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Abstract: In this study, the influence of an aging treatment on the shape memory effect and martensitic
transformation was investigated in an Fe-Mn—Al-Ni alloy by adding a small amount of Nb and C
elements. Results show that the aging treatment can significantly improve the shape recovery rate of
the alloy. In the bending test with 4% deformation, after aging at 200 °C for 1 h, the recovery rate
increased from 20 to 45%, and it further increased to 51% after the two-step aging treatment at 800
and 200 °C. The high-temperature in situ X-ray diffraction and atomic force microscope were used
to reveal the shape memory effect between room temperature and 400 °C in this alloy due to v/ —«
transformation. The microstructure of aged specimens was investigated using transmission electron
microscopy. With the extension of the aging time from 0.5 to 6 h, the size of NiAl precipitation
gradually grew from 9 to 32 nm, and the distribution became more uniform. Meanwhile, the NbC
particles were found in the two-step aging treatment alloy, which was the key to improving the shape
memory effect.
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1. Introduction

Since Wayman first discovered the shape memory effect (SME) in FePt alloys [1],
Fe-based shape memory alloys (SMAs) have been studied for more than 50 years. Studies
dedicated to the SME of Fe-based SMAs have emerged in large numbers in recent years,
such as FePd-, FeNiC-, FeNiCoTi- and FeMnSi-based alloys [2-6]. The cheap FeMnSi-
based SMAs especially are expected to be the best potential alternative to NiTi-based
SMAs and have been used for pipe couplings and fishplates [7]. However, the SME of
FeMnSi-based SMAs is related to the fcc-hcp transition, exhibiting a non-thermoelastic
martensitic transformation; thus, the alloys do not have superelasticity, which limits its
engineering applications.

In 2011, Ando et al. doped a Ni element to Fe-Mn-Al alloys [8], and the NiAl
phase was precipitated by an aging treatment, which was coherent with the matrix. In
addition, NiAl precipitates strengthen the austenite matrix, hinder the dislocation during
martensitic transformation, suppress the plastic deformation and induce the transformation
to thermoelastic martensitic transformation, thus obtaining good superelasticity in Fe-Mn~—
Al-Ni alloys. Therefore, the critical stress of stress-induced martensitic transformation of
Fe-Mn-Al-Ni alloys showed partial temperature dependence, which was only 0.5 MPa/°C.
Because of this feature, this alloy exhibited good superelasticity over a wide temperature
between —196 and 240 °C, and therefore expanded the application field [9,10].

In 2016, Omori found that the grain size increased significantly after cyclic heat
treatment between a single-phase region (« phase) and a dual-phase region (x + v phase).
The cyclic heat treatment induced abnormal grain growth (AGG), achieving a bamboo-like
structure in the alloy, which improved its superelasticity [11]. In 2019, Vollmer et al. doped
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a 1.5 at.% Ti element to Fe-Mn-Al-Ni alloys. According to their research, the solid solution
temperature of the y phase decreased significantly, and the size of the subgrains became
smaller, thereby obtaining a higher driving force for abnormal grain growth [12]. Recently,
scientists have been focusing on improving superelasticity by adjusting heat treatment
process and optimizing alloy composition [13-16]. Meanwhile, the potential applicability
of the alloy has been investigated [17-20]. However, research on the shape memory effect
has rarely been reported [21,22]. Therefore, further improvement of the shape memory
effect is extremely necessary for the Fe-Mn-Al-Ni system.

In order to further improve the strength of the matrix and suppress the plastic de-
formation caused by the dislocation slip during the deformation process, in this study,
we added a small amount of Nb and C elements to the Fe-Mn—-Al-Ni alloy. After aging
treatment, NbC particles were precipitated into the matrix; these second-phase particles
could serve as nucleation points for stress-induced martensite, increasing the amount of
martensite in the matrix, thereby promoting the occurrence of reverse phase transformation
and improving the shape memory effect [23].

