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Abstract

The mechanical properties of an ultrafine grained 0.2%C–Mn steel, processed by large strain warm deformation and subsequent
annealing, have been investigated. The microstructure consists of spheroidized cementite particles in an ultrafine ferrite matrix (aver-
age grain diameter�1.3 lm). The steel shows an improved combination of strength and toughness when comparedwith corresponding
coarse grained specimens. The reasonable ductility of the steel can be attributed to the finely dispersed cementite particles, which also
effectively increase the work hardening rate by the accumulation of geometrically necessary dislocations in their vicinity. The lower
shelf energy is significantly higher and the ductile-to-brittle transition temperature is lower in the ultrafine grained steel than in com-
parable coarse grained specimens. This may be due to the joint effect of grain refinement and delamination in the ultrafine grained steel
processed by large strain deformation. The delaminations lead to a decrease in triaxiality of the stress state in the impact test samples.
The upper shelf energy is slightly reduced in the ultrafine grained steel, which can be attributed to the effect of delamination.
Ó 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Importance of grain refinement for improving

mechanical properties of steels

Ultrafine grained steels with relatively simple chemi-
cal compositions, strengthened primarily by grain refine-
ment, have great potential for replacing high strength
low alloyed steels. The unique feature of grain refine-
ment is that it is the only strengthening mechanism
which also increases toughness. Grain refinement of
steels which show a ductile-to-brittle transition results
in a decrease of the transition temperature [1,2].

For a mild steel processed by flat rolling the average
ferrite grain diameter can be reduced from 10 lm (for
conventional hot rolling and air cooling) to 5 lm (for

controlled rolling and water cooling), thereby, increas-
ing the yield stress by about 80 MPa [3–5]. Based on
the Hall–Petch and Cottrell–Petch relationships [6],
reducing the grain diameter from 5 to 1 lm would en-
hance the yield stress by 350 MPa and lower the duc-
tile-to-brittle transition temperature by 200 K. Another
decrease of the grain diameter by a factor of five would
increase the yield stress further by 680 to over 1000 MPa
even for a steel with lean composition [7]. Thus, strong
grain refinement to an average grain diameter below
1 lm offers a unique strategy to produce steels with high
yield stress and excellent toughness (low ductile-to-brit-
tle transition temperature) at minimal alloying. The
main benefits behind such an approach are to avoid
additional alloying elements, to skip complicated addi-
tional heat treatments like soft annealing, quenching
and tempering, and to improve weldability owing to
the reduced required content of carbon and other alloy-
ing elements when compared to high strength quenched
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and tempered steels. A further high potential domain for
such ultrafine grained steels is the possibility for high
strain rate superplasticity at medium and elevated tem-
peratures [8,9].

1.2. Related studies on the mechanical properties of

ultrafine grained steels

There are two main groups of methods to produce
ultrafine grained steels with a grain diameter of about
1 lm [10–21]. These are the techniques associated with
severe plastic deformation [12–17] and advanced ther-
momechanical processes [18–21]. There are basic differ-
ences between these two approaches. Advanced
thermomechanical processes are continuous treatments
where the phase transformation is essential for the
refinement process. The severe plastic deformation tech-
niques are discontinuous methods which are particularly
suited to relatively soft materials since quite large strains
(i.e., true-strains above 4) are applied in order to obtain
ultrafine microstructures.

Several groups [3,22–25] have reported promising
tensile properties (at room temperature) of ultrafine
grained steels produced either by severe plastic deforma-
tion or by advanced thermomechanical processes.
Unfortunately, many of the ultrafine grained steels
investigated did not display a significant amount of
work hardening during tensile testing at room tempera-
ture. This shortcoming was in particular reflected by
their high yield ratios (lower yield stress/ultimate tensile
stress), which, for many ultrafine grained steels, were
approximately 1.0, while the yield ratios in conventional
steel with similar alloy content are generally close to
0.70. This small amount of work hardening leads typi-
cally to the low tensile ductility of ultrafine grained steels
with a grain size below 1 lm. According to the work of
Park et al. [25], an ultrafine grained low carbon steel
(0.15 wt.%C–1.1 wt.%Mn–0.25 wt.%Si) with a grain size
of 200 nm, manufactured by severe plastic deformation
(accumulative equivalent strain of 4.0 at 623 K), exhib-
ited no work hardening, i.e., necking occurred already
in the Lüders regime. Therefore, only a small ‘‘uniform’’
elongation was achieved.

While several reports presented tensile properties of
ultrafine grained steels [3,22–25], corresponding Charpy
impact properties were rarely investigated due to limita-
tions in the sample size typically available from such lab-
oratory-scale process set-ups.

1.3. Scope of this study

In this study, the mechanical properties of an ultra-
fine grained 0.2%C–Mn steel produced by large strain
warm deformation and annealing were investigated.
The data are compared to the mechanical properties of
a coarse grained steel with the same composition.

