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« The Medium entropy alloys possess
low stacking fault energy and unique
high as cast dislocation densities.
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GRAPHICAL ABSTRACT

Mn Content optimum: Optimizing Mn content and coordinating
the balance between the SFE and AS,,,., can regulate the optimal of
dislocation density.
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Low SFE and high AS,,;, improve the storage capacity of the dislocation density, promote the formation of s-martensites, and
improve the strength and plasticity.

ABSTRACT

Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) medium entropy alloys (MEAs) with different Mn con-
tents were prepared by magnetic suspension melting in a water-cooled copper crucible, and casted in a
negative pressure suction copper mould. The modified Warren-Averbach equation and the thermody-
namic model were used to calculate the alloy dislocation density and stacking faults, respectively. The
effects of the Mn content on the phase structure, stacking fault energy (SFE), dislocation density, and
mechanical properties of the alloy were investigated. The results indicate that the MEAs possess a low
stacking fault energy (~8.50-14.44 mJ/m?) and a unique high as-cast dislocation density (up to
4.8 x 10'> m~2). The microstructure of the as-cast alloys consisted of austenite phase. As loading, the
Y — € martensite transformation occurs and is accompanied by obvious work-hardening behaviour. A
low SFE and high AS,,x improved the storage capacity of the dislocation density, promoted the formation
of e-martensite, and improve the strength and plasticity. Both the SFE and AS,x increased with an
increase in the Mn content, and the dislocation density initially increased and then decreased.
Optimising the Mn content and coordinating the balance between the SFE and AS.,;x can regulate the

optimal dislocation density.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Medium- and high entropy alloys (MEAs and HEAs) have
attracted considerable attention owing to their excellent mechan-
ical properties and unique deformation mechanisms [1]. In con-
trast to the design concept of traditional alloys, high-entropy
alloys are typically comprised of four or more principal elements,
and their atomic percentage (at.%) of each element is 5 %-35 %[2-
5]. The higher mixing entropy inhibits the formation of intermetal-
lic compounds and helps the HEA to form simple solid-solution
phases [6]. The design strategy of HEAs provides possibilities for
obtain promising properties, such as outstanding fracture tough-
ness at cryogenic temperatures, high-temperature softening resis-
tance, strength and ductility synergy, and special magnetic
properties [7-12]. HEAs undergo different stages of development.
Early HEAs composed of five main elements in equimolar ratios
are called the first generation of HEAs, such as CoCrFeNiMn [13],
AlCoCrFeNiTi [14], and GdHoLaTbyY [15]. Second-generation HEAs,
such as FeCONiCl‘TiOAZ []6], Fe40Mn20C1‘20Ni20 [17], and Fe4,Mnsg-
Co10Cryp [18] exhibit unequal atomic ratios. They mainly perform
composition regulation and microstructure optimisation based on
first-generation studies, such as introducing dislocations for
strengthening [19], increasing the dislocation density to improve
fracture toughness [20], and phase change to improve the strength
of the alloy [21].

The strengthening mechanism of the phase transformation-
induced plasticity (TRIP) effect in MEAs and HEAs has been studied
extensively [22-24]. Wei [25] found that the stacking fault energy
(SFE) can be reduced by increasing the Co content in the FeMn-
CoCrNi alloy, which causes the deformation mechanism of the
FeMnCoCrNi alloy to change from dislocation slip to martensitic-
phase transformation, thus realising the optimisation of mechani-
cal properties. Chen [26] investigated the synergistic effects among
the local chemical composition, TRIP effect, and microstructural
evolution of high-entropy alloys. The results indicated that the
interactions between dislocations and stacking faults promoted
the formation of hexagonal close packed (HCP) structures, which
led to a change in the local chemical composition of the alloy, pro-
moted the formation of the Lomer-Cottrell dislocation lock, hin-
dered dislocation movement, and improved the work-hardening
rate of the alloy. The TRIP effect was first proposed in the study
of high-manganese steels, where Fe and Mn are essential. Mn plays
an important role in realising the TRIP effect by adjusting the phase
stability to activate dislocation transformation. Li [27,28] designed
a phase-transformation-induced plasticity Fegg.xMnyCo10Crio high
entropy alloy (TRIP-HEA) with a dual-phase structure
(FCC + HCP) by adjusting the content of alloy element, Mn, to reg-
ulate the SFE. The deformation mechanisms of transformation,
stacking fault, and dislocation slips were combined to realise
simultaneous improvement of both the strength and plasticity. It
is worth mentioning that dislocations are the main source of
strength in most metal structural materials [29,30]. However,
when the dislocation density is sufficiently high, it is difficult to
obtain a numerical value by traditional transmission electron
microscopy (TEM) observations, which introduces difficulties and
controversies to the quantitative characterisation of the contribu-
tion of dislocation strengthening and even the qualitative judg-
ment of the main strengthening modes of materials [31,32].
Therefore, it is vital to analyse the diffraction peak broadening
and cooperate with the corresponding theoretical model. For
example, the modified Warren-Averbach method can relate the
different diffraction peaks to the dislocation density of the
material.

