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Microstructure Evolution and Tensile Properties
of Cold-Rolled and Annealed
Fe-30Mn-0.14C-7Cr-0.26Ni Steel

XIAOMAN CHEN, JIAXIN ZHANG, JIANCHAO XIONG, YUHUI WANG,
YUBIN ZHANG, TIANSHENG WANG, and YAN PENG

The carbide precipitation, microstructure evolution, and tensile properties of
Fe-30Mn-0.14C-7Cr-0.26Ni (in wt pct) steel after cold rolling to 95 pct reduction followed by
annealing at temperatures ranging from 600 �C to 900 �C for 1 hour were investigated. The
results show that, when the annealing temperature is increased from 600 �C to 900 �C, the grain
size increases from 0.65 ± 0.30 to 5.75 ± 3.87 lm. When the annealing temperature is 600 �C,
Cr23C6 carbides begin to precipitate. When the annealing temperature is increased from 600 �C
to 800 �C, the average size of carbides increases from 39 to 69 nm. When the annealing
temperature is increased to 900 �C, no carbides are produced due to the increased solubility of C
in the austenite matrix. Ultrafine grains (~ 0.8 ± 0.58 lm) with a large amount of nanoscale
carbides (~ 53 ± 21.8 nm) were obtained after annealing at 700 �C, resulting in a good
combination of yield strength (679 MPa) and total elongation (38.4 pct). The fraction of
deformation twins within the samples under different tensile strains was calculated, and it was
revealed that grain refinement can seriously inhibit the generation of deformation twins. In
addition, it has been found that grain refinement strengthening, precipitation strengthening, and
dislocation strengthening have significant effects on yield strength, while the effects of solution
strengthening and lattice friction are relatively weaker.
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I. INTRODUCTION

HIGH-MANGANESE twinning-induced plasticity
(TWIP) steel is one of the most highly potential
materials in the automobile industry.[1–3] The available
research on Fe-Mn-C steels with high manganese
content concerns the microstructure evolution in the
deformation process,[4–8] such as deformation twins,[9–11]

e-martensite,[12,13] and the stacking fault.[14–16] A low
stacking-fault energy is a necessary condition to activate
the generation of deformation twins in the deformation
process; however, it is not enough.[3] Bouaziz et al.[3]

reported that the deformation mechanism of Fe-30Mn is
the occurrence of dislocation slip, while Allain et al.[17]

indicated that the deformation mechanism of
Fe-22Mn-0.6C, Fe-17Mn-0.9C, and Fe-12Mn-1.2C (all
in wt pct) is a combination occurrence of dislocation slip
and deformation twinning. Therefore, the Mn and C
elements may be a key factor for the activation of
deformation twinning.[3] In addition, the generation of
deformation twins under tensile deformation is closely
related to the grain size, dislocation density, and crystal
orientation of the material.[18,19] Koyama et al.,[20]

Gutierrez-Urrutia et al.,[21] and Kang et al.[22] reported
that the presence of fine grains inhibits the formation of
twins and the twin stress increases with decreasing grain
size. Further, deformation twins can improve not only
the elongation but also the tensile strength of TWIP
steels.[23]

The precipitation of carbides is important to obtain
materials with an efficient combination of strength and
ductility, which has been reported for complex alloys.
The strength and plasticity of complex alloys can be
improved by introducing nanoscale precipitations.[24]

Zhang et al.[25] reported the presence of Cr-rich
M23C6-type carbides in the Al0.3Cu0.5CrFeNi2 high-en-
tropy alloy. The formation of Cr23C6 improves the
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strength of the material without loss of elongation. The
Cr-rich M23C6-type carbides have hardly been system-
atically investigated in Fe-Mn-C high-manganese steels,
while the research on stainless steel has mainly focused
on its microstructure evolution during heat treatment.
Nevertheless, in recent years, the precipitation of V, Nb,
and Ti has been investigated in Fe-Mn-based shape
memory alloys and high-manganese steels.[3,26–30] For
example, Scott et al.[26] added Ti, Nb, and V to a
Fe-Mn-C high-manganese steel and found that TiC,
NbC, and VC precipitates were formed in the structure
of the cold-rolled strip. In addition, the grains were
refined due to the formation of carbides. Due to the
combined effect of these two aspects, steels with added
Ti, Nb, and V can have a higher yield strength compared
to those with no addition of Ti, Nb, and V.

