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Abstract: In this study, Fe-25Mn-xAl-8Ni-C alloys (x = 10 wt.%, 11 wt.%, 12 wt.%, 13 wt.%) were
prepared by a vacuum arc melting method, and the microstructure of this series of alloys and the in
situ tensile deformation behavior were studied. The results showed that Fe-25Mn-xAl-8Ni-C alloys
mainly contained austenite phase with a small amount of NiAl compound. With the content of
Al increasing, the amount of austenite decreased while the amount of NiAl compound increased.
When the Al content increased to 12 wt.%, the interface between austenite and NiAl compound and
austenitic internal started to precipitate k-carbide phase. In situ tensile results also showed that as
the content of Al increased, the alloy elongation decreased gradually, and the tensile strength first
increased and then decreased. When the Al content was up to 11 wt.%, the elongation and tensile
strength were 2.6% and 702.5 MPa, respectively; the results of in situ tensile dynamic observations
show that during the process of stretching, austenite deformed first, and crack initiation mainly
occurred at the interface between austenite and NiAl compound, and propagated along the interface,
resulting in fracture of the alloy.

Keywords: Fe-25Mn-xAl-8Ni-C alloy; vacuum arc melting; microstructure; in situ tensile
deformation behavior

1. Introduction

Low-carbon steels are widely used in transportation, infrastructure, and defense
industries due to their high strength, ductility, and excellent weldability [1,2]. Fe-Mn-Al-C
steel is a new type of high-strength alloy steel which is based on high-manganese steel
with increased Al and C elements. Al element can not only reduce the density of steel and
increase the corrosion resistance of steel, but can also act as a buffer in the event of a violent
collision. Therefore, under the condition of vehicle structure weight loss and complex
working conditions, the steel has great application prospects. Although the presence of
Al element has a positive effect on the Fe-Mn-Al-C steel, a higher Al content easily forms
k-carbide, which can worsen the performance of the materials [3–5]. In addition, Ni and
Al elements delay the separation and coarsening of the Cu-rich phase by forming the
B2-Ni (AlMn) intermetallic phase, thereby reducing the average particle size and volume
fraction [2]. Researchers from Hanbat National University [6–8] studied the Fe-Mn-Al-C
alloy system and found that in high-manganese steel, the alloy had excellent plasticity and
strength (the product of strength and elongation is a comprehensive performance index to
characterize the strength and toughness level of steel, and its value is up to 60,000 MPa%)
with low density (6.87 g/cm3). This was mainly due to the increase in stacking fault energy
with the increase in Al content, and the transformation of the deformation mechanism from
a TWIP effect to a dislocation slip mechanism. Related studies [9] showed that when the Al
content in Fe-Mn-Al-C steel increased to more than 5 wt.% and Mn content was reduced to
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below 5 wt.%, the main microstructure was single-phase ferrite. In addition, Al element can
also turn the strengthening mechanism of steel from the TRIP effect into the TWIP effect. Al
element had an obvious influence on the distribution of Mn, C elements in the matrix, and
phase transition process of the residual austenite. Additionally, the addition of Al element
can increase the alloy lattice constant, and it had great influence on the thermodynamic
stability of its allotrope [10]. At present, vacuum arc melting technology is widely used in
the preparation of low-carbon steel or alloy steel, and has made great progress [11–14].

Our previous study showed the preparation of Fe–xMn–14Al–8Ni–C alloy by vacuum
arc melting, and its microstructure and oxidation resistance were studied. The results
showed that an alloy with 25% Mn content had the best oxidation resistance. [15]. Our
research group also found that in the Fe-25Mn-xAl-8Ni-C alloy system, when the Al content
increased from 9 wt.% to 14 wt.%, the microstructure of the alloy changed greatly, and
more NiAl compounds were found in the alloy. The content of k-carbide phase was
higher at the interface between austenite and NiAl compound, and stripe k-carbides
also precipitated in austenite simultaneously. The mechanical properties were greatly
reduced (when Al content increased to 14 wt.%, the tensile strength at room temperature
decreased by 86.6% compared with the alloy with 9 wt.% Al content) [16]. Maruschak et al.
systematically studied the strength, plasticity, and crack resistance of materials with and
without defects [17,18]. Khalaj et al. developed a model to predict the toughness of high-
strength low-alloy steel. The training and testing results in gene expression programming
models have shown a strong potential for correlating the ultimate tensile strength to the
yield strength and chemical composition of steels [19,20]. The corresponding conclusions
can play a significant guiding role in the improvement of material properties.