In this study, the effects of Mn on the microstructure and
mechanical properties of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20,
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and 25 wt%) MEAs were investigated. Thermodynamic models for
calculating the SFE and semi-quantitative calculation of the alloy
dislocation density were used to analyse the deformation beha-
viour, and the work-hardening and strengthening mechanisms
were discussed.

2. Materials and methods

Ingots of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%)
MEAs, labelled as 10Mn, 15Mn, 20Mn, and 25Mn, were prepared
by magnetic suspension melting in a water-cooled copper crucible,
and casted in a negative pressure suction casted copper mould.
Raw Fe, Mn, Si, Cr, and C with purities higher than 99.9 wt% were
used. All ingots were melted three times to ensure the composi-
tional homogeneity. The phase structure was investigated via X-
ray diffraction (XRD) analysis using an EMPYREAN with the Cu
Ko radiation in the 20 range of 30° to 100°. And the crystal struc-
tures refining was performed by using the Full-Prof software pro-
gram (Rietveld analysis). The fracture morphology of the alloy
after compression fracture was observed, employing a QUANTA-
FEG450 thermal field-emission scanning electron microscope
(SEM). Phase analysis and microstructure characterization of the
alloy were performed, using a JEM-2010 transmission electron
microscope (TEM). The compression test was conducted at room
temperature using a WD-100D micro-control electronic universal
testing machine with a loading rate of 0.05 mm/min. Three identi-
cal samples were prepared and measured for the compression test.
The error of the measured yield strength is within + 5 MPa.

3. Results and discussion
3.1. Stacking fault energies of Fe-XMn-5Si-10Cr-0.9C MEAs

The thermodynamic parameters of the Fe-XMn-5Si-10Cr-0.9C
(X=10, 15, 20, and 25 wt¥%) alloy are shown in Fig. 1. From Equa-
tion (1), the mixed entropy values range from 1.14 to 1.31R, indi-
cating that their ASpx value is within the medium entropy
criterion area (1R < ASpx < 1.5R). From Equation (2), the mixing
enthalpy varies between — 20.67 to — 19.61 kJ/mol. The addition
of Mn promoted a negative mixing enthalpy in the alloy, while
the entropy gradually increased. Thus, the phase-transformation
driving force of the solid-liquid transformation increased, which
is conducive to improve the phase stability.

i
ASpix = =R xilnx; 1)
i1
Here, R is the gas constant, 8.314 J/(moleK), and x; denotes the
atomic content of the i" principal component.

N
AHpix = ) 4AH[™x;x; (2)
=12
Here, x; and x; denote the mixing enthalpies of binary liquid
alloys with atomic percentages of i and j in regular melts,
respectively.
The modified Olsen-Cohen thermodynamic model was used to
calculate the SFE of the alloy. The calculation formula for SFE is
shown in Equation (3) [33]:

SFE = 2pAG’ ™ 4 207 (3)

where p denotes the molar surface density along the {111}
planes, p = 4/(v/3 a®N). N is Avogadro’s constant and the lattice
parameter is taken as a = 0.36 nm. "% denotes the interfacial
energy between the y and € phases, which is taken as 10 m]/m?,
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Fig. 1. ASpmix, AHmix, and SFE of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%).

and AGY~? denotes the Gibbs free energy difference during the
transformation from y-austenite to e-martensite, which can be
expressed by the following equation [34,35]:

AG'™* = XgAGL™* + XynAGly + XsiAGL ™ + X AGL ™
+ XcAGE™® 4 XpeXunAQLt + XpeXsiAQL S
+ XeeXarAQlocE + XpeXc + AGl" (4)

mg

From Fig. 1, the value of the SFE is between ~ 8.50-14.44
m]J/m?. The SFE decreased with a decrease in the Mn content. A
low stacking fault energy increased the plane-slip degree of dislo-
cations, reduced the cross-slip tendency and annihilation distance
of dislocations, and realised the high-density dislocation storage.
With a decrease in Mn, ASnix also decreased, which reduced the
lattice distortion and the high entropy effect, restricting the dislo-
cation storage capacity. Thus, optimising the Mn content and coor-
dinating the competition between SFE and ASp,ix can regulate the
optimal dislocation density.

