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Abstract

The influence of cold biaxial forging and annealing on the microstructure evolution and
mechanical properties of Fe-18Mn-0.6C-0.1N TWIP steel was investigated. The microstructure
after thermomechanical treatment was examined by means of scanning electron microscopy
(SEM) with electron back-scatter diffraction (EBSD) analyzer and transmission electron mi-
croscopy (TEM). The microstructure containing a high density of deformation twins was
evolved by cold forging. Then, the deformation microstructure was recovered or partially re-
crystallized during subsequent annealing for 1 h at 673 or 873 K, respectively. The cold biaxial
forging followed by partial recrystallization resulted in a very attractive combination of me-
chanical properties. The yield strength and the ultimate tensile strength of the steel after cold
biaxial forging were 1320 and 1540 MPa, respectively, with elongation of 6 %. On the other
hand, the yield and ultimate tensile strengths of 770 and 1110 MPa, respectively, and elon-
gation about 40 % were obtained after partial recrystallization. The as-forged and recovery
annealed samples showed fatigue limit of 600 and 550 MPa, respectively, and the sample after
partial recrystallization showed slightly lower fatigue limit of 500 MPa.
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1. Introduction

High-Mn steel with twinning induced plasticity ef-
fect (TWIP) has captured the industry attention due
to its excellent combination of mechanical properties
[1-3]. The TWIP-effect is attributed to the formation
of deformation twins with nanometer thickness. The
deformation twinning develops in steel with medium
stacking fault energy ranging from 20 to 40 mJ m—2
[4], which in turn depends on the chemical compo-
sition. The extensive formation of nanotwins leads
to the so-called dynamic Hall-Petch effect resulting
in an exceptionally high strain hardening [5]. De-
spite great advantages of TWIP steels, they have one
common shortcoming that is low yield strength in
comparison with modern high strength steels. The
yield strength can be improved in several different
ways, e.g. cold working followed by heat treatment.
Some work on recovery annealing of cold worked steels

[6, 7] proved this method to be useful to enhance
strength-plasticity combination. The closely spaced
twin boundaries, which were produced by deforma-
tion twinning during cold rolling, remain almost un-
changed during recovery annealing and, hence, con-
tribute to the yield strength, while lowered disloca-
tion density due to recovery promotes the plasticity.
Fatigue limit is one of the most important criteria de-
termining the quality of components and structures.
More than 90 % of all fractures are caused by fatigue
in service. Numeral works have been carried out to
study the recrystallization kinetics and texture after
thermomechanical treatment and their effect on the
tensile strength [8, 9], but only a little attention has
been paid to fatigue resistance of cold worked and an-
nealed high-Mn steel with TWIP-effect [10-13].

The present work aims to obtain more data on
structure-property relation including fatigue behavior
of TWIP steels subjected to cold working followed by
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Table 1. Chemical composition of the investigated steel
in wt.%

C Mn Al Si N S P Fe

0.58 179 0.044 0.033 0.083 0.004 0.007 bal.

recovery and partial recrystallization. Biaxial forging
was selected as an advanced technique for processing
of austenitic steels [14-16].

