment
2'0 =—Simulation -2.0 =Simulation
£ .30 z
8 8
5-4.0 S
[S21 <31
-5.0
-6.0
-7.0
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Displacement/mm Displacement/mm

Fig. 14 Validation of FE model based on four load conditions
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found in all cases, although slight differences can still be
observed. This is most likely due to the induction heating
being only approximated by a reduced emissivity rather than
modelled in a fully coupled manner.

3.3 Final microstructure after the torsion
plastometer trials

Microstructural investigations were performed on the
deformed specimens in the center of the notch (Point A in
Fig. 6). The procedure to obtain micrographs is detailed in
Sect. 2.1.2 and the results are shown in Fig. 15. According to
the time—temperature-transformation (TTT) diagram of the
16MnCrSS5 case hardening steel, a ferritic-perlitic structure
was expected for the used cooling rate of 0.52/s. The images
however show a mostly ferritic-bainitic microstructure. All
four conditions show the same basic microstructure, with
minor differences in phase fraction and grain size among
each other.

The samples were further investigated in the same posi-
tion using EBSD to obtain more information on phase distri-
bution. To distinguish between phases, three indicators are
used. Retained austenite is identified by the face centered
cubic diffraction patterns. Ferrite, bainite and martensite
have similar body centered cubic phases, only differing in
carbon content saturation. Martensite is classified based on
the Grain Average Image Quality (IQ) described by Ryde
and Ramazani et al. [19, 20]. Ferrite and Bainite are dis-
tinguished by the Kernel Average Misorientation (KAM)
according to Zaefferer et al. [21].

IQ maps and KAM maps are plotted in color scale in
Fig. 15. Dark grains in the IQ maps are martensite. The
KAM maps show a different bainite fraction for the different
geometries (Bainite displayed mostly in green). It is higher
in geometry R3 and lower in R12. The results of this clas-
sification process are shown in Table 3.

The ferrite in R12-CT is not as clear blue compared with
the other conditions. Averaging the misorientation of five
ferrite grains showed a near O ° misorientation for R12-T,

Fig. 15 Grain average Image
Quality and Kernel Average
Misorientation map for each
non-proportional strain path

Grain Average Image Quality

1000

@ Springer

Kernel Average Misorientation

160000 0° 3°
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Table 3 Results of the phase analysis of the EBSD data

Ferrite (%) Bainite (%) Austenite  Mar-
(%) tensite
(%)
R12-T 61 36 1 2
R12-CT 61 37 1 1
R3-T 50 46 2 2
R3-C 41 55 2 2

R3-T and R3-C, and an average misorientation of 0.3 ° for
R12-CT. Dislocations due to work hardening can cause this
type of misorienation and it indicates that not all dislocations
recovered during the cooling process after torsion plasto-
meter trials.

Cooling conditions were identical for each non-propor-
tional strain path, which shows that the phase transformation
and the resulting distribution is influenced by load condition
and geometry.

3.4 Damage characterization after the torsion
plastometer tests

To evaluate the damage caused by the different non-pro-
portional loading paths, the void area fraction and void
number, obtained using the SEM quantification method,

are compared between the load conditions for each speci-
men geometry in the notch center (Point A in Fig. 6). As
homogeneous damage distribution is assumed in the notch
after machining the specimen as discussed in Sect. 2.3.2,
this position is regarded representative for damage analysis.
The results are shown in Fig. 16. The graph in the upper
part shows the number of voids in different size ranges, the
table below shows the total void area fractions and the total
numbers of detected voids.

On the left side of the figure, the measured damage is
compared for the specimen R12, which is designed to recre-
ate the characteristic triaxiality development in caliber roll-
ing. It was noticeable that the damage present in R12-T is
much higher than in R12-C. The distribution shows clearly
the increase of voids in all sizes after R12-T. Compared with
the as-received condition, R12-C shows a reduction of void
number and size, most voids larger than 1 um? disappeared.
Identical results of the void distribution graph are found
when comparing the void area fraction and total void num-
ber. This is in accordance with the high triaxiality of R12-T
as shown in Fig. 13, since it was found in previous studies
that increasing triaxiality in positive region contributes to
higher ductile damage. A negative triaxiality on the contrary
leads to a reduction of ductile damage by void closure due
to negative hydrostatic pressure.