The goal of this study is twofold. First, we aim to
obtain a better understanding of the insufficient work
hardening rate in ultrafine grained steels, and to use
this knowledge to improve the work hardening rate
by introducing small spheroidized cementite particles
in a fine ferrite matrix. Second, in order to study the
Charpy impact properties of the ultrafine grained steel,
which were rarely studied in previous investigations,
large samples of �10 mm in thickness were produced
by large-scale plane strain compression tests at the
Max-Planck-Institut für Eisenforschung. The Charpy
impact properties of the ultrafine grained steel, such
as the ductile-to-brittle transition temperature, are dis-
cussed in detail.

2. Experimental methods

2.1. Specimens and experimental set-up

The chemical composition of the C–Mn steel used in
this work was 0.22C–0.21Si–0.74Mn–0.004P–0.003S–
0.001N–0.029Al (mass%). The calculated Ae3 tempera-
ture (equilibrium austenite to ferrite transformation
temperature) is 1093 K [26]. The laboratory samples
were machined directly from the cast ingot into rectan-
gular parallelepiped samples of 50 · 40 · 60 mm3

(width · length · height). The plane strain compression
tests were conducted by use of a large scale 2.5 MN
hot press [27], where the compression direction was par-
allel to the sample height.

2.2. Outline of the experimental routes for processing the

ultrafine grained steel

All specimens were pre-processed by an identical
austenitization and cooling route in order to provide a
homogeneous ferrite–pearlite microstructure before the
application of the different actual thermomechanical
techniques [10,28–30]. The basic strategy to obtain a fine
transformed ferrite–pearlite microstructure is to use a
low austenitization temperature for producing relatively
fine austenite. The details of the procedure are as fol-
lows: The samples were austenitized at 1193 K (100 K
above Ae3) for 3 min to achieve a fine austenite grain
size. After air cooling to 1143 K, a one-step deformation
pass was exerted imposing a logarithmic strain of e = 0.3
at a strain rate of 10 sÿ1 in order to obtain fully recrys-
tallized austenite. This was followed by a controlled
cooling procedure down to the pearlite finish tempera-
ture of 823 K at a cooling rate of 6.5 K sÿ1 which is
the maximum cooling rate to obtain a bainite free fer-
rite–pearlite microstructure. After this primary treat-
ment which was identical for all specimens, the
following different experimental routes were carried
out to provide sets of different types of microstructure:
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(a) Conventional route: In order to study the initial fer-
rite–pearlite microstructure before large strain
warm deformation, a conventional thermome-
chanical route was applied. This means that after
the controlled cooling and 2 min holding period
at 823 K as described above the samples were
water quenched in order to obtain a bainite-free
ferrite–pearlite microstructure.

(b) Ultrafine grain route: After a 2 min holding period
at 823 K, the large strain warm deformation was
performed by applying a four-pass plane strain
compression process with an inter-pass time of
0.5 s. Each of the four subsequent steps imposed
a logarithmic strain of e = 0.4 accumulating to a
total strain of e = 1.6. Each pass was conducted
at a strain rate of 10 sÿ1. Subsequently, an anneal-
ing treatment of 2 h at 823 K was undertaken. The
details of the processing can be found in [10].

2.3. Characterization of the microstructure

2.3.1. Light optical microscopy

The specimens for light optical microscopy were
mechanically polished to a 1 lm finish and etched using
a 1% Nital solution. Micrographs were taken at a sam-
ple location where the local strain was equal to the nom-
inal strain according to finite element calculations.

2.3.2. Scanning electron microscopy

We use a JSM-6500F field-emission scanning electron
microscopy (SEM). The JSM-6500F offers high lateral
resolution and a large probe current density at small
probe diameters which is an essential condition for con-
ducting high-resolution electron backscatter diffraction
(EBSD) mapping, see following section. Sample prepa-
ration for microstructural analysis in the SEM was the
same as that for optical metallography.

2.3.3. Microtexture analysis by EBSD

The EBSD measurements were carried out at an
accelerating voltage of 15 kV and an emission current
of about 100 lA at a specimen inclination angle of 70°
towards the camera. Orientation maps were taken at a
step size of 100 nm. In the present study, high-angle
grain boundaries were defined as homophase interfaces
with a misorientation angle of h P 15°. Lower values
of the local misorientation (2° 6 h < 15°) represent
low-angle grain boundaries.

2.3.4. Characterization of grain size

Ultrafine grains produced by large strain deformation
in steels are often not completely surrounded by high-an-
gle grain boundaries, but some of the grain boundary
segments may have low-angle misorientation character
[28]. Compared with low-angle grain boundaries, high-

angle grain boundaries are more important for strength-
ening. Also, high-angle grain boundaries are more effi-
cient in improving the toughness of steels. Therefore, it
is necessary to clearly identify and quantitatively charac-
terize the grain boundary character together with the
analysis of the grain size [28]. Also, careful characteriza-
tion of the average grain size is essential for predicting
the mechanical properties of steels in terms of the
Hall–Petch relationship. For this reason, in this study
the ferrite grain size (counting only grains with a grain
boundary misorientation h P 15°) produced by the
ultrafine grain route was measured by use of EBSDmaps
in conjunction with the mean linear intercept method.
The spacing between the grain boundaries was measured
both, along the normal direction (ND) and the rolling
direction (RD). The grain size is then defined as the aver-
age diameter of the equivalent area circles which match
the area of the elliptically shaped grains. The ferrite grain
size produced by the conventional route was measured
by use of the mean linear intercept method.