Similarly, Cr is another strong element, which can be
easily combined with C to form carbides in alloys.
Therefore, in this article, 7 wt pct Cr was added to the
investigated steel, which induced grain refinement
strengthening, solid solution strengthening, and precip-
itation strengthening, improving its yield strength. Cr is
known to significantly improve the corrosion resistance
of Fe-based alloys,[31,32] since the addition of Cr can
improve their passivation ability. The improved corro-
sion resistance can overcome the limitations that prevent
the application of such alloys in certain environments.
Moreover, the addition of Ni can improve the toughness
of the alloy and reduce its ductile brittle transition
temperature, thus improving its mechanical properties
at low temperature.[33,34]

In this study, a Fe-30Mn-0.14C-7Cr-0.26Ni (in wt
pct) steel with different grain sizes was successfully
prepared by traditional cold rolling and subsequent
annealing at different temperatures. The microstructure
of the obtained materials was characterized by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The test steel exhibited good
mechanical properties due to the generation of defor-
mation twins in combination with the various strength-
ening mechanisms. In addition, the contribution of
various strengthening methods to yield strength was
determined through a mathematical model. The results
revealed that fine-grain strengthening, precipitation
strengthening, and dislocation strengthening have sig-
nificant effects on yield strength, while the effects of
solution strengthening and lattice friction are relatively
weak.

II. MATERIALS AND METHODS

Table I shows the chemical composition of the steel
used in this study. The investigated steel with a main

chemical composition of Fe-30Mn-0.14C-7Cr-0.26Ni (in
wt pct) was melted by vacuum induction. In a tradi-
tional Fe-Mn-C ternary alloy, 7 wt pct Cr and 0.26 wt
pct Ni were added. The addition of 7 wt pct Cr cannot
only induce the generation of carbides, but also ensure
the presence of Cr in the matrix, resulting in solution
strengthening and inhibition of austenite intergranular
corrosion. The addition of 0.26 wt pct Ni can improve
the matrix toughness and the low-temperature mechan-
ical properties of the test steel. Due to the high Mn
content, there is no need to add more Ni to stabilize the
austenite, and as a result, the cost is reduced as well. The
ingots were heated to 1200 �C and held for 4 hours, and
then forged at 900 �C to produce a 22-mm-thick and
40-mm-wide plate. Subsequently, the hot-forged plate
was heated at 1100 �C for 1 hour and then was cold
rolled up to a thickness reduction of 95 pct. This was
followed by annealing at 600 �C, 700 �C, 800 �C, and
900 �C for 1 hour to obtain a laminated composite
structure composed of recovered and recrystallized
layers and fully recrystallized grains. The structure of
the cold-rolled plate was a fully austenitic structure,
which has also been reported in the literature.[34]

Samples with different microstructure were obtained
by 95 pct cold rolling followed by annealing at 600 �C to
900 �C for 1 hour.
Uniaxial tensile tests with the tensile direction aligned

along the rolling direction (RD) were performed using
an MTS tensile testing machine at an initial strain rate
of 10�3 s�1 at room temperature. Tensile specimens with
a gage length of 13 mm, width of 5.2 mm, and thickness
of 1 mm were prepared from the annealed sample. Three
tensile tests were performed at each annealing
temperature.
The microstructure of the cold-rolled samples

annealed at 600 �C to 900 �C for 1 hour and that of
the samples subjected to different strains after annealing
at 600 �C to 900 �C for 1 hour were analyzed by SEM
(FEI Scios scanning electron microscope; V = 5 kV and
I = 0.4 nA), TEM (FEI Talos 200X transmission
electron microscope; V = 200 kV), and electron
backscatter diffraction (EBSD; EDAX EBSD; V = 20
kV and I = 6.4 nA). X-ray diffraction (XRD) analysis
of the samples annealed at 600 �C to 900 �C for 1 hour
was conducted using a D/max 2400 diffractometer
equipped with Cu Ka radiation. The scan rate was 0.02
deg s�1, the 2-theta range was 40 to 100 deg, the working
voltage was 40 kV, and the working current was 200
mA. For the SEM observations, the surface stress was
removed using a JEOL* section polishing instrument at

Table I. Chemical Compositions of the Experimental Steel (Weight Percent)

C Mn P S Cr Ni O N Fe

0.14 30 < 0.004 < 0.008 7 0.26 < 0.001 < 0.005 bal.