A similar, but not as pronounced effect can also be
observed with damages measured for the specimen R3,
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7] 7
B 500 2
> > 150 -
© 400 °
° o
Q [
@ 300 @ 100
% 300 3
) S
= 200 - =
Q -E 50 -
§ 100 - 5
= =
0- 0-
Void Area [um?] Void Area [um?]
Void Area Void Void Area Void
R12 Fraction Number R3 Fraction Number
As-recieved 1.33,,,7 | $0.32,,," 582 As-received 1.33,,,% | 10.32,,,* 582
R12-T 8.52,,,% | +0.54,,5¢ | 3496 R3-T 2.23,,% | £0.04,,,% | 804
R12-CT 0.70,,,% | +0.13,,5¢ | 258 R3-C 195, |£0.07,,5¢| 433

Fig. 16 Void distribution detected in the varying load conditions, void area fraction and total void number for specimen geometry R12 and R3

@ Springer



30

Production Engineering (2020) 14:17-32

which is designed for maximal variation of triaxiality. The
void distribution graph shows a small increase of voids in
R3-T and a small decrease in R3-C. This trend is also seen
in the total detected void number. The Void area fraction
shows a different trend however. Both loading conditions for
the R3 specimens have a higher void area fraction compared
to the as-received condition. The void distribution shows a
higher number of larger voids (> 0.2 um?), that affect the
void area fraction more strongly than the high number of
smaller voids in the as-received condition. The smaller dif-
ference of damage between R3-T and R3-C can be explained
by the relatively smaller strains achieved during torsion plas-
tometer tests.

The measured void area fraction and hence the ductile
damage correlates generally with the triaxiality as expected.
The individual values measured for each load condition how-
ever do not scale precisely with triaxiality as the damage
variation between R12-T and the other conditions is higher
than expected. The comparably high tensile strain together
with the possible dropout of Manganese sulfide inclusions
during sample preparation could be an explanation for the
greater damage.

3.5 Fatigue tests to assess the performance
of the deformed specimens

Cyclic experiments were performed to quantify thefatigue
performance, and thus obtain an indication for the amount of
damage. This is possible, as long as the microstructure of the
specimen is sufficiently homogeneous and crack nucleation
at the surface can be mostly ruled out.

Three load increase tests per load condition were per-
formed and validated by constant amplitude tests with
selected stress amplitudes. The results are shown in Fig. 17
where a decreased number of cycles to failure for the com-
pressive-torsional and the compressive specimen (R12-CT
and R3-C) in comparison to the tensile specimen (R12-T

and R3-T) can be seen. This is surprising at first since the
negative triaxiality in compression should yield less damage
(as found in Fig. 16) and better fatigue performance. The
performance of the specimen R12 and R3 is not in agree-
ment with the phase distribution (see Table 3), as the higher
bainite content in R3 does not yield more cycles to fail-
ure. Moreover, a strengthening effect of bainite induced by
smaller average grains cannot be seen.

The reason for the unexpected behavior can most likely be
found in the complex and with respect to longitudinal direc-
tion inhomogeneous ferritic-bainitic microstructure of the
investigated specimen. Generally, the ferrite is the more duc-
tile phase in comparison to bainite and due to this the loci of
a significant degree of cyclic deformation in early cycles of
the test. However, as Fig. 18 shows, the pre-dominant loci
of damage is in the bainitic phase. Due to crack inhabita-
tion (see [22]), a slower crack propagation at voids induced
by forming and thus a retarded effect of forming induced
damage on the cyclic test can be concluded. Additionally,
the extensive crack initiation and micro-crack propagation
phase in ferrite takes place only partly supported by the ini-
tial damage found.