2.4. Measurement of the mechanical properties

2.4.1. Tensile testing

Quasi-static mechanical characterization was con-
ducted by using tensile test specimens with a round cross
section (B = 5 mm) and a gauge length of 25 mm, which
were machined in accordance with the corresponding
ASTM standard. Tensile tests were conducted at room
temperature with a constant crosshead speed of
0.5 mm/min.

2.4.2. Charpy impact test

Subsize Charpy V-notched specimens with a ligament
size of 3 · 4 mm2 were machined along the rolling direc-
tion according to the German Industry Norm DIN 50
115. Impact tests were conducted in a temperature range
from 103 to 423 K. Temperature measurement was car-
ried out during impact testing by using a thermocouple
soldered to the specimen. The value of the ductile-to-
brittle transition temperature (DBTT) was determined
from the Charpy curve as the temperature correspond-
ing to the half value of the upper shelf energy. The re-
sults obtained on such subsize specimens were
converted to values valid for full size specimens (EN
10 045) by using the correlations recommended in [31].

3. Experimental results

3.1. Microstructures obtained from the conventional and

ultrafine grain routes

The microstructure of the steel after the conventional
route (without large strain warm deformation) consists
of ferrite and pearlite (Fig. 1(a)). After the large strain
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warm deformation (e = 1.6) and subsequent annealing
at 823 K for 2 h (ultrafine grain route), the microstruc-
ture consists of ferrite with a small grain size and glob-
ular cementite particles (Fig. 1(b)). Smaller cementite
particles (5–90 nm) are distributed inside the ferrite
grains (see arrows 1). Planar arrays of larger cementite
particles (90–350 nm) are located at the ferrite grain
boundaries (see arrows 2), acting as obstacles to the
migration of ferrite grain boundaries in the normal
direction. The average ferrite grain sizes in the initial fer-
rite–pearlite microstructure (Fig. 1(a)) and in the ultra-
fine microstructure (Fig. 1(b)) are 6.8 and 1.3 lm,
respectively. Further details of the microstructure were
reported earlier in [10].

3.2. Comparison of the mechanical properties between the

conventional and ultrafine grained steels

3.2.1. Tensile properties

Fig. 2 shows the tensile properties of the conventional
and the ultrafine grained steels at room temperature. The
decrease in grain size from 6.8 to 1.3 lm leads to an in-
crease in strength (especially of the lower yield stress)
and in Lüders strain. The ductility of the ultrafine grained
steel decreases. The total elongation yields about 20%.

Fig. 3 shows details of the tensile properties. Each
symbol represents an average value obtained from three
separate tensile tests. The decrease in the average ferrite
grain size from 6.8 to 1.3 lm leads to an increase of the
lower yield stress by 49% (Fig. 3(a)), of the ultimate ten-
sile stress by 14% (Fig. 3(a)), of the yield ratio by 30%
(Fig. 3(b)), and of the Lüders strain by 39%
(Fig. 3(c)). The decrease in grain size also results in a
drop of the uniform and of the total elongation by
43% and 33%, respectively (Fig. 3(d)).

3.2.2. Charpy impact properties

Fig. 4 shows the impact transition curves of the
steels for subsize specimens. Compared with the con-
ventional steel the upper shelf energy is decreased

and the sigmoidal curve is flatter in the ultrafine
grained steel. As introduced above, the DBTT is de-
fined as the temperature at half of the upper shelf en-
ergy. Fig. 4 shows that the decrease in grain size
leads to a decrease in the ductile-to-brittle transition
temperature. In the ductile-to-brittle transition region
the absorbed energy changes slightly with temperature
for the ultrafine grained steel.

It is important to note that the lower shelf energy of
the ultrafine grained steel is much higher than that of the
conventional steel. For example, in Fig. 4, the absorbed
energy amounts to about 2 J for the ultrafine grained
steel at an impact test temperature of 103 K. In contrast,
it yields only about 0.5 J for the conventional steel tested
even at 143 K. Figs. 5(A) and (B) show the fracture sur-
faces of the ultrafine grained steel and of the conven-
tional steel tested at 103 K and 143 K, respectively. In
Fig. 5(a), the fracture surface of the ultrafine grained
steel consists of both smooth delaminations/splits and
dimpled fracture, in alternating sequence. Nearly 50%
shear fracture can be observed in the fracture surface.
If the DBTT is defined by the temperature at which
50% of the fracture surface is shear fracture, the DBTT
of the ultrafine grained steel is approximately 103 K for
the subsize specimen. The details of the contributions of
smooth delamination and dimpled fracture are shown in
Fig. 5(b)–(d). The observation area is in the middle of
the thickness (along ND), about 1 mm away from the
V-notch. The reason to select this location as the area
of observation is because the stress state during impact
testing at this position promotes a more brittle fracture.
In contrast to the ultrafine grained specimen, in the
conventional steel a complete cleavage fracture (nearly
100%) occurs already at 143 K, Fig. 5(e) and (f).

