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Abstract
This paper presents some results of the influence of severe plastic deformation on the microstructure evolution, grain refine-
ment aspect, and mechanical properties of ultra-low carbon steel. Ti-stabilized experimental IF steel was deformed at a room 
temperature with unconventional SPD process—dual rolls equal channel extrusion (DRECE). Mechanical properties and 
structure of ferritic steel in initial state and after selected steps of deformation were investigated. The mechanical properties 
were determined by static tensile tests carried out at a room temperature and microhardness research. The structural inves-
tigations involved using scanning transmission electron microscopy observations, electron back scattered diffraction and 
measurements of the crystallographic texture. The DRECE process affects the evolution of the structure. The microstruc-
tural investigations revealed that the processed strips exhibited a dislocation cell and grain structures with mostly low angle 
grain boundaries. The electron backscattering diffraction (EBSD) examination showed that the processed microstructure is 
homogeneous along the strips thickness. The mechanical properties of the DRECE-processed IF steel strips increased with 
an increase the number of passes.
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1 Introduction

Automotive industry extensively uses ultra-low carbon steel 
sheet for the fabrication less important parts of the car body. 
One of them is interstitial free steels due to the fact it is 
suitable for the forming operations because of its excellent 
formability and high planar isotropy [1]. IF ultralow-carbon 
steels are characterized by a single-phase ferritic micro-
structure with decreased amount of interstitial carbon and 

nitrogen in the ferrite, which is achieved by micro-alloying 
elements of Ti and/or Nb and formation of small volume 
fractions of carbides and nitrides [1, 2]. Due to the decrease 
in the solid solution hardening effect of interstitial atoms, IF 
steels showed a low strength. These features limit its broader 
applications in conditions where high strength is needed in 
addition to high formability. Enhancing the strength with 
adequate ductility may increase the potential applications 
of interstitial free steel in new applications [3, 4]. The 
increasing requirements, which materials need to meet, 
have enforced improvement of manufacturing processes 
to obtain high mechanical properties [5, 6]. Recently, the 
grain refinement of metallic materials has been investigated 
intensively. There are two basic methods, i.e., thermome-
chanical processing [7, 8] and severe plastic deformation 
[9–11] to refine grain sizes of bulk steels for the ultrafine or 
submicron range. As is known, one of the most successful 
processes to increase mechanical properties without dramati-
cally decreasing plasticity is based on severe plastic defor-
mation—SPD [9–12]. Studies presented by O. Saray and 
N. Tsuji [12–14] confirm that it is possible to obtain high-
strength properties through fragmentation of the structure 
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in low carbon ferritic IF steels shaped with SPD methods, 
i.e., equal channel angular sheet extrusion (ECASE) [12] 
and accumulative roll bonding (ARB) [13–15]. Tsuji et al. 
[13] indicate that the ARB process creates ultrafine grains 
in the IF steel processed up to a strain of 4.0 at 773 K and 
the grains are surrounded by high-angle grain boundaries. 
T Kim [16] got a high-tensile strength above 800 MPa and a 
tensile elongation over 155 achieved with both ECAP routes 
was regarded as a good combination of strength and ductil-
ity by grains refinement. For example, structural analysis 
in work of O. Saray [12] showed that in a result of a severe 
plastic deformation with ECAP grains were divided into 
smaller volumes, however, the increase of the deformation 
did not result in obtaining a large fraction of ultrafine grain 
boundaries with high-angle boundaries (HAGBs), and strain 
hardening of the material is attributed to relatively high den-
sity of dislocations and the presence of dislocation bounda-
ries which are geometrically necessary boundaries (GNBs) 
and incidental dislocation boundaries IDBs. The detailed 
evolution of microstructure and identification the mecha-
nism of grain refinement in the interstitial free steel during 
plastic deformation by SPD methods is an issue which is not 
yet completely understood [17–19].

Despite the use of the conventional SPD methods to 
deform low carbon steels in the last few years there were 
steps taken to improve these methods. Hybrid SPD meth-
ods can significantly influence on the increase the degree of 
microstructure fragmentation and affect the nature of form-
ing grain boundaries. Unconventional and hybrid SPD meth-
ods allow to deform materials of much more dimensions 
than the ones that are used in classical method, and they 
increase the homogeneity of the obtained structure [20, 21].