2. Experimental

A high-Mn TWIP steel with a nominal chem-
ical composition given in Table 1 denoted as Fe-
-18Mn-0.6C-0.1N was solution annealed at 1273 K
for 4h and then forged at 1273 K followed by air
cooling. Then, the steel samples with dimensions of
15 x 25 x 100mm? were subjected to biaxial forg-
ing (BF) at room temperature with a pass strain of
about 0.25; the total true strain was about 0.5. Some
forged samples were annealed at 673 K (BF + A400C)
or 873K (BF + A600C) for 1h. For structural char-
acterization, the thin foils of 3 mm diameter were cut
out parallel to the final compression axis and ground
to 0.1 mm thickness. Then, the discs were polished us-
ing a double-jet TENUPOQOL-5 electrolytic polisher at
a voltage of 20V at room temperature using an elec-
trolyte containing 10 % perchloric acid and 90 % acetic
acid. The foils were examined using a JEOL JEM-2100
transmission electron microscope (TEM) operated at
an acceleration voltage of 200 kV. The crystallographic
features of the microstructure were determined us-
ing high-resolution electron back-scatter diffraction
(EBSD) with a Quanta 600FEG scanning electron mi-
croscope. The orientation imaging microscopy (OIM)
micrographs were obtained on the different areas of
the longitudinal sections with a scan step of 50 nm
and then subjected to a cleanup procedure, setting
the minimal confidence index to 0.1. The specimens
for tensile tests and fatigue tests were cut out from
cold forged and annealed samples. The tensile tests
were carried out on the flat specimens with the gage
length of 12mm, a width of 3 mm and a thickness of
1.5 mm. The tensile tests were performed at a constant
rate of 2mm min~!. At least 2 samples were tested to
obtain each data point. For fatigue tests, cylindrical
specimens with a diameter of 5 mm and a gage length
of 25 mm were used. Fatigue tests were carried out
with an asymmetric loading cycle with a minimum to
the maximum tension ratio R = 0.1. The tests were
conducted using a universal servo-hydraulic testing
machine Instron 8801. The cyclic load frequency was
50 Hz.

3. Microstructure evolution

Cold biaxial forging with 0.5 true strain resulted
in the development of twinned microstructure as can
be seen in Figs. la and 2a. The deformation twins
formed as ~ 2 micron thick bundles (Fig. 1a) with in-
dividual twin thickness of 20 nm (Fig. 2a). The heat
treatment at 673 K for 1 h did not change remarkably
the structure evolved during biaxial forging, indicat-
ing that the recovery processes only took place. Fig-
ure 1b shows the austenite grains with deformation
twins similar to those in Fig. 1a. Figure 2b represents
a TEM image of the twinned area of the specimen
annealed at 673 K. It is clearly seen in Fig. 2b that
the deformation twins belonging to different twinning
systems remain unchanged during recovery anneal-
ing at 673 K. An increase in the annealing tempera-
ture to 873 K resulted in the partially recrystallized
structure as shown in Fig. 1c. The new fine austenitic
grains with quite a low dislocation density, as well as
work hardened regions with high density of deforma-
tion twins were found in the microstructure after 1h
annealing at 873 K (Fig. 2c). The total fraction of re-
crystallized grains in the specimen annealed at 873 K
was found to be about 10 %, and the mean size of
recrystallized grains was 2 4+ 0.5 um.

Figures 1d—f represent the kernel average misorien-
tation (KAM) maps for OIM micrographs in Figs. la—
c¢. The color-scale-coded KAM maps are plotted on the
basis of the first neighbor kernel parameter with a
maximum misorientation angle of 5°. The blue color
displays misorientations less than 1°, green between
1° and 2°, yellow between 2° and 3°, orange between
3° and 4°, and red between 4° and 5°. The KAM map
of the sample subjected to biaxial forging (Fig. 1d)
reveals the large internal distortions. The huge areas
of yellow to red colors in Fig. 1d indicate the high
dislocation densities corresponding to work hardening
by cold biaxial forging. Annealing at 673 K during 1 h
led to recovery processes, which is proved in Fig. 1e by
large “blue-green” areas with kernel average misorien-
tation less than 2°. After 873 K annealing during 1h,
the “blue” areas in KAM map expanded while “red”
areas almost disappeared (Fig. 1f) that indicates re-
markable release of internal distortions and disloca-
tions. Moreover, the new grains, which are almost free
of any internal distortions (left-bottom in Fig. 1f), de-
veloped in this sample as a result of partial recrystal-
lization.

