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Abstract

The paper presents results of FEM modelling as well as properties and microstructure of the ultralow-carbon ferritic steel
after the unconventional SPD process—DRECE (dual rolls equal channel extrusion). Based on the conducted numerical
simulation information about the deformation behaviour of a steel strip during the DRECE process was obtained. The simula-
tion results were experimentally verified. The influence of DRECE process on hardness distribution, fracture behaviour and
microstructure evolution of the investigated steel was analysed. The increase of steel strength properties after subsequent
deformation passes was confirmed. The microstructural investigations revealed that the processed strips exhibit the disloca-
tion cell microstructure and subgrains with mostly low-angle grain boundaries. The grains after processing had relatively
high dislocation density and intense microband formation was observed. It was also proved that this unconventional SPD

method fosters high grain refinement.
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1 Introduction

The concept of creating materials with highly frag-
mented microstructure is very relevant. The increasing
requirements, which modern materials need to meet, have
enforced improvement of manufacturing processes to
obtain high mechanical properties [1, 2]. The most com-
mon methods of producing materials with nano-grained
and ultrafine-grained microstructure are the SPD (Severe
Plastic Deformation) methods. SPD processes are defined
as metal forming processes during which the accumula-
tion of strain causes refining of the microstructure while
maintaining the cohesion of the deformed material [1-4].
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The best-known SPD methods are equal channel angu-
lar pressing (ECAP) [5, 6], cyclic extrusion compres-
sion (CEC) [7], high-pressure torsion (HPT) [8], accu-
mulative roll bonding (ARB) [9], KOBO extrusion and
hydrostatic extrusion [10, 11]. However, due to the low
efficiency of SPD processes, the ability to deform only
small samples as well as unsatisfactory homogeneity of
obtained microstructure, several attempts to combine
different SPD methods were made in recent years. The
unconventional methods of severe plastic deformation and
hybrid techniques significantly increase the grain refine-
ment and allow to increase the process efficiency and
reduce material losses at the same time [12-19]. These
methods include among others: hydrostatic tube cyclic
expansion extrusion (HTCEE), repetitive forging (RF),
asymmetrical accumulative roll bonding (AARB), CON-
FORM extrusion and dual rolls equal channel extrusion
(DRECE). Until now both kinds of methods: conventional
and nonconventional including hybrid techniques were
used to form the properties as well as the grain refine-
ment of non-ferrous alloys (aluminium and copper alloys
especially) [12—15]. The DRECE method also originally
was used for the non-ferrous alloys [16, 17]. This uncon-
ventional method uses the principle of repetitive passes
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between the same set of dies to refine the microstructure
and improve the strength properties of a metal strip. The
forming process is based on the extrusion technology
without the reduction of strip thickness while achieving
high accumulated effective strain in the material being
formed. In comparison to most other, the DRECE method,
due to its main advantage, i.e. the possibility of forming
large-section strips, has been used in recent years to form
the steel strips with positive results [18, 19]. However,
the research results in this area mainly concern on the
influence of DRECE parameters on properties of selected
steels. Numerical simulations on the behaviour of the
steels during the DRECE deformation have not been per-
formed so far.

The finite element method is currently a standard for
solving many engineering problems. It is also intensively
used to understand the effects occurring during various
SPD processes. Knowledge of deformation behaviour,
as well as strain and stress distributions in a processed
workpiece, is necessary to understand the relationships
between process parameters (e.g. geometric features
of dies) [20-23], microstructure evolution and result-
ing functional properties of a finished product [24-30].
Most of the reported FEM analyses concerns the classical
ECAP process issues, including an effect of the channel
angle and the outer die angle on material deformation
behaviour [22-24], analysis of the deformation distribu-
tion which indicates that it is not homogeneous [25-27],
and heterogeneity of the obtained refinement of the
microstructure [28—-30]. However, in the subject literature,
there are very few studies based on numerical simulations
of unconventional and hybrid SPD processes including
DRECE. The paper presents results of a DRECE pro-
cess FEM numerical modelling. The simulation results
were combined with the corresponding experimental
results to analyse the effect of repetitive deformation by
the DRECE method on the microstructure and properties
of the low-carbon steel. The application potential of this
severe plastic deformation method to improve the steel
properties by grain refinement is discussed.