One of the very promising hybrid SPD methods for 
processing of micro-alloyed low carbon steel is dual rolls 
equal channel extrusion (DRECE) [22, 23]. The DRECE 
method uses the principle of reproducible plastic forming 
to fragment the structure and improve strength properties 
of steel strip. The material in the form of a sheet or strip 
is introduced into the working space by means of the main 
roll D and the supporting rolls d, and then pressed through 
the shaping tool with the given α angle. The upper support 
and the upper die ensure the correct movement of the strip 
between the rollers during the process. The shaping process 
is based on the extrusion technology with zero reduction of 
strip’s thickness while achieving a high degree of deforma-
tion in the material being formed. [23–25]. Multiple plastic 
deformations carried out this way determine the change of 
the structure and mechanical properties in relation to the 
initial material.

In the present study, the dual rolls equal channel extru-
sion method was applied to the ultralow-carbon steel IF to 
study the microstructural evolution taking into account the 
grain refinement mechanism, crystallographic texture and 

mechanical properties after selected DRECE passes. The 
identification of structure changes of IF steel carried out in 
this work using the scanning transmission electron micros-
copy STEM and electron backscattering diffraction EBSD 
is supplements the current state of knowledge in the field 
of the plastic deformation of interstitial free steel with the 
unconventional DRECE method.

2  Materials and experimental methods

2.1  Materials and processing parameters

Ti-stabilized experimental IF steel with the chemical compo-
sition of 0.004 wt.% C, 0.016 wt.% Si, 0.21 wt.% Mn, 0.013 
wt.% Ti, 0.0026 wt.% Al and balance Fe, has been used 
in this study. The testing material had a form of 800-mm-
long, 60-mm-wide and 2-mm-thick strips. The steel strips 
were subjected to plastic deformation at room temperature 
by the DRECE method (Fig. 1) with the die angle α = 108 °. 
DRECE method (Dual Rolls Equal Channel Extrusion) is 
the new prototype proprietary SPD method for deformation 
metal strips. It has been developed in the Department of 
Mechanical Technology at VSB—Technical University of 
Ostrava by team of Professor S. Rusz. This device is unique 
in Europe, since the process of structure refining in flat 
blanks is ate present still under development. The DRECE 
method is similar to the Dissimilar Channel Angular Press-
ing process (DCAP). The equipment consists of the follow-
ing main parts: a main roll, supporting tool, a feed roll, a 
forming tools (upper die, lower die) and upper die support 
as well as lower die support. A strip is fed into the working 
space between main roll and red feed roll and it is pushed by 
the blue feed roll with the help of pressure rollers through 
the forming tools without a change of its cross-section [23].

2.2  Mechanical testing and microstructural 
examination

The hardness of strips was measured with Vickers hardness 
tester type of ZWICK Roel ZHU at load of 1 N were con-
ducted on the polished longitudinal sections. Work harden-
ing characteristics were obtained during static tensile tests 
of a series three samples with a rectangular cross-section at 
room (20 °C) temperature using ZWICK testing machine 
with a maximal force of 250 kN. The nominal strain rate 
of  10–3 s 1 was applied. The tensile tests were performed 
in accordance with the requirements of the ASTM standard 
[26].

Samples for the study of mechanical properties and 
microstructure analysis were collected in accordance with 
Fig. 2.
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Detailed studies of the microstructure IF steel before 
and after the DRECE process were carried out using the 
scanning transmission electron microscopy STEM of the 
type HITACHI HD-2300A equipped with a FEG gun with 
a Schotky emitter. The microscope works at an accelerating 
voltage of 200 kV. The STEM observation were made on 
the longitudinal section and the research was conducted in 

the bright field. The specimens for STEM examination were 
samples with a thickness of approx. 1 mm. The initial thin-
ning was carried out on mechanical grinders to a thickness 
of approx. 0.08 ÷ 0.03 mm. Discs with a diameter of 3 mm 
were then cut using a die. The samples prepared in this way 
were thinned using the method of twin jet electrolytic polish-
ing with 43 V voltage.