Fig. 1. (a) Light optical micrograph of the initial ferrite–pearlite

microstructure of the steel processed by the conventional route

(without large strain warm deformation). (b) SEM image of the

ultrafine grained steel processed by the ultrafine grain route (with

warm deformation, e = 0.4 · 4, and subsequent 2 h annealing at

823 K). The white markers (number 1) highlight the dispersion of

cementite particles inside the ferrite grains and the alignment of

cementite particles along the ferrite grain boundaries (number 2).

Fig. 2. Comparison of engineering stress–strain curves of the steels

with different ferrite grain sizes. The different grain sizes were produced

by the conventional route (without large strain warm deformation) and

the ultrafine grain route, respectively. The ultrafine grain route

involved a warm deformation procedure with four steps (each

deformation step with e = 0.4 and _e ¼ 10 sÿ1) and a subsequent 2 h

annealing treatment at 823 K. The symbol da refers to the average

ferrite grain diameter.
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Fig. 6(a) shows the SEM image of the same ultrafine
grained steel after the Charpy impact test at 103 K
(Fig. 5(a)) but measured this time in the transverse
direction of the specimen. The serrated area of the
sample close to the fracture surface (Fig. 6(a)) displays
the alternating ductile and delaminated areas of the
fracture surface (Fig. 5(a)). The white arrows in
Fig. 6(a) point out chains of large voids in the speci-
men in front of the actual fracture surface, which are
aligned parallel to RD. Figs. 6(b) and (c) show large
magnification of the crack along RD and the area be-

low a shear surface, respectively, in terms of microtex-
ture maps taken by EBSD. The orientation maps show
the crystalline directions parallel to ND as indicated by
the colors in the stereographic triangle, Fig. 6(c).
Fig. 6(b) shows mainly two colors at the tip of the
crack, namely, red and blue indicating the texture com-
ponents of Æ111æiND (in blue) and Æ001æiND (in red).
It can be seen that the crack separates the elongated
clusters of grains with different texture components of
Æ111æiND and Æ001æiND, which demonstrates that
the crack spreads along the boundaries of grains
(e.g., grain ‘‘1’’ and ‘‘2’’) with different orientations
(i.e., high-angle grain boundary misorientation).
Fig. 6(c) shows the ND orientation map below a shear
fracture. Compared to Fig. 6(b), the Æ101æiND texture
component is the majority in Fig. 6(c). This is due to
the bending during the Charpy impact test. An aligned
damage (highlighted by the ellipse) below the shear
fracture can be seen clearly.

The values of the Charpy impact properties for the
ultrafine grained and the conventional steels, calculated
for full size specimens according to [31], are summarized
in Fig. 7. The data reveal that grain refinement leads to a
decrease in both the ‘‘specific’’ upper shelf energy (re-
lated to the ligament area) and the DBTT.

In order to understand why the ultrafine grained steel
shows a reduced upper shelf energy compared with the
coarse grained specimens, the fracture surfaces of the
steels in the upper shelf region were investigated in detail.
Fig. 8(a) and (b) shows the fracture surfaces of both
steels after Charpy impact testing at room temperature.

Fig. 4. Dependence of the Charpy impact properties on temperature

of the steels with different ferrite grain sizes. The symbol da refers to

average ferrite grain diameter. DBTTsubsize: ductile-to-brittle transition

temperature of subsize specimen with a ligament size of 3 · 4 mm2. The

ductile-to-brittle transition temperature was determined by using the

correlations recommended in [31].

Fig. 3. Comparison of the tensile properties at room temperature of the steels with different ferrite grain sizes. The symbol da refers to the average

ferrite grain diameter. (a) strength; (b) yield ratio: lower yield stress/ultimate tensile stress (LYS/UTS); (c) Lüders strain; (d) ductility.
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Compared to a complete shear fracture surface in the
conventional steel (Fig. 8(a)), a few delaminations (indi-
cated by black arrows in Fig. 8(b)) can be observed in the
ultrafine grained steel (Fig. 8(b)). The delamination in
the ultrafine grained steel becomes more pronounced
with decreasing testing temperature. For example,
Fig. 8(c) shows a continuous delamination which extends
almost through the entire fracture surface in the ultrafine
grained specimen at a test temperature of 233 K. With a
further decrease in the test temperature to 103 K, the
length and number of these continuous delaminations in-
crease, Fig. 8(d). The effect of grain refinement on lower
yield stress and transition temperature is summarized in
Fig. 9. The decrease in grain size from 6.8 lm to 1.3 lm
leads to an increase in yield stress and a decrease in duc-

tile-to-brittle transition temperature, i.e., to an improved
combination of strength and toughness.