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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8 kV for 10 minutes. The processing and analysis of the
acquired images were performed using orientation
imaging microscopy analysis software. The grain size
was determined by the intercept method,[13] and each
sample counted 300 to 500 grains. The TEM samples
were ground down to ~ 30 lm with different sandpapers
and subsequently electrochemically polished by the
twin-jet method at a voltage of 23 V and a temperature
of � 20 �C in a 10 pct perchlorate ethanol solution. The
microstructure of all samples was observed along the
longitudinal section containing the RD and the normal
direction.

III. RESULTS AND DISCUSSION

A. Microstructure Evolution

Figure 1 presents the microstructure of the cold-rolled
and subsequently annealed sample at 600 �C for 1 hour.
Figure 1(a) shows the recrystallized structure with a
volume fraction of ~ 85 pct and an average grain size of
~ 0.74 ± 0.35 lm. A small amount of deformation twin
boundaries (DTBs) with a volume fraction of ~ 1.6 pct
and an average lamellar spacing of ~ 43.4 ±30 nm were
observed. Moreover, the low-angle grain boundaries
(LAGBs) had a volume fraction of ~ 13.4 pct with an
average lamellar spacing of ~ 69 ± 27 nm, while the

volume fraction of recrystallization was very high. The
size of the recrystallized grains and the spacing of the
LAGBs and DTBs of the sample annealed at 600 �C for
1 hour were obtained by the calculation method
proposed by Wang et al.,[35] where 2 is taken as the
coefficient to convert the lamellar thickness into grain
size. It was indicated that the mean grain size was ~ 0.65
± 0.30 lm.
Figure 2 shows the microstructure and grain size

distribution of the cold-rolled and subsequently
annealed samples at 700 �C, 800 �C, and 900 �C for 1
hour. Figure 2(a) is the inverse pole figure (IPF) of the
sample annealed at 700 �C. The deformation structure
was replaced by equiaxed grains with random texture.
Figure 2(b) presents the IPF of the sample annealed at
800 �C, where an insignificant growth of grains was
observed. However, when the annealing temperature
was increased to 900 �C, the grain size increased
significantly (Figure 2(c)). The grain size of the com-
pletely recrystallized structure was measured by EBSD.
Since the annealed twin boundaries can hinder the
movement and sliding of dislocations as common grain
boundaries, the statistics with regard to the grain size
include the twin boundaries. The average grain sizes of
the samples annealed at 700 �C, 800 �C, and 900 �C were
0.80 ± 0.58, 1.07 ± 0.57, and 5.75 ± 3.87 lm,
respectively. With increasing annealing temperature,
the grain size gradually increased. In the later tests, it

Fig. 1—Microstructure of the sample cold rolled to 95 pct, followed by subsequent annealing at 600 �C for 1 h: (a) ECCI, (b) recrystallized IPF,
and (c) and (d) TEM image.
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was demonstrated that the dislocation density decreased
with increasing annealing temperature, providing space
for the generation and accumulation of more disloca-
tions during the tensile deformation process.[36]

B. Carbide Precipitation

Figure 3 demonstrates the TEM images of the
microstructure and size distribution of the precipitated
carbides in the samples annealed in the temperature
range of 600 �C to 900 �C for 1 hour. In the sample
annealed at 600 �C, recrystallized grains and fine
precipitation of carbide particles were observed. In
addition, Figure 3(a) exhibits some nonrecrystallized
regions. When the annealing temperature was increased
to 700 �C, completely recrystallized grains and an
increased amount of carbide particles were observed
(Figure 3(b)). Maruyama et al.[37] proposed that a
smaller size and larger number of particles can induce
a significant strengthening effect on the material. More-
over, Roussel et al.[38] reported that carbides can
effectively hinder the movement of dislocations, thus
improving the yield strength of the material.
Figures 3(a) through (c) show that the carbides were
distributed in the grain interior, while only a few carbide
particles were distributed in the grain boundaries. The
inset in Figure 3(b) shows the diffraction pattern of the
carbide, which indicates that the carbide was Cr23C6.
The crystal structure of Cr23C6 is face-centered-cubic