3.2. Phase analyses and microstructure characterization

The XRD patterns of the as-cast Fe-XMn-5Si-10Cr-0.9C (X = 10,
15, 20, and 25 wt%) alloys are shown in Fig. 2(a). Meanwhile, the
Rietveld refined results and the quantity of the relevant diffraction
peaks are manifested in Fig. 2 (b) and (c), respectively. With an
increase in the Mn content, the position of the diffraction peak
does not change and is mainly composed of the austenite phase.
The addition of Mn enlarged the austenite-phase region and
increased the stability of supercooled austenite. Fig. 3(a) shows
the XRD patterns of the fractured samples of the Fe-XMn-5Si-
10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys. A part of the austen-
ite was induced during the martensite transformation with load-
ing. With the increase of Mn content, the amount of epsiron
martensite increased first then decreased. From Fig. 3(b) and (c),
with the increase of Mn content, the amount of epsiron martensite
from the fractured samples after loading, increased first and then
decreased, and X = 15 is the highest among them, indicating that
more g-martensite were induced with loading [36]. Firstly, from
Fig. 1, both the SFE and AS,,jx increases with the increase of the
Mn content. However, they play opposite roles in the martensitic

transformation. Low SFE and high AS,,x improve the storage
capacity of the dislocation density, promote the formation of &-
martensites. The lower stacking fault energy increases the
planar-slip degree of dislocations, reduces the annihilation dis-
tance of dislocations, and improves the high-density dislocation
storage. The higher ASx promotes the lattice distortion and
enhances the dislocation storage capacity. Thus, optimizing the
Mn content and coordinating the competition between the SFE
and ASnx, can regulate the optimal dislocation density.

Fig. 4a shows the microstructure and dislocation distribution of
the as-cast 15Mn. The alloy solidified under a higher cooling rate
condition (cooling rate below 10® K/s), forming supersaturated
vacancies, which aggregated to form dislocations. From Fig. 4(b),
HRTEM images and the corresponding fast Fourier transform
(FFT) patterns analyses, a large amount of edge dislocations in
the as-cast alloy are observed. From the bright-field image in
Fig. 4 (c), dense dislocations are accumulated in the martensite
laths after loading, which hinders the dislocation slip and improves
the strength of the alloy. The SAED patterns in Fig. 4 (¢) and the
corresponding dark-field TEM images in Fig. 4 (d), exhibit the
retained austenite matrix (Point 1), the e-martensite lath (Point
2), and their dislocations distribution. Moreover, as shown in
Fig. 4e, several stacking faults could be found in the amplified
remaining austenite matrix, indicating that stacking-fault nucle-
ation occurred and may have promoted the e-martensite transfor-
mation [37].

Fig. 5 shows the metallographic as-cast structure from the edge
to the centre of the sample. Owing to the rapid heat transfer
between the melt and the copper mould during solidification, a
fine grain edge and equiaxed centre were observed. Owing to the
thermal stress and preferred orientation grain growth under the
temperature gradient, the extrusion of adjacent grains led to a
decrease in grain uniformity, resulting in as-cast dislocations.
Moreover, MEAs have several components, and large atomic radius
differences led to a high lattice distortion, resulting in better fine-
grain effects and even lattice collapses to induce a high dislocation
density and dense boundary.

Fig. 6(a) shows the energy dispersive X-ray spectroscopy (EDS)
elemental surface distribution of the as-cast alloy structure using
TEM observations. The results indicated that Fe, Mn, Si, and C were
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Fig. 2. (a) XRD curves, (b) Rietveld refinements of the spectrum, (c) Volume fraction of different peaks of Fe-XMn-5Si-10Cr-0.9C (X = 10 ~ 25, wt.%) as-cast samples.

uniformly distributed in the as-cast alloy. From Fig. 6(b), the high-
angle annular dark-field scanning transmission electron micro-
scopy (HADDF-STEM), the distributions of Fe, Mn, Si, Cr, and C were
uniform, and no micro segregation was found, indicating that the
MEA was composed of a solid-solution phase with a single and uni-
form structure.