4. Discussion

4.1. Tensile properties

4.1.1. Strength

Compared with the tensile properties of the conven-
tional steel, a substantial enhancement of the strength
is found for the ultrafine grained steel, Fig. 3(a). Numer-
ous investigations have shown that the yield stress of
low-carbon steel increases in inverse proportion to the

Fig. 5. SEM micrographs of the fracture surfaces of the steels with different ferrite grain sizes after the Charpy V-notch impact tests: (A) Fracture

surface of the ultrafine grained steel after impact testing at 103 K. (a) total view of the fracture surface; (b) smooth delamination surface; (c) border

area between delamination surface and shear fracture; (d) shear fracture. Observation areas of (b)–(d) are shown in (a). (B) Fracture surface of the

conventional steel after impact testing at 143 K. (e) total view of the fracture surface; (f) appearance of the cleavage fracture, observation area is

shown in (e).
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square root of the ferrite grain size in terms of the Hall–
Petch relationship.

It is important to note in this context that the ultrafine
grained steel contains dislocations and corresponding

substructures inside the ultrafine grains [10] as well as
an elongated grain morphology in the microstructure,
Fig. 1(b). This means that the increase in strength for
the ultrafine grained specimens is caused not only by
grain refinement strengthening but also by residual work
hardening and crystallographic texture strengthening.
Nevertheless, the latter two strengthening mechanisms
do not change the tensile properties to the same degree
as the reduced grain size. Thus, it is plausible that grain
refinement is the main factor in improving the strength of
the ultrafine grained steel investigated.

4.1.2. Ductility

One of the unusual aspects of ultrafine grained steels
is their relatively low tensile ductility at room tempera-
ture (especially the uniform elongation) compared with
their coarse grained counterparts. This applies also in
the current case. The data shown in Fig. 2 indicate that
the amount of work hardening is reduced by grain
refinement. This is reflected by a higher yield ratio
(lower yield stress/ultimate tensile stress) of about 0.90
for the ultrafine grained steel compared with a ratio of
0.7 for the conventional steel, Fig. 3(b). The reason for

Fig. 6. SEM image and ND orientation maps (taken by the EBSD measurement) of the ultrafine grained steel after Charpy impact testing at 103 K;

the specimen shown in Fig. 5(a) but measured this time in the transverse direction (TD) of the sample. Orientation components in (b) and (c),

Æ111æiND in blue, Æ001æiND in red and Æ101æiND in green. (a) Total view of the sample in TD. The white arrows point out chains of large voids in

the specimen. (b) Front of a crack. The circles 1 and 2 show two elongated grains with high–angle grain boundaries in between. (c) Aligned damage

below a shear fracture. The ellipse highlights the alignment of voids along the grain boundaries.

Fig. 7. Charpy impact properties of the steels with different ferrite

grain sizes. The symbol da refers to average ferrite grain diameter. The

specific upper shelf energy and the transition temperature in this

context are the energy and temperature related to the ligament area for

a full size specimen. These were converted from the results of subsize

specimens by using the correlations recommended in [31].
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the decrease in tensile ductility at room temperature for
the ultrafine grained steel can be explained as follows:

First, dynamic recovery as a softening mechanism is
able to reduce the apparent work hardening rate. Dur-
ing tensile deformation, the dislocations that carry the
intragranular strain are trapped at grain boundaries.
Especially in ultrafine grained steels, the kinetics of dy-
namic recovery is associated with the spreading of
trapped lattice dislocations into grain boundaries [32–
34]. The change of the dislocation density during

dynamic recovery in terms of the trapped lattice disloca-
tions spreading into the grain boundaries was studied in
detail by Park et al. [25]. The authors calculated the
approximate times for dislocations spreading into grain
boundaries. These showed that for ultrafine grained
steels, the time for dislocations spreading into grain
boundaries is shorter than the deformation time of the
tensile test. This decrease in dislocation density leads
to no significant accumulation of dislocations inside
the grains and, consequently, to less work hardening
when compared with corresponding steels of large grain
size. Following these earlier investigations, we assume
that there are two kinds of recovery mechanisms,
namely, slow recovery in the grain interiors and much
faster recovery in the vicinity of grain boundaries. In
coarse grained steels, the latter was not clearly observed
due to a lower volume fraction of the overall volume
near grain boundaries. Using data from the present
study, where the grain diameter was reduced from 6.8
to 1.3 lm, this grain refinement can be expected to
enhance the volume fraction of the overall volume near
grain boundaries by a factor of about five. Thus, in
ultrafine grained steels, such faster recovery near grain
boundaries seems to be significant.

Second, the decrease in tensile ductility can be ex-
plained in terms of plastic instabilities, which initiate
necking due to excessive localized deformation. The con-
dition for the initiation of necking in a tensile test is indi-
cated by the Considère criterion [35], rt = drt/det. When

Fig. 8. Fracture surfaces of the steels with different ferrite grain sizes after Charpy V-notch impact tests (SEM): (a) Fracture surface of the

conventional steel after impact testing at 293 K; (b), (c) and (d) fracture surfaces of the ultrafine grained steel after impact testing at 293, 233 and

103 K, respectively. The black arrows point out material delaminations.

Fig. 9. Lower yield stress and ductile-to-brittle transition temperature

of the steels. The results from the coarse grained and ultrafine grained

steels are displayed by open and filled symbols, respectively. The

symbol da refers to average ferrite grain diameter.
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the slope of the true-stress true-strain curve (workharden-
ing rate), drt/det, is equal to the true-stress, rt, uniform
deformation stops and necking is initiated. As mentioned
above, ultra grain refinement greatly increases the flow
stress of steels, especially during the early stages of plastic
deformation. On the other hand, the present work also re-
vealed that grain refinement led to a reduced work hard-
ening capacity. As a result, plastic instability (necking)
occurs at an early stage during tensile testing, which re-
sults in a limited uniform elongation in ultrafine grained
steels.