One further aspect possibly influencing the fatigue perfor-
mance is the orientation of manganese sulfides with respect
to the loading direction in fatigue testing, induced by the
strain path of the plastometer trials. As can be seen from
Fig. 18 the preferred orientation of the manganese sulfides
depends on the load paths used. Due to stress concentration
at the interface with the surrounding matrix, these manga-
nese sulfides can be the loci of micro pore nucleation during
fatigue. The orientation of these manganese sulfides with
regard to the principle strain axis of fatigue testing then
influences the local stress state. In turn, the crack propaga-
tion and thus the fatigue performance is influenced. This
hypothesis can explain the worse fatigue performance of the
compressive-torsional (R12-CT) and compressive specimen
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Fig. 17 Fatigue performance after load increase test for specimen geometries R12 and R3

@ Springer



Production Engineering (2020) 14:17-32

31

=

10
k=]
O
o

S
I
e
B

10N

ial direli

Fig. 18 Example of some positions of MnS inclusions and initial damage in the ferritic-bainitic (F and B) microstructure after a tensile, b com-

pressive and ¢ compressive-torsional forming

(R3-C) as the orientation of manganese sulfides found in
these specimen is inclined.

This argument is supported by results of exemplary
performed constant amplitude tests that indicate an even
stronger difference between the loading directions for high
amplitudes. Here for R12 the difference is 1002 (R12-T)
compared to 313 (R12-CT) cycles to failure and for R3 759
(R3-T) compared to 164 (R3-C) cycles to failure, which is
equivalent to 70% difference. Based on these results a strong
influence on the crack growth behavior is highly likely.

Finally, fatigue performance can also depend on dislo-
cation density. As presented in Sect. 3.3, full recovery of
dislocations was not observed in EBSD for the R12-CT
specimen. Nevertheless, the fatigue performance of speci-
men associated with tensile preloading and especially R12-T
is better and thus uncorrelated to the EBSD results. This
indicates that residual work hardening due to remaining dis-
locations is unlikely to be a dominant factor influencing the
fatigue tests.

4 Conclusion and outlook

In this work, a torsion plastometer is utilized to investigate
various non-proportional loading paths occurring during hot
caliber rolling as consequence of inhomogeneous spread-
ing and their influence on damage and fatigue performance.
Two characteristic non-proportional loading paths from hot
caliber rolling were recreated. Furthermore, the maximal
possible triaxiality variation was investigated. These inves-
tigations required two distinct specimen types with differ-
ent notch geometries. The non-proportional loading paths

realized in the torsion plastometer were in fair agreement
with the caliber rolling sequence but the maximal variation
of triaxiality in caliber rolling could not be reached as the
required notch radius would be impossible to machine.

All tests were conducted at elevated temperature. Recrys-
tallization and recovery as well as subsequent cooling lead
to a ferritic-bainitic microstructure that differs from the
ferritic-perlitic microstructure of the as-received material.
The evolution of microstructure extensively complicates
the situation and the separation of its influence from duc-
tile damage mechanisms was not entirely possible in this
work even though SEM investigations show a clear influence
of the non-proportional loading path on the final damage.
Higher damage was found for load conditions where positive
triaxiality predominates, while void closure appears during
load conditions with negative triaxiality.

The load increase fatigue tests have shown no cred-
ible correlation between performance and ductile damage.
Although residual work hardening cannot be ruled out com-
pletely, it is not considered to be a major influencing factor,
since no correlation was found between the fatigue perfor-
mance and the misorientation due to dislocations measured
in EBSD. Rather, microstructure heterogeneity induced in
longitudinal direction especially with respect to manga-
nese sulfide orientation during torsional plastometer tests
is assumed to influence crack initiation and growth in such
a way that the influence of the non-proportional load path
is concealed.

In summary, the torsion plastometer can recreate a desired
non-proportional loading path at elevated temperature with
minor limitations. It allows flexible and fast investigations
regarding the influence of non-proportional loading path on
final damage and mechanical strength when combined with
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subsequent SEM and fatigue tests. Therefore, flexible labo-
ratory scale experiments should be given more attention in
the future for the study of damage-control in metal forming
processes.
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