An in situ tensile test is often used to observe the deformation and failure process of
composites and multiphase alloys. The mechanism of deformation and failure is clarified
by observing the microstructure evolution in different stages of the tensile process. It
can explore the mechanism of crack initiation, propagation, and fracture, and provide a
good theoretical basis for the improvement of material properties [21,22]. In situ scan-
ning electron microscope (SEM) observation is an effective method to observe the tensile
deformation and fracture process of materials [23].

Therefore, in this paper, in order to further explore the influence of Al content on the
microstructure and properties of the alloy system, the effect of trace Al variation (10 wt.%,
11 wt.%, 12 wt.%, 13 wt.%) on the microstructure and properties of Fe-25Mn-xAl-8Ni-C
alloy was studied. Additionally, the in situ tensile test in SEM was used to explore the crack
propagation mechanism in the fracture process of the alloy, which can provide a significant
theoretical foundation for the development and application of the alloy series.

2. Experimental Procedures

The raw materials used in this research were industrial pure iron (purity ≥ 99.99), elec-
trolytic manganese tablets (purity ≥ 99.99), high-purity aluminum granules (purity ≥ 99.99),
high-purity nickel granules (purity ≥ 99.99), and Fe-5C alloy (purity ≥ 99.99) provided by
Beijing Yanbang New Materials Co. Ltd. (Beijing, China). The non-consumable vacuum arc
melting equipment produced by Shenyang Jinyan New Material Preparation Technology
Co. Ltd. (Shenyang, China) was used for smelting.

The melting process includes a vacuuming process and a melting process. During
the vacuuming process, a mechanical pump was used to pump a low vacuum first, and
then a molecular pump was used to pump a high vacuum. When the true space was
3 × 10−3 Pa, argon filling started. When the pressure indication reached 0.06 Pa, the
charging valve was closed and smelting started. For the smelting process, before melting
the alloy, pure titanium was melted in the furnace, so that the residual oxygen in the
furnace was completely exhausted, and the iron-based alloy was melted in a copper
crucible. During the melting process, the current of the arc gun increased gradually from
the minimum value to 350 A, and the electromagnetic stirring switch was turned on at
the same time. Each ingot was melted three times. The mold used in this experiment
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was a water-cooled copper crucible. Its shape is a hemispherical shell with a diameter
of about 50 mm. There was cooling circulating water in the bottom and side wall of the
copper crucible. After melting, the round cake-shaped ingot was removed after 20 min.
The weight of each ingot was about 60–70 g.

The microstructure and elemental distribution of the Fe-xMn-14Al-8Ni-C alloys were
investigated using a VEGA II XMU scanning electron microscope (SEM, TESCAN ORSAY
HOLDING, Brno, Czech Republic). The phase of the composite was identified by X-ray
diffraction with an XRD-6000 (Shimadzu, Japan), in which the scanning speed was 4 ◦/min,
the range was 20◦–90◦, and the step length was 0.02 using Cu Ka radiation, and a JEOL JEM-
2010 transmission electron microscope (TEM, JEOL, Tokyo Metropolitan, Japan). In situ
tensile test requires a scanning electron microscope (QUANTAFEI 450) and a supporting in
situ tensile table. The tensile rate was 1 mm/min, and the in situ tensile test bench and
sample size are shown in Figure 1. The size of the in situ tensile sample was determined by
referring to China Standard GB/T 228-2002 and the relevant research literature [24,25]. The
in situ tensile samples obtained by wire cutting were polished with coarse sandpaper until
the surface of the samples showed metallic luster, and were finely ground with 2000 mesh
fine sandpaper until the surface of the sample had no obvious scratches. The sample was
bonded with the metal block with hot melt adhesive. According to the metallographic
sample preparation method, the in situ tensile sample was polished to show mirror luster,
and heated again after being corroded by 10 v.% HNO3-distilled water reagent. Then, the
residual hot melt adhesive on the surface of the sample was cleaned with acetone and
alcohol. During in situ tension, the stress loading was stopped immediately and photos
were taken. At the same time, the stress and strain were recorded.
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3. Results
3.1. Microstructure