The yield ratio is high in ultrafine grained steels,
Fig. 3(b). However, despite the high strength, good duc-
tility can still be obtained, as documented by the total
elongation of about 20% and the uniform elongation
of about 10%, Fig. 3(d). These values differ from the re-
sults reported in previous studies which presented total
elongations of not more than 10%. The good ductility
in the present case can be attributed to the presence of
finely dispersed cementite particles, which improve the
work hardening capacity [29]. A large volume fraction
and a fine dispersion of the cementite particles effectively
increases the work hardening rate by promoting the
accumulation of geometrically necessary dislocations
around the particles [36,37].

4.1.3. Lüders strain

In Fig. 3(c), the decrease in grain size led to an in-
crease in the Lüders strain. A large Lüders strain has
been noted previously by Lloyd and Morris [38] in a
fine grained (1–3 lm) Al–6%Ni alloy that contained
small amounts of magnesium in solid solution. They
observed that the reduction of grain size entailed a
drop in yield stress and a decrease in work hardening.
Hayes and Wang [39,40] conducted a study on the
influence of grain refinement on the Lüders strain in
Al alloys. They investigated the serrated strain regime
for specimens with various grain sizes between 0.4
and 20 lm and observed that the Lüders strain was lin-
early proportional to the inverse square root of the
grain size in Al alloys, as in the Hall–Petch relation-
ship. The appearance of pronounced yield drops and
very large Lüders strain regimes thus appear to be
characteristics of ultrafine grained Al alloys [39]. These
phenomena can be linked to an instantaneous low den-
sity of mobile dislocations, the lack of dislocation
sources within grains, and the low work hardening rate
of ultrafine grained alloys.

The serrated flow that characterizes the propagation
of plastic strain within a Lüders band is governed by
the dynamic interplay of micromechanical hardening
and softening. The Lüders regime with its dynamic bal-
ance is, therefore, determined by the locking state of the
dislocations, the hardening coefficient, the softening
coefficient, the strain rate and the temperature [29]. In
the present study, yielding of the steels investigated took

place in the form of deformation bands initiated due to
local stress concentrations. Owing to the high density of
mobile dislocations formed by unlocking and by disloca-
tion multiplication, the material within this deformation
band effectively softens and undergoes localized plastic
deformation. As mentioned in Section 4.1.2, dynamic
recovery is pronounced in steels with smaller grain sizes
owing to fast recovery in the vicinity of grain boundaries
[25]. A decrease in the work hardening rate in the ultra-
fine grained steel, which can be attributed to the rapid
dynamic recovery, leads to stress saturation at large
strains. This amounts to slow propagation of the Lüders
band front for the steel with the fine microstructure.

4.2. Toughness

4.2.1. Effect of grain refinement

A reduction in the average grain size commonly
leads to a lower DBTT (Fig. 4). This can be under-
stood in terms of cleavage crack initiation and propa-
gation. It is known that the grain size is one of the
major factors determining the cleavage fracture unit
[41,42]. According to the work of Kim and Brozzo
[41,42], the cleavage fracture unit is the length of a
cleavage crack between two neighboring breakthrough
points in its propagation direction, which is reduced
as the grain size decreases. When the cleavage crack
propagates through several grains, both the emission
of crack-tip dislocations and the formation of cleavage
facets are interrupted by the grain boundaries. If the
cleavage crack moves across a high-angle grain bound-
ary, the crack front must be branched, which, together
with the separation of the grain boundary between the
breakthrough points, result in an additional portion of
fracture work. This toughening effect can lower the
DBTT considerably [43,44]. For example, when the
cleavage crack paths are carefully observed at high
magnifications, it can be seen that the paths are chan-
ged by high-angle grain boundaries. Furthermore, it
was observed that cleavage cracks can also be impeded
by high-angle grain boundaries [45]. Thus, a decrease
in grain size can limit the propagation of initiated
cleavage cracks and raise the fracture toughness in
the transition region.

The ductile-to-brittle transition of a body-centered
cubic material is accompanied by a change in the frac-
ture mechanism from void coalescence to cleavage. Thus
the DBTT can be quantitatively interpreted as a result of
the competition between the flow stress and the cleavage
fracture stress of the material [46]. According to the
Hall–Petch relation [6], grain refinement contributes to
an increase in the yield stress. On the other hand, grain
refinement effectively enhances the cleavage fracture
stress. Since the DBTT is the point at which the yield
stress is equal to the cleavage fracture stress, therefore,
the DBTT is lowered by grain refinement due to a more
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significant increase in the cleavage fracture stress than in
the yield stress.