Fig. 1  Scheme of DRECE 
method

Fig. 2  Scheme of sampling for mechanical testing and microstructure analysis
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The disorientation angles between neighboring grains 
were measured using the FEI Quanta 3D scanning electron 
microscope (SEM) equipped with a cold field emission gun 
and an electron back scattering diffraction detector (EBSD) 
at a beam voltage of 20 kV EHT with a measuring step of 
100–200 nm. Data acquisition in the form of maps of the 
crystallographic orientation of structure components was 
performed with the EDAX/ TSL system. EBSD maps are 
shown with an IPF color coding with respect to the trans-
verse direction of the sample. Pole Figs. (111), (200), (220) 
and the orientation distribution function (ODF) were also 
exported to compare the crystallographic texture. Based on 
the SEM / EBSD results obtained, the mean particle diam-
eter was determined. The grains lying on the periphery of the 
image were not taken into account in these measurements. 
Additionally, the distributions of grain sizes and angles of 
disorientation were determined and the grain shape index 
was determined.

3  Results

3.1  Mechanical properties after severe plastic 
deformation

The dual rolls equal channel extrusion process has a positive 
effect on the increase in the strength properties of the investi-
gated steel. Figure 3 shows characteristics of the mechanical 
properties: the ultimate tensile strength TS, the yield stress 
YS and the HV 0,1 hardness for the investigated ferritic steel 
for the initial sample as well as for samples after 3, 5 and 
7 passes of the DRECE process. The elongation %EL. as 
a function of number of DRECE cycle is shown in Fig. 2. 
It is seen that effective hardening effect is observed after 
three passes. The tensile strength of IF steel increases after 
the third pass for the initial state from 263 to 315 MPa. The 
yield stress for the initial sample was 123 MPa. It increased 

up to 276 MPa, 321 MPa and 328 MPa for 3 passes, 5 passes 
and 7 passes, respectively, which correlates very with the 
evolution of hardness. 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 systemati-
cally from 46% for the sample in the initial state to 13% for 
the sample after last 7th pass. The decrease in the elonga-
tion value is typical for most materials processed with SPD 
methods [12, 16–18, 27–29]. Regardless of this condition, 
the sample after the 7 DRECE passes is characterized by a 
ductile fracture with characteristic small parabolic dimples. 
There are areas with inhomogeneous holes distribution and 
varied sizes of dimples (Fig. 4).

3.2  Microstructure evolution and texture 
in the investigated steel

STEM examinations show that application of deforma-
tion results in changes related to evolution of the initial 

Fig.3  Mechanical properties of the investigated steel in the initial 
state and after selected DRECE passes

Fig.4  Influence of DRECE process on the elongation of IF steel 
and the surfaces of fractures of steel in the initial sample and after 7 
DRECE passes

Fig. 5  STEM photographs of the IF steel microstructure at the initial 
state
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microstructure (Fig. 5) of interstitial free steel, which consist 
a grains with dislocations visible as several and low tangled.

Figure 6a–f shows a microstructure from 2nd to the 7th 
DRECE passes. After the second passes an increase of the 
density of dislocation inside the grains and the occurrence 
of numerous dislocation tangles are visible (Fig. 6a). Also, 
primary high-angle boundaries (HAGBs) are visible. After 
3 DRECE passes the dislocations form cellular structures. 
In the microstructure the phenomenon of grain boundary 
distortion is observed. Similar results were also observed by 
Sun et al. [27]. This phenomenon of creating a clear steps 

on the grain boundary line can be a result of shear micro-
bands (Fig. 6b). After the further DRECE cycles there are 
areas where accumulation and rearrangement of dislocations 
intensify, which lead to the formation of low-energy sys-
tems with LAGBs boundaries. Lamellar LBs boundaries are 
formed and within them single dislocations can be identified 
(Fig. 6c). In the microstructure the dislocation cells blocks 
CBs are also visible as the blocked areas (Fig. 6c). The for-
mation of LAGBs boundaries as a result of the reconstruc-
tion of dislocation boundaries is a very important stage for 
materials deformed with SPD methods, they will evolve into 

(a) (b)

MMiiccrroobbaannddss

(c) (d)

LLBBss

HHAAGGBBss

DDiissllooccaattiioonnss ttaanngglleess

LLAAGGBBss

CCBBss

(e) (f)

DDiissllooccaattiioonnss ffrreeee--
ggrraaiinnss//ssuubbggrraaiinnss

DDiissllooccaattiioonnss
ffrreeee--ggrraaiinnss

Fig. 6  STEM photographs of the IF steel microstructure after: 2 DRECE passes (a), 3 DRECE passes (b), 4 DRECE passes (c), 5 DRECE 
passes (d), 6 DRECE passes (e), 7 DRECE passes (f)
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the form of homogeneous grains with wide-angle boundaries 
with the increase of deformation. After 6 passes, the dislo-
cation cells are partially replaced by finer and well-defined 
regular grains. The dislocation-free grains appear (Fig. 6e, 
f). After 7 passes DRECE clearly shows that the dislocation 
density is lower inside sub-grains, and most of them are 
accumulated and entangled with others around the bounda-
ries of the grain (Fig. 6f).