3.3. Dislocation densities of Fe-XMn-5Si-10Cr-0.9C MEAs

The dislocation density of the alloy specimens could be calcu-
lated using the XRD data combined with the modified Warren-
Averbach (W-A) or Willianson-Hall (W-H) equations [38-41]. The
full width at half maximum (FWHM) of each diffraction peak of
the as-cast sample (Fig. 1) ((111), (200), (220), (311), and
(222)) was calculated using JADE software and was shown in
Fig. 7. As the Mn content increases, FWHM of (11 1) increases first
and then decreases, and those of x = 25 were the lowest, which
indicate that the dislocation density changed correspondingly.
However, FWHM of x = 15 are the highest except for (222), which
is attributed to the anisotropic broadening of the diffraction pro-
file. Because the dislocations can not be completely symmetrical
to the diffraction vector, the diffraction profiles exhibit anisotropic
broadening. From Fig. 2 (c) and Fig. 3 (c), after loading, the volume
fraction of (111) obviously decreases, and other diffraction peaks
have no significant changes. As mentioned in Fig. 1, the Fe-XMn-
5Si-10Cr-0.9C alloys possesses the lower SFE (8.50 ~ 14.44 mJ/m
2), which is conducive to decompose the 1/2 < 110> total disloca-
tion of the {111} y plane into two 1/6 < 112 > Shockley incomplete
dislocations. Therefore, as the main diffraction peak, (111) plays

the primary role in the calculation of the total dislocation density
and martensitic transformation volume.

As MEAs undergo martensitic transformation after loading, the
dislocation configuration changes during deformation, and the R
value should be considered when calculating the dislocation den-
sity. Re is the effective outer radius of dislocation distribution.
However, R, is only reflected in the “tail” of the diffraction peak.
The modified W-A method is based on the discrete Fourier trans-
form of the diffraction peak, taking into account the peak tail infor-
mation and R., whereas the FWHM used in the modified W-H
method ignores the additional information of the tail of the diffrac-
tion peak [42]. Thus, we used the modified W-A equation to calcu-
late the dislocation density. The W-A equation is shown in
Equation (5) [43]:

InA(L) = InAS(L) — pBLzln% (K> C) + O(K*C?) (5)

where A(L) denotes the true part of the Fourier coefficient. L
denotes the Fourier length, L = nas, n is a positive number starting
from zero, az = A/2(sin0, — sin6,), and 6, - 6, denotes the angular

range of the corresponding measured diffraction surface [44]. B is
a constant related to the elastic modulus and dislocation configu-

ration of the material, and O(K‘*@) is a high-order term that can

be ignored. The Superscript, S, in the first term, the size parameter
corresponding to the Fourier coefficients, is denoted by L. It is
obtained from the size Fourier coefficients, AS, by taking the inter-
cept of the initial slope at AS = 0. The Fourier coefficient, A(L), was
obtained by the Fourier analysis of the diffraction peaks [45-47].
The dislocation density can be determined from the coefficient of



Y. Zhao, H. Ma, L. Zhang et al.

Materials & Design 223 (2022) 111241

(a) @ 7-Austenite (b) :/,col:ls
= ¥ :—Martensite =& a ~ —— Ydif
-0 = b —4 = ~ e~
X=25 =fe s 5 = 8 X=25 =95 o2 5 sa
M - b Attt Q‘«_._ =2°¢
Sttt R e
A e A AN P i P,
= 3
3 |x=20 v - s
g zlx20 2y e ° ° 0
£ X=15 Y z 2
g |4 e £ ®ve
£ K = XS AA | ] K
x=10 v K3 x ¢ "y
[
X=10 AV b d [ ] [ ] °
30 40 50 60 70 80 90 100 30 40 50 60 70 80 920 100
26/() 20/(%)
@ 111y
Q (C ©02) S
Twf @0 .
< v (220) ;
2 * 311) '
= (222 ¢
2 40F
3 . e
S %
£ - s .
= 30
S
=
5
-4 *
g 20F A ‘
= 3
) Y b4 v
£ A A4 °
S 10F ®
El @
2 ¢
0 A A 2 {
10 15 20 25

Mn content (wt.%)

Fig. 3. (a) XRD curves, (b) Rietveld refinements of spectrum, (c) Volume fraction of different peaks of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) fractured samples.
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Fig. 6. (a) EDS elemental distribution maps, (b) HAADF-STEM images of Fe-15Mn-5Si-10Cr-0.9C as-cast alloy.
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the second term in Equation (5). Thus, the Fourier coefficients
shown in Fig. 8 show obviously different tendencies among sam-
ples with different Mn contents, indicating the dislocation density
changes correspondingly.