Grain refinement leads to an improvement in tough-
ness. Nevertheless, the morphology of pearlite or
cementite has complex effects on the impact properties.
Coarse rod-type and spherical-type cementite particles
are considered as initiation sites for damage [47] and
are major detrimental microstructural features in steels
[46]. This is due to the low adhesion between the second
phase and the matrix and to differences in their elastic
and plastic properties [48]. It was assumed that, com-
pared with lamellar cementite, spherical cementite parti-
cles exert a less drastic effect on toughness. However, for
the occurrence of cleavage fracture, the free distance of
two neighboring high-angle grain boundaries (Griffith
type crack length) seems to be more important than
the shape and dispersion of the particles. The pro-
nounced effect of grain refinement on improving tough-
ness has been reported in [30].

4.2.2. Shelf energy

The ductile-to-brittle transition in steels is associated
with two different failure mechanisms. At high tempera-
tures in the upper shelf region, fracture occurs by the
nucleation and coalescence of microvoids entailing duc-
tile tearing. This process requires extensive plastic defor-
mation and, therefore, large amounts of energy. At low
temperatures, fracture occurs by cleavage, which is the
sudden separation of atomic planes across the specimen
[49,50]. In this case, less energy is required.

4.2.2.1. Lower shelf energy. Fig. 4 shows that the lower
shelf energy is significantly higher in the ultrafine
grained steel than in the coarse grained steel. On the
one hand, this can be attributed to the effect of grain
refinement on improving toughness even at very low
temperatures, which is documented by the presence of
about 50% shear fracture in the ultrafine grained subsize
specimen when the test temperature was as low as
103 K. On the other hand, this phenomenon can be re-
lated to the anisotropic microstructure or pronounced
crystallographic texture of the ultrafine grained steel
produced by the large strain deformation below the A1

temperature (austenite to pearlite transformation finish
temperature).

After the large strain deformation, a strong alignment
of the microstructure was formed along the rolling direc-
tion, Fig. 6(a). In Fig. 6(a), the chains of voids along the
RD were visible. A large magnification of the crack tip,
Fig. 6(b), showed that the path of crack propagation
was located between two elongated grains which were
separated by a high-angle grain boundary (i.e., grain
‘‘1’’ and grain ‘‘2’’). This observation demonstrates that
a high-angle grain boundary acts as a favorable path for
crack propagation. This is preferred when large cement-
ite particles are located at the ferrite grain boundaries,

e.g., see the alignment of voids along the grain bound-
aries in Fig. 6(c). The alternating microstructure of fer-
rite and aligned cementite particles facilitates the spread
of cracks (below the V-notch) not only in the transverse
direction but also in the rolling direction, Figs. 5(a) and
6(a) and (b).

Figs. 6(a) and (b) showed that the delaminations fol-
low along the elongated grain boundaries. The occur-
rence of the delamination along the grain boundaries
both above and below an elongated grain indicates that
the delamination can make minor adjustments in its
propagation direction to switch from one grain bound-
ary to another. The high-magnification view of the frac-
ture surface for the ultrafine grained steel tested at 103 K
clearly showed the smooth delamination surface as well
as the dimpled ductile fracture area (Fig. 5(c)). Close
examination of the delamination revealed a relatively
smooth undulating surface, Fig. 5(b), which suggests
some type of decohesion of the grain boundaries. This
is also confirmed by the observation that two elongated
grains (i.e., grain ‘‘1’’ and grain ‘‘2’’ in Fig. 6(b)) with dif-
ferent texture components, Æ111æiND and Æ001æiND,
respectively, were separated by a crack. The delamina-
tions appear to propagate by means of a low-energy frac-
ture mechanism that produces a fairly smooth fracture
surface. This fracture does not exhibit the typical cleav-
age appearance with a strong (100) texture [51].

The emergence of the delaminations has not so far
been sufficiently explained. From previous studies it
seems that features like bent ferrite–pearlite microstruc-
tures [50], elongated ferrite grain shapes [51], certain tex-
ture characteristics [52], and aligned particles and
inclusions [53] favor the occurrence of delamination.
According to [54], the phenomenon of delamination
does not have a direct influence on the speed of crack
growth in ductile failure. Nevertheless, delamination
leads to a reduction of the DBTT, which can be ex-
plained as follows.

The stress state at the crack tip determines the extent
of fracture toughness, which increases with decreasing
tensile triaxiality. Tensile triaxiality can be reduced by
relaxing the rzz stress component (Fig. 10) by the delam-
ination of interfaces that are perpendicular to the nor-
mal direction (thickness direction). When delamination
occurs, the effective thickness of the sample is reduced
and the rzz stress decreases to zero at each delamination.
Eventually, the specimen acts like a cluster of thin sam-
ples instead of one thick sample, Fig. 5(a). For this rea-
son, the extent of the shift in the DBTT depends on the
number of weak planes introduced into the specimen,
i.e., the more subsections are introduced, the thinner
the delaminated segments will be and the larger the ten-
dency for plane stress. In the present study, each inter-
face of ferrite and aligned cementite particles acts like
a weak plane. The more aligned cementite particles are
present, the more weak planes are introduced and the
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higher the possibility of delamination. As a result, a
higher fracture toughness or a lower ductile-to-transi-
tion temperature can be expected.