Figures 7, 8, 9 show the EBSD evolution of microstruc-
ture maps of the IF steel strips after selected DRECE passes, 
respectively. Distribution of the grain size (mean equiva-
lent diameter) was determined for grains ≤ 35 µm. The grain 
size value in the initial state and after subsequent DRECE 
passes were determined based on the complete statistics 
of grain sizes. After the 1 × pass (Fig. 7) the grain size is 
approx. 35 µm. The fraction of HAGBs is high and amounts 
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Fig. 7  Results of EBSD analysis for IF steel after the 1 DRECE pass. The size and shape of grains map (HAGBs marked black, LAGBs marked 
red, distribution of grain size and the fraction of misorientation angles
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to over 89% (mainly the primary grains boundaries). After 
the 4 × pass (Fig. 8) the significant increase of low angle 
fraction is observed. The fraction of LAGBs in the range 
of 2–5 ° is 54%. The grain size reduces slightly with the 
increase of deformation, however, for further passes there 
is a tendency to change the grain size towards lower values. 
The area faction of grains with mean equivalent diameter of 
30–35 µm for the sample after 1 × pass is 27%, and after the 
7 pass (Fig. 9) it is 21%. The share of the grain fraction in 
the range of 10–15 µm in individual passes increases, while 
the grain fraction below 5 µm for states after the 1 × , 4 × , 
and 7 × pass does not change significantly and remains at 
the level of 4–4.5%.

In order to follow the evolution of the structure after the 
subsequent DRECE passes the obtained pole figures and 
orientation distribution function (ODF) were analyzed. Fig-
ure 10a shows the reference figure and ODF, and also pole 
figures for the IF steel after the deformation with DRECE 
(Fig. 10b–e). In the experimental steel in the initial state the 
so-called fibrous texture (111) is not identified. Only local 
maximums with higher intensities are visible for orientation 
groups along the α fiber. Crystallographic structure does not 
change significantly during subsequent DRECE passes. The 
changes apply only to a slight weakening of the texture after 
7 × pass (Fig. 10e). As suggest Tsui et al. [13] the texture 
effect might be one of the keys to understand the formation 
mechanism of the ultrafine grains in ARB, in other words, 
the ultrafine grain subdivision.

4  Conclusion

The main findings and conclusions of this study can be sum-
marized as follows:

1. The experimental IF steel was successfully processed 
in the continuous deformation using the dual rolls equal 
channel extrusion method up to 7 passes at a room tem-
perature.

2. After 4 DRECE passes, fraction of low angle bounda-
ries LAGBs increases significantly from 7% for the ini-
tial sample to 54%. The mechanism of IF steel grain 
refinement after the DRECE process may be based on 
the microstructural evolution understood as dislocation 
accumulation, transformation of dislocation boundaries 
into low-angle boundaries and the intersection of the 
microbands identified in the microstructure.

3. The conducted research showed that to obtain the frag-
mentation of the structure assessed on the basis of the 
grain size, it is necessary to take into account the change 
of deformation parameters, which will intensify the pro-
gress of the microstructure evolution and, consequently, 
will lead to obtain a larger fraction of ultra-metric grains 
in the tested steels.

4. The deformation with the DRECE method has little 
effect on the crystallographic texture of the low carbon 
IF steel. This texture does not change significantly dur-
ing subsequent DRECE passes. The changes apply only 
to a slight weakening of the texture after the last pass.
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5. The mechanical properties of the DRECE-processed IF 
steel strips increased with an increase in the number of 
passes and finally the yield strength reached a maximum 
of 328 MPa after 7 DRECE passes, which are more than 
two times higher as compared to that of the as-received 
material.

6. The elongation to failure considerably decreased 
with the number of passes. After 7 DRECE passes, it 
decreased down to 13% from 46% in the as-received 
condition. The increase in strength after the DRECE was 
attributed to the deformation microstructure including 
refined grains with relatively high density of disloca-
tions.

7. After DRECE deformation, ductile fracture of IF steels 
was confirmed by fractographic investigations.
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