(fcc), which is related to the lattice of an adjacent
austenite grain in accord with the cube-cube orientation
relationship.[39] The generation of Cr23C6 can reduce the
content of C, Cr, and other austenite stabilizing ele-
ments in austenite and significantly reduce the stability
of austenite. Thus, Cr23C6 can promote deformation-in-
duced martensite transformation during the deforma-
tion process.[40] However, according to the results of our
previous study,[34] in both the fine- and coarse-grained
samples, no martensite was produced after tensile
fracture.
At the same time, a small number of carbide particles

are distributed in dislocations, which are favorable for
the precipitation of Cr23C6. When the annealing tem-
perature was increased to 900 �C, no carbides were
produced due to the increase in the solubility of the alloy
elements and C in the austenite matrix, and the structure
was composed of equiaxed recrystallized grains with a
small number of annealing twins (Figure 3(d)). With the
increase of the annealing temperature, these noncoher-
ent Cr23C6 and austenite interfaces with high interfacial
energy were conducive to migration, resulting in the
growth of Cr23C6.

[41] The average carbide sizes in the
samples annealed at 600 �C, 700 �C, and 800 �C for 1
hour were approximately 39 ± 18.6, 53 ± 21.8, and 69 ±
18.6 nm, respectively. In Figures 3(a) through (c),
stacking faults were observed. Table II presents the
microstructure, lamellar spacing, grain size, and carbide
size of the investigated steel cold rolled to a reduction of

Fig. 2—IPF images and the distribution of grain sizes in the samples cold rolled to 95 pct and annealed for 1 h at different temperatures. (a)
IPF image of the sample cold rolled to 95 pct and annealed for 1 h at 700 �C, (b) IPF image of the sample cold rolled to 95 pct and annealed
for 1 h at 800 �C, and (c) IPF image of the sample cold rolled to 95 pct and annealed for 1 h at 900 �C. (d) The color scheme for orientation of
grains in inverse pole figure maps.
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95 pct followed by annealing at different temperatures.
The carbide particles stimulate more nuclei and hinder
the growth of grains.[26,36] Consequently, the recrystal-
lization level and grain size of the experimental steel
after cold rolling to 95 pct reduction followed by
annealing were much smaller than those of other
high-manganese steels without particles annealed at
similar temperatures.[42,43]

C. Tensile Properties

Figure 4 shows the engineering stress-strain
(Figure 4(a)) and work hardening (Figure 4(b)) curves
of different samples, according to which the yield and
tensile strength decreased and the uniform and total
elongation increased with increasing annealing

temperature. After annealing at 700 �C, ultrafine grains
with an average size of 0.8 lm and nanoscale carbides
were generated, the yield strength reached 679 MPa, and
the uniform and total elongations were 25.6 and 38.4
pct, respectively. Based on Figure 4(b), the strain
hardening rate can be divided into three stages after
annealing at 600 �C, 700 �C, and 800 �C. Compared to
that of the samples annealed at 700 �C and 800 �C, the
decreasing trend of the third stage of the work harden-
ing rate at 600 �C is more apparent, indicating that
fracture occurred earlier. While the strain hardening rate
of the samples annealed at 900 �C exhibited a decreasing
trend, it was maintained at a higher level for a longer
time, which is consistent with the experimental results
with the highest elongation. The M23C6 carbides in the
experimental steel and the deformation twins generated

Fig. 3—TEM images and the distribution of carbide sizes in the samples of cold rolled to 95 pct and flowed by annealed for 1 h at different
temperatures: (a) 600 �C, (b) 700 �C, (c) 800 �C, and (d) 900 �C.

Table II. Microstructure and Structural Parameters Determined for the Investigated Steel Cold Rolled to 95 Pct Followed by

Annealing Under Different Conditions

Sample
Annealing Temperature

(�C) Microstructure
Lamellar Spacing (nm)/Grain

Size (lm)
Carbide Size

(nm)
Grain Size

(lm)

1 600 composite structure:
lamellar (13.4 pct)

69 ± 27 39 ± 18.6 0.65 ± 0.30

deformation twins (1.6 pct) 43.4 ± 30
recrystallized (85 pct) 0.74 ± 0.35

2 700 equiaxed grains 0.80 ± 0.58 53 ± 21.8 0.80 ± 0.58
3 800 equiaxed grains 1.07 ± 0.57 69 ± 33.8 1.07 ± 0.57
4 900 equiaxed grains 5.75 ± 3.87 — 5.75 ± 3.87
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during the tensile process hinder the movement of
dislocations, resulting in dislocation accumulation and
an increase in the work hardening rate. However, during
the tensile process of the samples annealed at 900 �C, a
large number of deformation twins were produced
(introduced in Section D). Therefore, the highest work
hardening rate was maintained even without the pres-
ence of carbides in the austenite matrix.