This investigation was dedicated to studying the effect of different aging treatments
on the SME in the Fe-Mn-AIl-Ni alloy. We observed the microstructure after tensile
deformation and the evolution of martensitic plates during heating. In addition, we
discussed the relationship between the SME and martensitic transformation and studied
the effect of the precipitations on the property.

2. Materials and Methods

The specimen used in this research was the as-cast Fe-Mn-Al-Ni alloy. The compo-
sition is shown in Table 1. The ingot was prepared by vacuum induction melting, and
then it was homogenized in a vacuum furnace at 1100 °C for 10 h. Next, a specimen of
appropriate size was cut from the alloy and sealed in a quartz tube filled with argon, and
then the solution was treated at 1200 °C for 2 h, followed by water cooling. The bending
test specimen with a size of 45 x 3 x 0.7 mm and a dog-bone-shaped tensile specimen
with a size of 1 x 3.5 x 50 mm were cut by a wire electric discharge machine. These speci-
mens aged at 200 °C and 800 °C + 200 °C, respectively. The dog-bone-shaped specimen
was subjected to tensile test by a GNT50 testing machine (NCS, Beijing, China) with a
pre-strain of 4%, and the critical stress of stress-induced martensitic transformation was
calculated by the 0.2% strain offset method. The shape memory effect was examined by
a bending test with a deformation of 4%. Firstly, these specimens after aging treatment
were deformed at room temperature and measured for the elastic recovery angle (6¢) after
unloading; secondly, specimens were heated between 100 and 400 °C, for which the holding
time was 10 min; finally, the shape recovery angle (6;) was measured after air cooling to
room temperature.

Table 1. Chemical composition of Fe-Mn-Al-Ni alloy (at.%).

Fe Mn Al Ni Nb C
41.03 354 14.8 7.9 0.8 0.07

The phases were determined by D8 ADVANCE high-temperature in situ X-ray diffrac-
tion (XRD) (Bruker, Karlsruhe, Germany). The y'— « transformation was observed with
the Dimension Icon atomic force microscope (AFM). (Bruker, Karlsruhe, Germany). A
JEM-2100 transmission electron microscope (TEM) (JEOL, Tokyo, Japan) was employed to
observe the microstructures of the aged specimens.

3. Results and Discussion
3.1. Shape Memory Effect

Figure 1a shows the shape recovery rate of the alloy under different aging treatment
conditions. It can be seen from Figure 1 that the recovery rate showed a rising trend with the
increase in heating temperature. When the heating temperature rose to 400 °C, the recovery



Metals 2022, 12, 247

30f8

rate of the alloy reached its maximum. Further, we observed that the aging treatment can
significantly improve the recovery rate, and the maximum recovery rate was about 45%
when the alloy aged at 200 °C for 1 h.
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Figure 1. Shape recovery rate and stress—strain curves of tensile test of alloys with different ag-
ing conditions. (a) Shape recovery rate of the alloy. (b) Stress—strain curves of alloy after 4%
pre-strain tension.

In order to investigate the effect of NbC particles on the SME, the alloy aged at 800 °C
for 20 min first and then aged at 200 °C for 1 h. As shown in Figure 1a, it can be concluded
that the recovery rate also showed a rising trend with the increase in heating temperature.
Moreover, the recovery rate of the alloy after aging at 800 °C for 20 min increased slightly,
and when the heating temperature was 400 °C, the shape recovery rate increased from 45
to 51%.

Figure 1b shows the stress—strain curves of the alloy after 4% pre-strain tension. It
was calculated by the 0.2% strain offset method that the critical stress for stress-induced
martensitic transformation of the solution specimen was 206 MPa, and after the aging
treatment, the critical stress increased significantly, reaching 353 MPa after aging at 200 °C
for 6 h. Moreover, the critical stress further increased to 389 MPa after the specimen received
the two-step aging treatment.