XRD analysis of Fe-25Mn-xAl-8Ni-C alloy was carried out and the results are shown
in Figure 2. It can be seen from Figure 2 that the alloy mainly contains austenite (JCPDS:
17-0333), B2-(Fe,Ni)Al phase (JCPDS: 20-0019) (JCPDS: 01-1257). When the Al content
reached 12 wt.%, the diffraction peak of k-carbide (JCPDS: 48-1831) appeared. With the
increase in Al content, the intensity of the austenite diffraction peak corresponding to
42.1◦ and the B2-(Fe,Ni)Al phase diffraction peak corresponding to 80.9◦ increased. When
Al content was 13 wt.%, the diffraction peak increased most obviously. It can be seen
from Figure 2 that with Al content increasing, the diffraction peak of austenite shifted to
the low-angle direction (as shown by the green dotted line), which proves that more Al
elements were solidly dissolved in the austenite phase.
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Figure 2. XRD diffraction pattern of Fe-25Mn-xAl-8Ni-C alloy.

Figure 3 shows the microstructure of Fe-25Mn-xAl-8Ni-C alloy with Al contents of
10 wt.%, 11 wt.%, 12 wt.%, and 13 wt.%. It can be seen from Figure 3 that the microstructure
of the alloy has mainly three phases: a dark gray phase, light gray phase, and white phase.
With the increase in Al content, the amount of dark gray phase increases. When the
Al content reaches 12 wt.%, a small amount of white phase precipitates. When the Al
content increases to 13 wt.%, the amount of white phase increases obviously, and is mainly
distributed at the interface between the dark gray phase and light gray phase. Table 1
shows the EDS analysis of the Fe-25Mn-xAl-8Ni-C alloy in Figure 3. Combined with EDS
analysis in Figure 3b,d, the Ni and Al contents of points 1 and 3 are higher than those of
points 2 and 4, and with the increase in Al content, the diffraction peak of B2-(Fe,Ni)Al
increases (as shown in Figure 2), and it is inferred that the dark gray phase is a B2 structural
phase (rich in B2-NiAl/B2-FeAl). In addition, the contents of Fe and Mn in point 2 and
point 4 are higher than those in point 1 and point 3, suggesting that the light gray phase
is austenite matrix. Combined with the results of XRD analysis, the diffraction peak of
k-carbide appears when the Al content reaches 12 wt.%. Therefore, it can be inferred that
the white phase in Figure 3c,d is k-carbide. The precipitation of k-carbide can seriously
affect the overall mechanical properties of high-aluminum light steel [26].

In order to further observe the distribution of each phase in Fe-25Mn-12Al-8Ni-C,
the element surface scanning results of Figure 3c are shown in Figure 4. It can be con-
cluded that the distribution of Fe elements is relatively uniform, and the distribution of
Ni and Al in dendrite is relatively high, which is NiAl compound phase, corresponding
to points 1 and 3 in Figure 3. The content of Mn and C in matrix phase is higher, which
is austenite phase, corresponding to points 2 and 4 in Figure 3, which is consistent with
the EDS test results.
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Figure 3. SEM photograph of Fe-25Mn-xAl-8Ni-C alloy (a) 10 wt.% Al; (b) 11 wt.% Al; (c) 12 wt.% Al; (d) 13 wt.% Al.

Table 1. EDS analysis of Fe-25Mn-xAl-8Ni-C alloy in Figure 3.

Al Contents Point
Element/wt.%

Fe Mn Al Ni C

x = 11
1 39.0 14.1 16.4 17.6 12.8
2 50.1 21.5 9.0 5.7 13.7

x = 13
3 47.0 15.3 17.0 18.0 2.8
4 57.5 26.8 10.1 1.7 4.0
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Figure 4. Element surface scanning analysis of Fe-25Mn-12Al-8Ni-C alloy.

The phase in Fe-25Mn-10Al-8Ni-C alloy was analyzed by TEM, and the microstructure
photos and diffraction spots were obtained, as shown in Figure 5. It can be seen from
Figure 5 that there is austenite phase and NiAl phase in Fe-25Mn-10Al-8Ni-C, which
indicate that austenite has an ordered transformation, and the two phases are closely
combined. Figure 5a shows the microstructure and diffraction spots of austenite phase,
and Figure 5b shows the microstructure and diffraction spots of NiAl phase.