Using Equation (5), it is evident that In A(L) has a linear relation-

ship with K? C. It can be observed from Fig. 8, that when the Fourier
length, L, is given, there is a corresponding A(L), which is the true

1.0 —u—(111)
b —e—(200)
—A—(220)
0 —v—(311)
——(222)
0.6 |
3
04
0.2
0.0 |
_0'2 L L 'l L AL
0 10 20 30 40 50
L (nm)
—e—(200)
—A—(220)
e —v—(311)
——(222)
0.6 F
S
b 04 F
02F
0.0 F
_0'2 L L L L 1
0 10 20 30 40 50
L/mm

Materials & Design 223 (2022) 111241

part of the Fourier coefficient. Linear fitting was performed on

InA(L) and K? C, and a W-A diagram of MEAs with different Mn
contents was obtained, as shown in Fig. 9 [47].
The slope associated with each L coefficient, which is the true

coefficient of K2 C in Equation (5), can be obtained from Fig. 10. It
is necessary to set this coefficient as Y to obtain an equation for
Y, as shown in Equation (6) [48].

2
Y = p%mn% (6)
Y 7b? nb*

Thus, Y denotes the slope of each straight line obtained from
Fig. 10, which varies with L. p denotes the required dislocation
density, R, the effective circumscribed radius, b the Bergs vector,
and b = 0.254 nm [49]. Equation (7) can be obtained from Equation
(6). Y/L? had a linear relationship with InL. Based on the results in
Fig. 9, linear fitting was performed on Y/L? -InL, and the relation-
ship curve diagram of Y/L? - InL was obtained, as shown in Fig. 10.

The slope of each curve is - p(ntb?/2), which increased first and
then decrease, indicating that the dislocation density undergoes
obvious changes as Mn content increases. Hence, the slopes are
—23x10% -4.9x10% —3.02 x 10*and — 2.56 x 10™, respec-
tively. It can be determined that the dislocation density of the Fe-
XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys are
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Fig. 8. Fourier coefficients of the Fe-XMn-5Si-10Cr-0.9C as-cast alloys (a) for X =10 (b) for X = 15 (c) for X =20 (d) for X = 25.
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Fig. 9. W-A diagrams of the Fe-XMn-5Si-10Cr-0.9C as-cast alloys (a) for X =10 (b) for X = 15 (c) for X = 20 (d) for X = 25.

2.3 x 105, 4.8 x 10'%, 3 x 105, and 2.5 x 10'® m~2, respectively.
The dislocation density of the MEAs was significantly higher than
that of the general cast alloy. As mentioned, the uneven heat dissi-
pation of crystallisation cooling and the different cooling coeffi-
cients between the alloy melt and the copper crucible produced
thermal stresses in the ingot, which led to dislocation defects. Sec-
ond, the temperature gradient and magnetic stirring during the
melting process affected crystal growth, and the adjacent grains
deflected or bent to form a phase difference, resulting in disloca-
tions. Moreover, the alloy had a lower SFE, which is conducive to
the dislocation planar slip, reducing the dislocation cross-slip ten-
dency and annihilation distance, and realising the storage of a
higher dislocation density.

3.4. Compressive properties

Fig. 11 shows the quasi-static compressive stress—strain curves
of different Mn contents. Table 1 gives the compressive yield
strength, fracture strength and plastic strain, respectively. The
yield strength of the alloy increased with increasing Mn content,
whereas the fracture strength and plastic strain initially increased
and then decreased. When the Mn content was 15 wt%, the alloy
had better comprehensive mechanical properties. Compared with
the 20Mn alloy, its fracture strength increased by 0.8 %, and the
plastic strain was 5 % higher than that of the 10Mn alloy. As men-

tioned, the stress induces martensitic transformation with loading,
and dislocations accumulate in the martensite laths. Thus, disloca-
tion slip was blocked, which improved the strength of the alloy.
Moreover, the formation of martensite causes volume expansion,
leading to the introduction of high-density dislocations. Immov-
able dislocations, formed by mutual entanglement between dislo-
cations, play a strengthening role. The 15Mn alloy with a lower SFE
is conducive to decomposing the 1/2 (110) total dislocation of the
{111}y plane into two 1/6 (112) Shockley incomplete dislocations.
The expansion of stacking faults provided a nucleation core for the
Y — ¢ phase transition and promoted the formation of the e-
martensite. In addition, the high dislocation density in the 15Mn
alloy improved the strength of the alloy.