D. Stacking-Fault Energy and Deformation Mechanism

In general, the stacking faults in the austenite phase
determine the tensile deformation behavior of austenitic
high-manganese steels. The stacking-fault energy of
samples with different grain size can be calculated based
on a modified equation of a thermodynamic model that
takes the effect of grain size into consideration:[18,44–49]

C ¼ 2q DGc!e þ DGexð Þ þ 2rc!e ½1�

where C is the stacking-fault energy, q is the molar
planar density along planes, DGc!e is the free energy
for c fi e phase transformation, DGex is the excess free
energy due to the grain boundaries, and rc!e is the c/e
interfacial energy, which can be expressed as[50]

DGc!e ¼XFeDG
c!e
Fe þ XMnDG

c!e
Mn þ XCDG

c!e
C

þ XCrDG
c!e
Cr þ XNiDG

c!e
Ni

þ XFeXMnDX
c!e
FeMn þ XFeXcDX

c!e
Fec

þ XFeXCrDX
c!e
FeCr þ XFeXNiDX

c!e
FeNi

þ XMnXCDX
c!x
MnC þ XCrXNiDX

c!e
CrNi þ DGc!e

mg

½2�

where Xi is the atomic molar fraction of the i element,
DGc!e

i is the free energy for c ! e phase transforma-
tion of the I element, DXc!e

ij is the free energy of the

interaction between i and j during the c ! e phase
transformation, and DGc!e

mg is the free energy contribu-

tion due to the magnetic transition, which can be
expressed as

DGex ¼ 170:06exp
�d

18:55

� �
½3�

where d is the grain size.
The values of the stacking-fault energy (calculated

according to Eqs. [1] through [3]), yield strength, tensile
strength, uniform elongation, and total elongation for
samples with different grain size are given in Table III.
Due to the low stacking-fault energy of high-manganese
steel, stacking faults can be easily formed, as shown in
Figure 3. The decrease of the stacking-fault energy leads
to widening of the stacking-fault space; thus, cross-slips
rarely occur, which is conducive to the generation of
deformation twins.
In order to identify the tensile deformation mecha-

nism of the annealed specimens, the evolution of the
microstructure during tensile deformation was investi-
gated. Lee et al.[18] reported that a medium stack-
ing-fault energy (20 £ c £50 mJ/m2) favors deformation
twinning instead of martensitic transformation. Accord-
ing to Table III, the stacking-fault energy of all samples
with different grain size was within the range that can
induce the production of deformation twins. Our
previous study confirmed that deformation twins are
produced in ultra-fine-grained experimental steel under
tensile deformation.[34] Figure 5 shows the electron
channeling contrast images (ECCIs) of the samples
annealed in the temperature range of 600 �C to 900 �C
after tensile deformation to fracture, which indicate that
deformation twins existed in all samples and their
amount increased with increasing annealing tempera-
ture. Figure 6 shows the dependence of the deformation
twin volume fraction on strain. In the fine-grained
samples, the percentage of deformation twins was not
significantly increased after fracture compared to that at
10 pct strain (Figure 6). However, in the samples
annealed at 900 �C, the proportion of deformation
twins in the microstructure was significantly increased
after fracture compared to that under different tensile
strains. This indicates that the generation of deforma-
tion twins can be seriously inhibited by grain refinement.
Deformation twins play a very important role in

obtaining TWIP steel with excellent work hardening
properties,[51] since they can prevent dislocation sliding
as the traditional grain boundaries,[9] subdivide the
initial grains into independent grains, reduce the average
free path of dislocation slip, and strongly enhance the