Figure 5. TEM analysis of Fe-25Mn-10Al-8Ni-C (a) austenite phase; (b) B2 phase (B2-NiAl).

The phase in Fe-25Mn-13Al-8Ni-C alloy was analyzed by TEM, and the microstructure
photos and diffraction spots were obtained, as shown in Figure 6. It can be seen from Figure
that there is austenite phase, NiAl compound phase, and k-carbide phase in Fe-25Mn-13Al-
8Ni-C. The k-carbide is precipitated at the interface between austenite and NiAl compound.
The results show that the interface between cemented carbide and the adjacent two phases
is obvious and the bonding is good. It can be seen from Figure 6a that the diffraction spots
are a superlattice structure, with bright spots corresponding to ordered austenite phase
and dark spots corresponding to k-carbide phase. Figure 6b shows the microstructure and
diffraction spots of k-carbide. The results show that when the content of Al is 13 wt.%,
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the austenite gradually becomes ordered, and a small amount of k-carbide precipitates
in austenite.

Figure 6. TEM analysis of Fe-25Mn-13Al-8Ni-C alloy, (a) austenite phase; (b) k-carbide phase.

Figure 7 shows the binary phase diagram of Fe-25Mn-xAl-8Ni-C alloy simulated by
Pandat software. In the process of vacuum arc melting, the element Mn is volatilized (it is
verified preliminarily that the amount of Mn volatilization is nearly 20 wt.%.), making the
actual value of Al content higher than the theoretical value, so the mass percentage range of
Al in Figure 7 (the area shown by the dotted line in the phase diagram) moves to the right.
In addition, during the cooling process, the alloy solution retains the high-temperature
structure. Therefore, it can be seen from Figure 7 that in Fe-25Mn-xAl-8Ni-C alloy, when
the Al content reaches a certain level, k-carbides precipitate, which affects the mechanical
properties of the alloy. This is consistent with the conclusion of this experiment.

Figure 7. Binary phase diagram of Fe-25Mn-xAl-8Ni-C alloy.

3.2. Mechanical Properties

Table 2 shows density and Rockwell hardness of Fe-25Mn-xAl-8Ni-C alloy with
different Al contents. With the increase in Al content, the density of the alloy decreases and
the hardness gradually increases. The reason is that Al is a light element, which reduces the
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alloy density when added to the alloy. With the increase in Al content, the NiAl composite
phase in the alloy increases, and the hardness of the alloy further increases.

Table 2. Density and hardness of Fe-25Mn-xAl-8Ni-C alloy with different Al contents.

Al Contents (wt.%) Density (g/cm3) Hardness (HRC)

x = 10 6.74 40.55
x = 11 6.67 41.53
x = 12 6.59 43.95
x = 13 6.53 44.75

Figure 8 shows the dynamic evolution process of the crack evolution process in
Fe-25Mn-10Al-8Ni-C alloy under in situ tensile load. Figure 8a shows the stress–strain
curve during the tensile process. The strain of the alloy is 4.1% and the tensile strength
is 664.4 MPa. Figure 8b,c correspond to the microstructure morphology when the strain
is ε = 0.8% and the stress is σ = 170.0 MPa. It can be seen from the figure that there are
many microcracks, which mainly occur at the interface between NiAl compound and
austenite, and also at the interface between austenite and austenite grain, and the slip line
in austenite is not obvious. When the strain increases to ε = 1.5% and the stress increases to
σ = 270.1 MPa, the result is shown in Figure 8d,e, as cracks further propagate along the
grain boundaries, and microcracks develop into larger intergranular cracks. In Figure 8e,
NiAl compound separates from austenite to form a gap at the crack. At the same time, there
are many groups of slip bands along the direction of 45◦ with the tensile axis, and the slip
lines are parallel to each other, only existing in austenite. This indicates that dislocations in
austenite grains begin to slip. According to the relevant data, it is determined to be basal
slip [27,28]. When the strain increases to 4.0%, the stress increases to 626.2 MPa. It can be
seen in Figure 8f that the cracks of austenite and NiAl compounds become wider and more
microcracks are generated near the main cracks. This is because the austenite phase in the
alloy has good plasticity, and the deformation of austenite is more obvious in the tensile
process. NiAl compound has higher strength and is not easy to deform. Therefore, cracks
appear between austenite and NiAl compound phase, which finally lead to the fracture of
the alloy.