The corresponding work-hardening curves are shown in Fig. 12.
With an increase in true strain, the work-hardening rate can be
divided into three stages. In the first stage, owing to the sharp
increase in the dislocation density, the work-hardening rate is
high. However, with the start of the slip system and the recovery
of a large number of dislocations, the work-hardening rate begins
to decrease sharply. Early in the second stage, the 15Mn alloy
entered the platform stage before the other alloys. With an
increase in strain, the work-hardening rate of the 15Mn alloy
was higher than that of the other alloys. During the third stage,
the work-hardening rate decreased continuously before the frac-
ture stage. Because the martensite produced was close to satura-
tion, the rate of dislocation multiplication was reduced, resulting
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Fig. 11. Engineering stress-strain curves of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20,
and 25 wt%) alloys.

Table 1
Compressive properties of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys
(os: yield strength; of: fracture strength; €p: plastic strain).

Samples o (MPa) gp (%) o (MPa)
Fe-10Mn-5Si-10Cr-0.9C 2,306 159 1,250
Fe-15Mn-5Si-10Cr-0.9C 2,381 16.8 1,266
Fe-20Mn-5Si-10Cr-0.9C 2,361 15.1 1,361
Fe-25Mn-5Si-10Cr-0.9C 2,325 14.7 1,503

in a decrease in the work-hardening rate. Using the Hollomon
equation [46], Inc = InK + nlng, we could obtain the average
work-hardening index, n, of the alloys. The n values of the Fe-
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Fig. 12. The relationship between the work-hardening rate and true strain of Fe-
XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys.

XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys were deter-
mined to be 0.36, 0.42, 0.37, and 0.34, respectively. The work-
hardening index of the alloys was high, and when the Mn content
was 15 wt%, the work-hardening ability of the alloy peaked.

Fig. 13 shows the fracture morphologies of the MEAs. Both the
10Mn and 15Mn alloys have dense and deep dimples and some
tearing edges present close to the cross-section. The number of
dimples decreased significantly, accompanied by fluvial patterns,
in the 20Mn and 25Mn alloys. During deformation, dislocations
multiply and accumulate at the phase boundary, resulting in stress
concentration, microcrack nucleation, and rapid propagation, and
eventually leading to fracture failure.
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Fig. 13. Fracture morphologies of Fe-XMn-5Si-10Cr-0.9C (X = 10, 15, 20, and 25 wt%) alloys 10Mn, (b) 15Mn, (c) 20Mn, and (d) 25Mn.

4. Conclusions

In this study, the effects of Mn content on the microstructures,
stacking fault energy, dislocation density, and mechanical proper-
ties of the Fe-XMn-5Si-10Cr-0.9C (X =10, 15, 20, and 25 wt%) MEAs
were investigated. The main conclusions are described as follows:

(1) The SFE of the Fe-XMn-5Si-10Cr-0.9C MEAs is between ~ 8.
50-14.44 mJ/m?, which improves the storage capacity of the
dislocation density, promotes the formation of &-
martensites, and improves the strength and plasticity.

(2) MEAs possess a uniquely high dislocation density. The dislo-
cation density increased initially and then decreased with
increasing Mn content, up to 4.8 x 10'> m~2 when the Mn
content is 15 wt¥%.

(3) As the Mn content increased from 10 to 25 wt%, the yield
strengths of the alloys increased substantially from 1,250
to 1,503 MPa, whereas the fracture strengths increased ini-
tially and then decreased. The Fe-15Mn-5Si-10Cr-0.9C alloy
possesses a good work-hardening capacity with fracture and
yield strengths of 2,381 and 1,266 MPa, respectively. The
outstanding mechanical properties were attributed to dislo-
cation strengthening and phase transformation-induced
plasticity (TRIP) effects.

Data availability

Data will be made available on request.
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