Fig. 1 Microstructure of the (a)

investigated steel in the initial Ay

state—a LM, b STEM; the el
material etched in the Mar- N e
shall’s reagent: 8 g of oxalic Sond 1
acid+5 ml of H,SO,+ 100 ml S~

of (H,0+H,0,30%)+1 ml b
of HF
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2 Research methodology

The testing material had a form of 800-mm-long, 60-mm-
wide and 2-mm-thick strips made of the interstitial-free
ultralow-carbon steel. The chemical composition of steel
was as follows (wt%): 0.003% C, 0.005% Si, 0.17% Mn,
0.029% Al, 0.0027% N, 0.073% Ti. The as-received mate-
rial was after cold rolling and subsequent annealing at the
temperature of 850 °C with the holding time of 25 min. As
a result of this treatment, the homogenous ferritic micro-
structure with the average grain diameter of ca. 45 um was
obtained (Fig. 1).

The finite element numerical modelling of the DRECE
process was performed in the Simufact Forming ver. 15.0
software. The process was simulated in the spatial states of
strain and stress; thus, 3D geometric models of the DRECE
device and the steel strip were created in the Solid Edge ST9
CAD software (Fig. 2). Tools, i.e. the main roll, the support-
ing tool, two backing (feed) rolls, the upper and lower die
supports as well as the upper and lower dies were considered
as fixed objects while the steel strip was modelled as the
elastic—plastic one. The channel angle, namely the angle at
which the inlet channel (between the upper die and the main
roll) intersects with the outlet channel (between the lower
and upper dies). The channel angle is one of the principal
parameters of the DRECE process and has a significant
effect on the material flow and the resulting microstructure.
The channel angle of 108° was selected in this simulation
case, based on the previous studies on this issue, reported
in [29].

For digitalization of the steel strip, surface elements were
used (a sheet mesh type with the average size of 1 mm).
The conducted numerical simulation was purely mechanical,
which means that no changes in thermal parameters were
analysed during the numerical simulations. The contact con-
ditions between the tools and the steel strip were described
by the Coulomb friction model. Parameters of the DRECE
process adopted in the simulation are presented in Table 1.
The material rheology was described on a base of the static

(b)
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Fig.2 The geometric models of
the DRECE device and the steel

Supporting tool

strip used in the simulation case
analysed

Main roll

IF steel strip

Table 1 Parameters of the DRECE process used in the numerical
simulation

Upper die
support

Upper die

s Lower die

Lower die
support

tensile test conducted for the investigated steel at the ini-
tial state (Fig. 3). The data range corresponding only to the
uniform elongation range was used for the calculations.

Parameter Value Unit
Due to the relatively small true strain obtained in this range
The diameter of the main roll D 198 mm (much smaller than in the DRECE process), coefficients of
The diameter of feed rolls d 118 mm the Hollomon flow stress function was determined by the
The rotational speed of the main roll ! pm least-squares method. This allowed for extrapolation of the
The rotational speed of the feed rolls 7, 16 rpm flow curve to higher true strain values (Fig. 3). For the true
The linear speed of the strip V 10 mm/s grain exceeding 0.1 the flow stress of investigated steel at
The pressing force of the first feed roll P, 11 kN the initial state is given by the formula:
The pressing force of the second feed roll P, 37 kN
The friction factor at the strip—rolls interfaces 03 - op = 4756523,
The friction factor at the strip—remaining tools 0.1 -
interfaces where e denotes the true strain.
The mechanical properties and hardness of the steel
strips were determined for the initial state and after each
DRECE pass. The static tensile tests were conducted at
the room temperature on ZWICK testing machine with a
Fig.3 The flow curve of the 500
investigated steel at the initial i __e——°
state 450 _o——° —*
400 i-e —?
./
350 o
P /»/
%‘ 300 o g
g 250 /.
% ol
_g 200 /
- 150 ,
100
50 ——experimental curve |
—e—extrapolation curve
0 T T T
0 0.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