The crack evolution of Fe-25Mn-11Al-8Ni-C alloy is studied, and the results are shown
in Figure 9. Figure 9a shows the stress–strain curve of the alloy, with an elongation of 2.6%
and a tensile strength of 702.5 MPa. Compared with the alloy with 10 wt.% Al content,
the elongation is reduced by 1.5%, and the tensile strength is increased by 58.1 MPa.
With the increase in Al content, the amount of NiAl compound increases gradually, the
elongation decreases, and the tensile strength increases. Figure 9b shows the surface
morphology of stress-free tensile specimens, and the treated specimen surface is smooth
and free from defects. Figure 9c shows that cracks appear in the specimen when the
strain is σ = 426.5 MPa and the stress is ε = 1.4%. The cracks are observed with a scanning
electron microscope at high magnification. Figure 9d,e show that cracks first occur at the
interface between austenite and NiAl compound, and gradually expand and widen under
the action of increasing stress, so that the NiAl compound is separated from the austenite
matrix. When the stress reaches a certain value, all cracks pass through austenite and
connect, which eventually leads to alloy fracture. Figure 9f shows the micro-morphology
near the fracture surface of the alloy, and some NiAl compound phases near the fracture
surface break in the middle. This is due to the good plasticity of austenite and low energy
required for crack propagation, so it is beneficial to crack propagation, however, the NiAl
compound has high hardness and high strength. When the crack propagates to the interface
between two phases, the energy accumulates with the continuous increase in stress, which
eventually leads to NiAl compound phase fracture. At the same time, there is a double
slip phenomenon near the fracture, perpendicular to each other and oriented 45◦ to the
tensile axis. There are many parallel slip lines in each slip system. Most of these slip
lines are distributed in austenite, indicating that more slip systems are started in austenite.
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Compared with the alloy content of 10 wt.% Al, the slip lines on the surface of the sample
are smaller, which indicates that the plasticity of the alloy decreases with the increase
in Al content.

Figure 8. Crack evolution process of Fe-25Mn-10Al-8Ni-C alloy, (a) stress–strain curve; (b) ε = 0.8%, σ = 170.0MPa, 500×;
(c) ε = 0.8%, σ = 170.0 MPa,1000×; (d) ε = 1.5%, σ = 270.1 MPa, 1200×; (e) ε = 1.5%, σ = 270.1 MPa, 2400×; (f) ε = 4.0%,
σ = 626.2 MPa, 1200×.
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Figure 9. Crack evolution process of Fe-25Mn-11Al-8Ni-C alloy, (a) stress–strain curve; (b) ε = 0%, σ = 0.0MPa, 30×;
(c) ε = 1.4%, σ = 426.5 MPa, 240×; (d) ε = 1.4%, σ = 426.5 MPa, 1600×; (e) ε = 1.4%, σ = 426.5 MPa, 1600×; (f) ε = 2.6%,
σ = 702.5 MPa, 1600×.

Figure 10 shows the crack evolution process of Fe-25Mn-12Al-8Ni-C alloy. It can
be seen from Figure 10a that when the Al content is 12 wt.%, the elongation is 1.7% and
the tensile strength is 529.7 MPa. Compared with the alloy with an aluminum content of
11 wt.%, the elongation decreases by 34.6% and the tensile strength decreases by 172.8 MPa.
The reason is that, with the addition of Al, the content of NiAl compounds increases and
the interface between the two phases increases. However, the interface is easily cracked
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during the tensile process, which leads to the decrease in elongation and tensile strength of
the alloy. At the same time, with the increase in Al content, austenite gradually becomes
ordered, and a small amount of k-carbide that precipitates in austenite is also a factor that
leads to the decrease in alloy elongation. The fracture process of the alloy is very fast. The
surface morphology of the specimen after fracture is shown in Figure 10b–d. There are
many cracks at the interface between the two phases of the specimen after fracture. In
Figure 10c,d, the interface between austenite and NiAl compound is seriously cracked, and
there is no slip band near the fracture surface, indicating that the brittleness of the alloy
is enhanced.

Figure 10. Crack evolution process of Fe-25Mn-12Al-8Ni-C alloy, (a) stress–strain curve; (b) ε = 1.7%, σ = 529.7 MPa, 1000×.
(c) ε = 1.7%, σ = 529.7 MPa, 2400×; (d) ε = 1.7%, σ = 529.7 MPa, 1000×.