Fig. 4—(a) Engineering stress-strain curves of samples with different grain sizes and (b) the work hardening rate.
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work hardening rate. The interaction between deforma-
tion twins and precipitated particles in austenitic
high-manganese steel has been rarely reported. Chateau
et al.[52] investigated Fe-22Mn-0.6C-0.21V and reported
that the precipitated particles have no effect on the
growth of deformation twins. Consequently, in this
study, the interaction between deformation twins and
precipitated particles needs to be further investigated.
The characteristics of Fe-30Mn and Fe-30Mn-0.5C

(both in wt pct) were investigated by Wang et al.[53]

Their results indicated that C can improve the yield
strength with a higher work hardening rate before the
generation of deformation twins during tensile defor-
mation, and it is favorable for their formation. In
addition, high-density deformation twins were found in
Fe-30Mn-0.5C, which endow the material to maintain a
high work hardening rate and elongation. These out-
comes were induced by the interaction of C with

Table III. Grain Size, Stacking-Fault Energy, and Tensile Properties of the Investigated Steel

Grain Size (lm) Stacking-Fault Energy (mJ/m2) Yield Strength (MPa) Tensile Strength (MPa) Total Elongation (Pct)

0.65 ± 0.30 37.6 857 918 25.2
0.80 ± 0.58 37.5 679 827 38.4
1.07 ± 0.57 37.3 535 770 45.4
5.75 ± 3.87 35.0 322 671 52.6

Fig. 5—ECCI images of samples with different grain sizes after tensile to fracture: (a) 0.65 lm, (b) 0.80 lm, (c) 1.07 lm, and (d) 5.75 lm.

Fig. 6—Volume fraction of the deformation twins with different
grain sizes at different tensile strains.
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dislocations, as well as its effect on the stacking-fault
energy.

E. Strengthening Methods

A decrease in grain size will increase the grain
boundary area, enhance the resistance to dislocation
movement, and improve the yield strength of high-man-
ganese steels. The Hall–Petch equation takes the effect
of grain size into consideration[54]:

rg ¼ kd�
1
2

g ½4�

where dg is the grain size and k is 6.5 MPa mm1/2. The
grain size and yield strength were experimentally
obtained and calculated by the least-squares method.
The mean grain sizes dg after annealing at 600 �C, 700
�C, 800 �C, and 900 �C for 1 hour were 0.65, 0.80, 1.07,
and 5.75 lm, respectively. Since the samples annealed at
900 �C experience no precipitation strengthening and
dislocation strengthening, the Hall–Petch relationship of
coarse-grained structures used in our previous study was
employed to calculate the grain boundary
strengthening.[34]

Precipitation strengthening is related to the precipi-
tation particle size dp and the precipitation volume
fraction f. The precipitation strengthening stress rp can
be determined by the Ashby–Orowan equation[55]:

rP ¼ 9:549� 103
f
1
2

dp
ln 20:417dp
� �

½5�

where dp is the precipitation particle size and f is the
precipitation volume fraction, which, in the samples
annealed at 600 �C, 700 �C, and 800 �C, was 2.6, 3.5,
and 4.5 pct, respectively.

Solution strengthening is one of the main strengthen-
ing methods for metal materials, which is mainly
achieved by the uniform distribution of the constituent
atoms. When Cr atoms dissolve in the matrix to form a
solid solution, lattice distortion occurs in the matrix.
The interaction between the stress field caused by lattice
distortion and that around the dislocations makes
dislocation movement more difficult. Consequently, the
shear stress required for dislocation slip will increase to
overcome this pinning effect.[55] The rs due to solid
solution strengthening can be expressed as[56]

rs ¼ Ge
Xf

4

� �1
2

½6�

where Xf denotes the concentration of the solute atoms
and e denotes the fractional difference between the
diameter of the parent atoms and that of the solute
atoms. Taking into consideration the dissolution of
solute Cr atoms into the Fe matrix of the alloy, the
fractional difference between the diameter of the Cr
atoms and the matrix alloy is 0.008 and G is the shear
modulus of the alloy,[50] which can be expressed as[16]

G ¼ GFeXFe þ GMnXMn þ GCrXCr þ GNiXNi ½7�

where X is the atomic fraction. The shear moduli of pure
Fe, Mn, Cr, and Ni are 82, 79.5, 115, and 76 GPa,[57]

respectively. While the effect of carbon on G was
neglected, it was considered in the atomic fraction.[16]

The shear modulus of the alloy was 83 GPa.
When the steel was annealed at 600 �C, 700 �C, and