true strain, -
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maximal force of 250 kN. Samples for the static tensile
tests had the total length of 100 mm, the gauge length
of 30 mm, the gauge width of 8 mm and the thickness
of 2 mm. The following properties were determined: the
ultimate tensile strength UTS, the yield strength YS, the
percent uniform elongation %UE and the percent elonga-
tion %EL. The hardness of strips was measured at a load
of 1 N (HVO0.1) with the ZWICK Roel ZHU hardness
tester, on the polished longitudinal sections.

The fractographic observations were conducted using
the scanning electron microscope Hitachi S-4200. The
SEM and STEM observations were made also on the lon-
gitudinal sections. Additionally, the scanning transmis-
sion electron microscope (STEM) Hitachi HD-2300A was
used for microstructure characterization.

Fig.4 Progression of the
DRECE process determined by
FEM

(a) start of simulation

(c¢) ca. 6 s from the start

(e) ca. 9 s from the start

@ Springer

3 Results
3.1 The finite element simulation results

The DRECE process progression determined by numeri-
cal modelling is shown in Fig. 4. The simulation was ini-
tiated at the moment when the strip was fed into the area
between the main roll, the upper support and both back-
ing rolls (Fig. 4a). After 4 s the strip head reached the inlet
channel (Fig. 4b) and after subsequent 2 s—the channel
angle (Fig. 4c). Then the material was extruded through the
angular channel (Fig. 4d—f). The simulation revealed that
during the extrusion a characteristic folding of the strip
took place in the gap between the second backing roll, the
upper die support and the main roll. This coincides with
the observations of processed strip surfaces with distinctly
visible folding traces (Fig. 5). The probable explanation
of this fact is that the pressure needed to fold the strip in

(b) ca. 4 s from the start

(d)ca. 8 s from the start

(f) ca. 12 s from the start
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Fig.5 The evidence of the
strip folding in the area just
before entering into the dies:
a the simulation result b the
processed strip

Fig.6 The distribution of von
Mises effective stress along the
strip during the DRECE process

Fig.7 The distribution of von
Mises effective stress and the
strip thickness measurement
in the area of the upper die
entrance

this gap is smaller than the pressure necessary to push the
material through the angular channel. It can be concluded
inter alia from the effective stress distribution along the
strip that is presented in Fig. 6. Moreover, as a result of

350 mm

(b)

high longitudinal compressive stress in the channel between
the upper die support and the main roll (where the gap is
higher than 2 mm to avoid the unnecessary friction) the strip
was subjected to upsetting, and thus its thickness slightly
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increased. Conducted measurements (Fig. 7) have indicated
that the strip thickness was ca. 2.09 mm before entering the
upper die. Next, due to the smaller, fixed gap between the
main roll and the upper die, the strip thickness was reduced
again to 2 mm. The significant increase of the effective stress
has been noticed in this area.

The revealed folding and upsetting phenomena caused an
initial, unintended deformation of the material. The strain
distribution presented in Fig. 8a indicates that the effective
strain of ca. 0.2 was obtained in the strip yet before it entered
the channel angle, where the intended deformation takes
place. Moreover, it also shows that the strain distribution is
not homogeneous. This heterogeneity can be observed both
along the strip as well across its thickness. Apart from the
strip head, the effective strain in the initial part of the strip
(which was not subjected to folding and upsetting) is slightly
lower than in the part of the strip located further (where
folding and upsetting took place). However, the effective
strain heterogeneity is more distinct across the strip thick-
ness—the greatest effective strain (ca. 1.0) was obtained on
the upper side of the strip, while on the lower side it was
two times smaller. The maps of hardness distribution on
these surfaces coincide with the observed strain heteroge-
neity (Fig. 8b). Such a strain distribution is typical for the
processes of extrusion through an angular channel and has
often been presented in the studies concerning, among oth-
ers, the ECAP process.