Figure 11 shows the crack evolution process of Fe-25Mn-13Al-8Ni-C alloy. It can be
seen from Figure 11a that when the Al content is 13 wt.%, the elongation is 1.1% and the
tensile strength is 310.8 MPa. Compared with the alloy containing 12 wt.% Al, the tensile
strength is almost the same, but the elongation is greatly reduced by 35.3%. The reason is
that with the increasing Al content, the content of NiAl compound increases, the interface
between two phases increases, and a small amount of k-carbide precipitates in austenite.
Therefore, the interface and k-carbides are the weak links in the tensile process, which are
easily cracked, leading to the decrease in the elongation of the alloy [29]. As the fracture
process of the alloy is fast, it can be clearly seen in Figure 11d that the surface morphology
of the sample after fracture is a brittle fracture.
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Figure 11. Crack evolution process of Fe-25Mn-13Al-8Ni-C alloy, (a) stress–strain curve; (b) ε = 0.1%, σ = 256.1 MPa, 4000×;
(c) ε = 1.1%, σ = 310.8 MPa, 5000×; (d) ε = 1.1%, σ = 310.8 MPa, 2000×.

The fracture in the central region of the in situ tensile specimen surface was ob-
served by a scanning electron microscope (SEM), and the results are shown in Figure 12.
Figure 12a,b show an alloy containing 10 wt.% Al. The uneven fracture surface can be seen
in Figure 12a and many small dimples are observed at high magnification in Figure 12b–d
for alloys with Al content of 11 wt.%. Figure 12d is the enlarged local area of Figure 12c,
and it can also be seen that there are many tiny dimples in the fracture. Figure 12e,f show
alloy fractures with Al content of 12 wt.% and 13 wt.%, respectively. There are cleavage
steps and traces of transcrystalline fracture in the fractures. This indicates that the alloy
gradually transforms to become brittle with the increase in Al content.

Table 3 shows elongation and tensile strength of the Fe-25Mn-xAl-8Ni-C alloy with
10 wt.%, 11 wt.%, 12 wt.%, and 13 wt.% Al. The elongation and tensile strength in the
table are only relative references to reflect the material properties in the process of tensile
fracture, not absolute values. It can be seen from the table that with the increase in Al
content, the elongation decreases, and the tensile strength increases first and then decreases.
When the content of Al is 10 wt.%, the elongation of the alloy is the largest, at 4.1%, and
the tensile strength is 664.4 MPa. It is concluded from Table 3 that the comprehensive
properties of the alloy are excellent when the content of Al is 10 wt.%. Compared with the
alloy containing 13 wt.% Al content, the elongation and tensile strength of the alloy with
10 wt.% Al content increase by 272.73% and 113.77%, respectively.
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Figure 12. SEM photograph of Fe-25Mn-xAl-8Ni-C alloy in situ tensile fracture, (a) 10 wt.% Al, 1000×; (b) 10 wt.%
Al—local enlarged, 10,000×; (c) 11 wt.% Al, 1000×; (d) 11 wt.% Al—local enlarged, 10,000×; (e) 12 wt.% Al, 1000×;
(f) 13 wt.% Al, 1000×.
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Table 3. Elongation and tensile strength of Fe-25Mn-xAl-8Ni-C alloy with different Al contents.

Al Contents (wt.%) Elongation (%) Tensile Strength (MPa)

10 4.1 664.4
11 2.6 702.5
12 1.7 529.7
13 1.1 310.8

4. Discussion

The results show that with the increase in Al content, the amount of NiAl phase
increases. NiAl is a brittle phase, which reduces the elongation of the alloy. Compared with
the alloy containing 10 wt.% Al and 11 wt.% Al, the tensile strength of the alloy is improved,
which is because NiAl enhances the mechanical properties of Fe-25Mn-xAl-8Ni-C alloy.
However, when Al content reaches 12 wt.%, k-carbide begins to precipitate at the interface
between austenite and NiAl, as well as in austenite. Both k-carbide and NiAl are hard
brittle phases, therefore, the boundary between k-carbide and NiAl is the weak point of
bonding, which leads to the decrease in the tensile strength of the alloy [30]. When Al
content is 13 wt.%, the tensile strength of the alloy decreases further with the precipitation
of k-carbides. The results show that the alloy can maintain good elongation and high
tensile strength in the range of 10 wt.% to 11 wt.% Al content, which is the best composition
range of the alloy. In the future, researchers can further explore Fe-25Mn-xAl-8Ni-C alloy
in this composition range.