800 �C, the fractions of the produced precipitates were
2.6, 3.5, and 4.5 pct, in which Cr accounted for 2.2, 3.3,
and 4.2 pct, respectively. Therefore, the values of Xf

were 5.2, 4.6, and 3.1 pct, respectively. After annealing
at 900 �C, no carbides were produced and the value of Xf

was 7.42 pct.
Dislocation strengthening is also one of the most

effective strengthening methods for metal materials.
When the dislocation density in a metal is high, the
dislocation movement can easily trigger an interaction
between dislocations and generate dislocation jogs and
tangles, resulting in obstacles to dislocation movement.
Consequently, plastic deformation cannot continue,
thus improving the strength of the steel. It can be
determined according to the following equation[58]:

rd ¼ MabGq
1
2 ½8�

where M is the average Taylor factor, which is 3.06
for austenitic steels; a is a geometrical factor, which
has been determined to be 0.35 for fcc structure[59]; b
is the magnitude of the Burgers vector, which is equal
to 0.25 nm; G is the shear modulus, which is 83 GPa
for the investigated steel; and q is the dislocation den-
sity, which can be determined according to the follow-
ing equation[60]:

q ¼ 2
ffiffiffi
3

p
ðe2Þ

1
2=d� b ½9�

where ðe2Þ
1
2 is the average lattice strain,d is the size of the

coherent diffraction area, and b is the magnitude of the
Burgers vector. Based on Figure 7, the dislocation
densities of 600 �C, 700 �C, and 800 �C were 1.45 9
1014, 3.73 9 1013, and 2.36 9 1013 m�2, respectively.
Since there were almost no dislocations in the sample
annealed at 900 �C, the dislocation density was ignored.

Fig. 7—XRD patterns of samples with different grain sizes.
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The lattice friction represents the resistance of the
lattice to dislocation movement and can be determined
according to the following equations[61]:

r0 ¼
ffiffiffi
3

p
s0 ½10�

s0 ¼ 2� 10�4G ½11�

where r0 is the lattice friction, s0 is the shear stress for
dislocation movement, and G is the shear modulus. The
contribution of the different strengthening methods to
yield strength is presented in Table IV.

In summary, fine-grain strengthening, precipitation
strengthening, and dislocation strengthening have sig-
nificant effects on the yield strength of the experimental
steel, while the effects of solution strengthening and
lattice friction are relatively weaker.

IV. CONCLUSIONS

Based on the results on microstructure evolution,
carbide precipitation behavior, and tensile properties of
Fe-30Mn-0.14C-7Cr-0.26Ni (in wt pct) high-manganese
steel cold rolled and annealed at temperatures ranging
between 500 �C and 900 �C for 1 hour, the following
conclusions can be drawn.

1. Grain size increases with increasing annealing
temperature. The stacking-fault energy decreases
with increasing grain size. Above an annealing
temperature of 600 �C, the carbides begin to
precipitate, and the size of the carbide particles
increases with increasing annealing temperature.
Due to the presence of carbides, the grain growth at
temperatures from 600 �C (0.65 lm) to 800 �C (1.07
lm) is not significant. When the annealing temper-
ature is increased to 900 �C, no carbides are
produced and the grain size increases significantly.

2. The carbides are identified as Cr23C6, which pre-
cipitate principally inside the recrystallized grains,
while a small portion of the carbides precipitate in
the dislocations, and only a few carbides precipitate
in the grain boundaries.

3. A large amount of nanoscale carbides precipitate in
the ultra-fine-grain structure after annealing at 700
�C for 1 hour, resulting in a good combination of
yield strength (679 MPa) and ductility (total elon-
gation of 38.4 pct). This is attributed to the
combination of carbide precipitation, grain refine-
ment, and presence of deformation twins.

4. Based on the statistics of the proportion of defor-
mation twins in the microstructure annealed at 600
�C to 900 �C under different strains, it has been
revealed that the generation of deformation twins
can be seriously inhibited by grain refinement. The
interaction between deformation twins and precip-
itated particles requires further investigation.

5. According to the calculation results, precipitation
strengthening, grain boundary strengthening, and
dislocation strengthening have significant effects on
the yield strength of samples annealed at 600 �C,
700 �C, and 800 �C for 1 hour.
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