4. Mechanical properties

The present Fe-18Mn-0.6C-0.1N TWIP steel in the
initial state showed the yield strength (YS) and the ul-
timate tensile strength (UTS) of 325 and 780 MPa, re-
spectively, and total elongation of 47 %, which was al-
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Fig. 1. OIM micrographs (a—c) and KAM maps (d—f) of microstructures and the distribution of the grain boundary

misorientations developed in Fe-18Mn-0.6C-0.1N steel through: (a) biaxial forging (BF), (b) biaxial forging and annealing

at 673 K (BF + A400C); (c) biaxial forging and annealing at 873 K (BF + A600C). The inverse pole figures are indicated
by the forging axis. The arrows in (f) indicate recrystallized grains.
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Fig. 2. TEM images of microstructures developed by (a)
BF, (b) BF + A400C, (c) BF + A600C. FA indicates the
axis of the last forging pass.

most uniform as can be seen in Fig. 3a. The cold forged
sample showed quite a small uniform elongation and
necked just after reaching the yield point. The yield
strength and the ultimate tensile strength of the steel
after cold biaxial forging were 1320 and 1540 MPa, re-
spectively, while the total elongation was 6 %. Recov-
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Fig. 3. (a) Stress-strain curves and (b) yield strength

vs. square root of dislocation density plots for Fe-18Mn-

0.6C-0.1N steel specimens after different thermomechani-
cal treatments.

ery annealing at 673 K of the forged material resulted
in a small decrease in the yield strength and the ulti-
mate tensile strength to 1200 and 1410 MPa, respec-
tively, and the total elongation increased to 10 %. An
increase of annealing temperature to 873 K resulted in
a quite interesting combination of mechanical prop-
erties. Namely, the yield strength was 770 MPa; the
ultimate tensile strength was 1110 MPa and the elon-
gation comprised about 40 % with uniform elongation
of about 35 % (Fig. 3a).

The strengthening of metallic materials during cold
working is generally attributed to an increase in the
dislocation density [17]. The dislocation densities in
the present steel samples can be estimated from ker-
nel average misorientation data obtained from EBSD
images using Frank’s equation, Eq. (1):

. 0 Nb
9~2sm2— o (1)

where 6 is the misorientation created by a wall consist-
ing of N dislocations of height h, and b is the Burgers
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Table 2. Values of physical parameters in Eq. (3) and calculated dislocation density
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Specimen 0/h (m™1) b (m) p (m™2)
Initial 5.45 x 10° 2.54 x 10710 4.3 x 1013
BF 3.84 x 107 2.54 x 10710 3 x 10%°
BF + A400C 3.5 x 107 2.54 x 10710 2.75 x 10'°
BF + A600C 1.06 x 107 2.54 x 10710 8.4 x 104
Table 3. Values of physical parameters in Eq. (6)
o M G (MPa) b (m) oo (MPa)
0.36 3 72000 2.54 x 10710 194

vector. In EBSD experiments, distance h corresponds
to the step size of the scanning. The dislocation den-
sity p is then given by the ratio of the dislocation
number per surface area, Eq. (2):

where the surface area of the hexagon S (scanning ge-
ometry) is S = v/3h?/2. It follows that the dislocation
density can be estimated from the following relation-
ship:
20
= T ®3)

The values used for dislocation density calculations
are given in Table 2.

The relationship between the yield strength and
the dislocation density of the Fe-18Mn-0.6C-0.1N steel
is displayed in Fig. 3b. The yield strength (YS) shows
a linear dependence on the dislocation density square
root and can be expressed as follows:

YS =194+ 2 x 10~°/p. (4)

Generally, the flow stress in terms of the resolved shear
stress (7) relates to the square root of dislocation den-
sity [17, 18]:

T =10 + aGb/p, (5)

where 7( is the friction stress, o is a constant, G is
the shear modulus, and b is Burgers vector. In terms
of tensile stress, taking o = M, the flow stress (o) is
estimated by the following relationship:

o =00+ aMGb\/p, (6)

where M is the average Taylor factor. Then, the co-
efficients in Eq. (4) can be expressed in terms of pa-
rameters used in Eq. (6). The values of these physi-
cal parameters used in Eq. (6) for Fe-18Mn-0.6C-0.1N
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Fig. 4. (a) Stress amplitude-fatigue life data and (b) fatigue

limit normalized by ultimate tensile strength (FL/UTS)

as a function of dislocation density of Fe-18Mn-0.6C-0.1N

steel specimens after different thermomechanical treat-

ments. The arrows in (a) indicate no failure at given stress
amplitude after 107 cycles.