Figure 13 shows the crack distribution and proportion of cracks in Fe-25Mn-xAl-8Ni-C
alloys with different Al contents at the moment of fracture during in situ tension. The cracks
are colored in yellow. Material failure usually occurs at internal weakness or defects [31].
A crack is a kind of defect that destroys the continuity of the material. This kind of defect
usually occurs in weak connections of the material. The larger the proportional area of the
crack is, the weaker the links of the material are, which indirectly indicates the low strength
of the material. On the contrary, the smaller the crack area, the higher the strength of the
material. It can be seen from Figure 13b,d that the material with 11 wt.% Al content has the
smallest crack area, and the material with 13 wt.% Al content has the largest crack area.
This is consistent with the trend of tensile strength shown in Table 3. The tensile strength
of the material with 11 wt.% Al content is the highest, at 702.5 MPa. The tensile strength of
the material with 13 wt.% Al content is the lowest, at 310.8 MPa.

Figure 13. The crack distribution and proportion of cracks in Fe-25Mn-xAl-8Ni-C alloys with different Al contents at the
moment of fracture during in situ tension, (a) 10 wt.% Al; (b) 11 wt.% Al; (c) 12 wt.% Al; (d) 13 wt.% Al.

In order to further discuss the performance difference of the alloy with aluminum
content of 10 wt.% and 13 wt.%, the dynamic crack propagation mechanism of Fe-25Mn-
10Al-8Ni-C alloy and Fe-25Mn-13Al-8Ni-C alloy is shown in Figure 14a,b, respectively.
It can be concluded from Figure 14a that when the content of Al is 10 wt.%, almost no
k-carbide appears. Cracks initiate between NiAl phase and austenite, as well as in austenite.
With the increase in strain, cracks gradually expand, and a few slip bands appear in the
austenite matrix, which eventually lead to alloy fracture. In Figure 14b, a small amount of
k-carbide precipitates (the white area shown in Figure 14) when the Al content is 13 wt.%.
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The k-carbide and interface are weak links, and easily cracked. With the increasing strain
in the tensile process, the alloy finally breaks. Surface morphology parameters are usually
used to characterize the surface morphology characteristics of materials, which are direct
parameters for studying the local irreversibility of materials, and the number of slip bands
can reflect the plasticity of materials [32–35]. With the increase in Al content, the brittleness
of Fe-25Mn-xAl-8Ni-C alloy increases and the plasticity decreases. Therefore, when the
aluminum content is 13 wt.%, the slip band in austenite matrix decreases compared with
the alloy with 10 wt.% aluminum content.

Figure 14. Dynamic crack propagation mechanism of Fe-25Mn-xAl-8Ni-C alloy, (a) 10 wt.% Al; (b) 13 wt.% Al.

5. Conclusions

In this study, Fe-25Mn-xAl-8Ni-C alloys with Al contents of 10 wt.%, 11 wt.%, 12 wt.%,
and 13 wt.% were prepared by vacuum arc melting, and the microstructure and in situ
tensile deformation behavior of these alloys were studied. The conclusions are as follows:

In Fe-25Mn-xAl-8Ni-C alloy, the matrix is austenite phase and a small amount of NiAl
compound. With the increase in Al content, the austenite content in the alloy gradually
decreases and the content of NiAl intermetallic compound gradually increases. When Al
content increases to 12 wt.%, k-carbides precipitate at the interface between austenite and
NiAl compound, as well as in austenite.

In situ tensile results show that with the increase in Al content, the elongation of
the alloy decreases gradually, and the tensile strength first increases and then decreases.
When the Al content is 10 wt.%, the comprehensive mechanical properties of the alloys are
excellent. Compared with the alloy with 13 wt.% Al content, the elongation and tensile
strength of the alloy with 10 wt.% Al content increase by 272.73% and 113.77%, respectively.
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Austenite deforms first during the tensile process. The cracks mainly originate at
the interface between austenite and NiAl compound, and propagate along the interface,
resulting in the fracture of the alloy. When the aluminum content is 12 wt.%, due to the
appearance of k-carbides, the interfacial adhesion is reduced, and the tensile strength and
elongation are greatly reduced.
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