On the other hand, the distribution of sulphides,
which exist as manganese sulphides in most structural
steels, is different in the rolling, transverse and thickness
directions [49]. After large strain deformation, a high
notch impact energy is expected in the rolling direction
due to the low density of hetero-interfaces between the
matrix and inclusions along the crack path (below the
V-notch and along the TD). Due to the very low sulphur
content (0.003 mass%) in the steel investigated, there
should be no significant effect of manganese sulphide
on the anisotropy.

4.2.2.2. Upper shelf energy. Fig. 7 shows a lower specific
upper shelf energy in the ultrafine grained steel if com-
pared with the conventional steel. On the one hand, this
may be due to the relatively low ductility of this steel,
which is documented by the smaller integrated area be-
low the engineering stress–strain curve before necking,
Fig. 2. Another reason can be attributed to the appear-
ance of some delaminations in the ultrafine grained steel
tested even in the upper shelf region.

Compared to a complete shear fracture surface in the
conventional steel (Fig. 8(a)), a few delaminations can
be observed in the ultrafine grained steel (Fig. 8(b))
when the Charpy impact test was carried out at room
temperature (in the upper shelf region). Since there is
only minor plastic deformation in the area of the delam-
ination, less consumption of energy and a reduced frac-
ture toughness can be expected in the ultrafine grained
steel (Fig. 8(b)) compared with the conventional steel
with a complete shear fracture (Fig. 8(a)). This is differ-
ent from the case in the lower shelf energy region, where
the decrease in the DBTT is evident due to the change in
the stress triaxiality associated with relaxing rzz. As a re-
sult, a lower upper shelf energy and a lower DBTT were

obtained in the ultrafine grained steel processed by large
strain warm deformation (Fig. 7).

According to the work of Fujioka et al. [55], a reduc-
tion of the upper shelf energy was also observed in a
0.16C–0.44Si–1.33Mn–0.012Ti–0.013Nb steel with a
grain size of 1.5 lm. The ultrafine grained steel in their
study was produced by flat rolling with a total logarith-
mic strain of e � 2.5 at 973 K. They attributed the re-
duced value of the upper shelf energy to the elongated
grain morphology in the ultrafine grained steel. How-
ever, in the study of Nagai [21] the same value of upper
shelf energy was found for an ultrafine and a coarse
grained steel (0.15C–0.3Si–1.5Mn) with grain sizes of
0.9 and 20 lm, respectively. The ultrafine grained steel
was fabricated by warm rolling using caliber rolls. The
sample was rotated 90° about the rolling direction after
each pass in order to conduct multi-directional deforma-
tion. The upper shelf energy was unexpectedly high,
which was explained by the high cleanness of the steel
investigated [21].

According to our investigation and earlier reports in
the literature on the shelf energy of ultrafine grained
steels [21,55], the reduced value of the upper shelf energy
in two-phase ultrafine grained materials may be mainly
due to the anisotropic microstructure resulting from
the large strain deformation. Unfortunately, large strain
deformation at a low deformation temperature is cur-
rently a favorable method to produce ultrafine grained
microstructures. Therefore, it might be particularly
attractive in the future to develop ultrafine grained steels
by the use of relatively low strains and high
temperatures.

5. Conclusions

An excellent combination of strength and toughness
was obtained in an ultrafine grained 0.2%C–Mn steel
produced by large strain warm deformation. Significant
work hardening led to reasonable ductility in the ultra-
fine grained steel, which is documented by about 10%
uniform elongation and 20% total elongation. Grain
refinement also resulted in an increased Lüders strain.
Our main conclusions are:

(1) The reasonable ductility obtained can be attrib-
uted to the presence of finely dispersed cementite
particles, which improved the work hardening
capacity owing to the accumulation of geometri-
cally necessary dislocations around the particles.

(2) The ultrafine grained steel was characterized by a
large Lüders strain. This effect can be explained
by the low density of mobile dislocations and the
relatively low work hardening rate due to the rapid
dynamic recovery of ultrafine grained steel com-
pared to coarse grained steel.

Fig. 10. Geometry of a notch and directions of the stresses. rxx, ryy
and rzz: normal stresses in the x-, y- and z-directions, respectively. The

direction of rzz is parallel to the notch front. The biaxial stress state at

the free surface is plane stress (rzz = 0).
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(3) In the ultrafine grained steel, the upper shelf
energy was relatively low, this can be attributed
to the occurrence of delaminations. The alignment
of cementite particles along the ferrite grain
boundaries in the rolling direction and the crystal-
lographic texture promoted the formation of
delaminations.

(4) The lower shelf energy was significantly raised and
the DBTT was lower in the ultrafine grained steel
compared to the coarse grained steel. This can be
attributed to the joint effect of the small ferrite
grain size and the occurrence of delamination,
which entailed a decrease in the triaxiality of the
stress state in the impact test samples of the ultra-
fine grained steel.
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