TWIP steel are given in Table 3. The numerical fac-
tor of & = 0.36 is almost the same as those reported
in other theoretical and experimental studies on dis-
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location strengthening [19-21]. This suggests that the
yield strength of the present steels with different mi-
crostructures, i.e. work hardened, recovery annealed
and partially recrystallized, can be expressed by a
unique function of dislocation strengthening.

Figure 4a shows the experimental fatigue data for
the Fe-18Mn-0.6C-0.1N steel. The specimens in the
initial state showed fatigue limit (FL) of 350 MPa
corresponding to 107 cycles. The specimens with as-
forged and recovered structures exhibited fatigue lim-
its of 600 and 550 MPa, respectively, while the speci-
men after partial recrystallization is characterized by
a slightly lower fatigue limit of 500 MPa.

It can be seen from the fatigue data in Fig. 4a that
the recovered structure provides lower fatigue resis-
tance at cycle number below 107 cycles. As the de-
formation twins remain stable until recrystallization
[22—-24], the difference between these two conditions
is the dislocation density only. Therefore, the disloca-
tion density affects remarkably the fatigue resistance
in work hardened and recovered TWIP steels.

Figure 4b represents the relationship between the
fatigue limit normalized by ultimate tensile strength
(FL/UTS) and the dislocation density. Commonly, the
fatigue limit of steels can be roughly related to the ten-
sile strength, so that the ratio of FL/UTS is generally
between 0.4 and 0.6 [25]. This rule is applicable to all
the present steel samples subjected to cold forging and
various annealing treatments as can be seen in Fig. 4b.
It is worth noting that despite large differences in pro-
cessing conditions and the dislocation densities, the
FL/UTS ratio remains almost unchanged and stays
in the range of 0.42 4+ 0.03 that is slightly lower than
values reported for different TWIP-steels in recrystal-
lized conditions [12].

5. Summary

The influence of cold forging and annealing on the
microstructure evolution and mechanical properties of
a high-Mn TWIP steel (Fe-18Mn-0.6C-0.1N) was in-
vestigated. The main conclusions can be drawn as fol-
lows:

1. Cold biaxial forging with a total true strain of
0.5 resulted in the development of twinned microstruc-
ture with a high dislocation density of 3 x 10*® m—2.
The deformation twins formed as ~ 2 micron thick
bundles with individual twin thickness of 20 nm. The
heat treatment at 673 K for 1 h favored only recovery
processes, whereas annealing at 873 K resulted in par-
tially recrystallized microstructure with a grain size of
2 microns and their fraction of 0.1.

2. The steel showed YS = 325 MPa and UTS =
780 MPa with total elongation of 47 % in the initial
state and YS = 1320 MPa, UTS = 1540 MPa with the
total elongation of 6 % after multiple-stage cold forg-

ing. Recovery annealing of the forged material resulted
in a decrease of YS and UTS to 1200 and 1410 MPa,
respectively, and the total elongation increased to
10 %. Further increase of annealing temperature re-
sulted in an attractive combination of mechanical
properties: YS = 770 MPa, UTS = 1110 MPa with
uniform elongation about 35 %. The yield strength of
the steel in different conditions can be described as
follows: YS =194+ 2 x 107°,/p.

3. The steel in the initial state showed FL =
350 MPa at 107 cycles. As-forged and recovered spec-
imens showed FL of 600 MPa and 550 MPa at 107
cycles, respectively. The specimen after partial re-
crystallization showed slightly lower FL of 500 MPa.
The FL/UTS ratio of 0.42 &+ 0.03 remains almost un-
changed.
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