(@)

3.2 The mechanical properties and fracture
behaviour

The engineering stress—engineering strain diagram, col-
lecting all the curves obtained in the static tensile tests, is
presented in Fig. 9. The determined mechanical proper-
ties of the tested samples are listed in Table 2. Both the
yield strength and the ultimate tensile strength of the steel
increased significantly after the first DRECE pass and
reached the values of 289 MPa and 320 MPa, respectively.
The material strengthened after every subsequent pass, how-
ever, much less intensively than in the first pass. After the
seventh pass, the highest values of YS and UTS for the tested
material were obtained: 318 MPa and 338 MPa, respec-
tively. In the initial state the investigated steel exhibits very
good plastic properties; however, as the number of passes
increases, there is a significant decrease in the ductility. The
percent elongation drops systematically from 48% for the
sample in the initial state to 10% for the sample after 7th
pass. The uniform elongation after subsequent passes drops
rapidly already after the first DRECE pass and is about 1%.
The steel hardness increases considerably after the first pass
in comparison to the initial material. After seven passes,
it reaches the average value of 144 HVO.1. The obtained
results confirm those presented in the paper [30] where the
authors have analysed the effect of a severe plastic defor-
mation (SPD) technique called equal-channel angular sheet
extrusion (ECASE) on the properties of IF-steel sheets.
The static tensile test results are supported by the results
of fractographic examinations presented in Fig. 10. The duc-
tile fracture surface with characteristic small parabolic dim-
ples formed by joining the microvessels has been obtained

(b)

upper surface

Fig.8 The effective strain distribution (a) and the hardness distribution in the upper and lower surface (b)
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Fig.9 Comparison of the 400 —
engineering stress—engineering initial state
strain curves from static tensile — — — Ix pass
tests obtained for the investi- | ciss. 4x passes
gated steel in the initial state — .- — 7X passes
and after the selected DRECE ©
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Table2 Mechanical properties (o gition YS, MPa UTS, MPa EL. % UE, % HV0.1
of the investigated steel in
the initial state and after the Initial state 12548 268+6 48+4 2442 118+9
DRECE process After 1| DRECE pass 28945 32044 2743 10402 131411
After 4 DRECE passes 308+9 328+6 14+ 1.0+0.4 134+7
After 7 DRECE passes 318+10 338+5 10+5 1.1+0.2 144 +4

in the sample in the initial state (Fig. 10a). The fracture sur-
face after the first DRECE pass is generally ductile; how-
ever, the small zones with characteristic smooth surfaces,
typical for a transcrystalline fracture with small semi-brittle
zones, can be distinguished. Also, shallow dimples are vis-
ible (Fig. 10b). There are many characteristic dimples on
the surface of the fracture after 7th DRECE pass (Fig. 10c);
however, the semi-brittle zones are also visible. On the outer
layer of the neck parabolic holes and pits may be observed.

3.3 Microstructure evolution in the investigated
steel

STEM examinations show that deformation by the DRECE
method affects significantly the microstructure of IF steel.
It is related to the evolution of the dislocation structure. The
first DRECE pass initiated the formation of the dislocation
cell structures (DSc) including subgrains and subgrain
boundaries. An increase of the dislocation density inside
the grains and the occurrence of numerous dislocation tan-
gles are visible. Grain refinement is accompanied by high
dislocation activity, resulting in the generation of lamel-
lar low-angle boundaries (LABs) with different distances
between them. Also, primary high-angle boundaries (HABs)
can be observed (see Fig. 11a, b). The similar effects have

been obtained in the IF steel samples subjected to the similar
ECASE process what is reported in [30]. The multi-pass
DRECE extrusion leads to the formation of micro shear
bands inside the grains (see Fig. 11c, d). These microbands
exhibit varied densities in different grains. The microbands
are treated as structural elements with the high-angle bound-
aries. This clearly defines the process of microstructure
refinement. After four passes of ECASE process, the dis-
location density in IF steel increases and smaller subgrains
form with low-angle grain boundaries (LAGB). The HAGBs
coming from the initial state are still present as indicated in
the micrographs for both routes [30]. After the 7th pass, an
ultrafine-grained structure is formed, however, areas with a
significant share of low-angle boundaries are still observed
which indicate insufficiently fragmented microstructure.
Grains/subgrains become more equiaxed. No disloca-
tions can be found in some of them, which means that the
increase of deformation leads to the ordering of the disloca-
tion structure. The formation of dislocation polygonal walls
is observed, which does not foster further grain refinement
(see Fig. 1le, f). Microstructural examinations conducted
with EBSD indicate that after 7th DRECE pass boundaries
with low disorientation dominate. In the deformed micro-
structure small, equiaxed grains with different orientation
may be observed. The sample is characterized by significant

@ Springer
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Fig. 10 Fracture surfaces of
the static tensile test samples:
a at the initial state, b after 1
DRECE pass c after 7 DRECE
passes

grain refinement. The surface share of grains/subgrains of
the dimension of up to 1 um is 56%. Visible fragments of
high-angle boundaries belong mainly to original boundaries
of grains (see Figs. 12 and 13).

4 Conclusions

The DRECE (dual rolls equal channel extrusion) process
has been applied for processing of low-carbon ferritic steel
strips. After subsequent DRECE passes, the microstructure
and resulting mechanical properties of the strips have been
investigated systematically. The main findings and conclu-
sions of this study can be summarized as follows:

1. The low-carbon ferritic steel strips were successfully

processed using the DRECE device.
2. 7 passes at room temperature were conducted.

@ Springer
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The numerical simulation of the DRECE process
allowed to analyse the material flow as well as the effec-
tive strain and stress distributions during process pro-
gression. Unintended folding and upsetting of the strip
yet before its passing through the channel angle were
revealed and discussed. These findings confirm naked-
eye observations of strip surfaces after DRECE process.
These device-specific issues cause initial deformation in
a part of the strip and contribute to the strain heterogene-
ity.

A distinct strain heterogeneity across the strip thickness
was indicated, which was confirmed by the results of
microhardness distribution. To increase the strain homo-
geneity, it is recommended to rotate the strip upside
down before each subsequent DRECE pass.

The strength of the DRECE-processed low-carbon fer-
ritic steel strips increased with an increase in the num-
ber of passes. The most distinct material strengthening
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Fig. 11 STEM photographs of
the investigated steel micro-

structure after: 1| DRECE pass
(a, b), 3 DRECE passes (c, d), 7 % e 5 A 2 o = s e
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Fig. 12 EBSD maps of grain
crystallographic orienta-

tion for the investigated steel
after 1 DRECE pass (a) and 7
DRECE passes (b); high-angle
boundaries are coloured black
and low-angle boundaries are
coloured red

was obtained after the first pass. In the further passes, than the corresponding strength values characteriz-
it was less intensive. After 7 DRECE passes the yield ing the material at the initial state (125 and 268 MPa,
strength of 318 MPa and the ultimate tensile strength of respectively). However, the elongation to failure con-
338 MPa were reached, which are significantly higher siderably decreased with the number of passes. After 7
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Fig. 13 Map of grain crystallographic orientation, statistics on intergrain boundaries and grain size distribution for the investigated steel after 7

DRECE passes

passes, it decreased down to 10% from 48% in the initial
state.

6. The increase in strength after the DRECE process is
attributed to the fact that such a deformation method
produces refined microstructure with a relatively high
density of dislocations. The observed decrease in the
ductility is typical for ultrafine-grained materials and is
associated with strong localization of plastic deforma-
tion in samples with grain sizes below 0.5 pm.

7. The DRECE process resulted in the grain refinement but
the obtained microstructure is not homogeneous. The
microstructure is constantly evolving. Bands mainly
with low-angle grain boundaries are visible in the dislo-
cation cells, as well as the intense microband formation
inside the grains.

8. Generally the ductile fracture behaviour of IF steel sub-
jected to the DRECE process with a small semi-brittle
zones was revealed in the fractographic studies.
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