3.2. v/ —a Transformation Behavior

In order to study the evolution of microstructure during heating, the specimens,
which were heated at different temperatures, were subjected to phase analysis by high-
temperature in situ XRD. As shown in Figure 2, with the increase in temperature, the
intensity of the (111)y’ peak decreased gradually. In addition, the (110)x peak with lower
intensity occurred when the specimens were heated at 300 °C. It was found by calculation
that when the temperature increased from 300 to 400 °C, the percentage of the y’ phase
decreased from 82.6 to 76.1, and the percentage of the « phase increased from 17.4 to
23.9. Accordingly, this indicates that the amount of stress-induced v’ martensite reduced
gradually and the v/ — « transformation occurred.

In order to further investigate the reason for the occurrence of the SME, we conducted
a room-temperature tensile experiment. In addition, atomic force microscopy was used to
observe martensite relief on the surface of the specimen after 4% pre-strain was applied.
Figure 3a shows the AFM picture of a specimen after experiencing 4% pre-strain; it can be
seen that several parallel martensitic plates appeared on the surface of tensile specimens.
Figure 3b shows the cross-section curve along the line in Figure 3a, from which the tilt angles
for plates A, B, C, D and E in Figure 3a were measured to be 3.5°, 5.1°, 3.4°, 4.1° and 3.8°,
respectively. Therefore, we can infer that these martensitic plates belong to the same type of
martensitic variant. Figure 3c—f show the martensitic reverse transformation. It was found
that the amount of v/ martensite gradually reduced, and the width of the martensitic plates
decreased with the increase in temperature. When the heating temperature reached 400
°C, the martensitic plates almost disappeared completely. This indicates that y' martensitic
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transforms back to the « phase during heating. This is consistent with the results observed
by XRD. This can explain the results observed in the bending experiment. When the
temperature rose, the reverse transformation of ' — « occurred, which shows the specimen
returned to its initial shape.
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Figure 2. High-temperature in situ XRD pattern of the tensile specimens at different temperatures.

Figure 3. AFM micrographs of specimens with 4% pre-strain tension at different temperatures and
martensitic relief angles. (a) Room temperature. (b) Cross-section curve of the surface along white
line in (a,c,d—f). The same site in (a) after heating to 100 °C, 200 °C, 300 °C and 400 °C, respectively.

3.3. Investigation of Precipitation

As mentioned above, the shape recovery rate and the critical stress of the stress-
induced martensitic transformation of the alloy after the aging treatment have been im-
proved. In order to determine the reason behind the performance improvement, TEM as
employed to investigate the microstructures. Figure 4 depicts the TEM bright-field image
of precipitations under different aging treatment conditions and the corresponding selected
area diffraction (SAED) pattern of the alloy aged at 200 °C for 6 h. It was found from the
pattern that there were diffraction spots in the austenite matrix, and there was a weak NiAl
precipitation spot in the center of the matrix spot.
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Figure 4. Morphology of precipitations and SAED patterns of the alloy under different aging
conditions: (a) 200 °C-0.5 h, (b) 200 °C-1 h, (c) 200 °C-3 h and (d) 200 °C-6 h. (e) The corresponding
SAED of precipitations in (d).

It can be seen from Figure 4a that when the aging conditions were 200 °C for 0.5 h, the
precipitations with a size of about 8 nm were precipitated from the matrix. After aging at
200 °C for 1 h and 3 h, the size of precipitations increased to 23 and 28 nm, respectively
(Figure 4b,c). With the continuous increase in the aging time, the precipitations gradually
grew and were distributed more uniformly. The size of the precipitations increased to
about 32 nm when the aging time was 6 h (Figure 4d).

According to the above SME experimental results, as shown in Figure 1a, a trend of
first rising and then falling can be seen with the extension of the aging treatment time when
the specimens aged at 200 °C. This phenomenon is related to the size of the precipitations;
when the aging time was short, the size of the precipitations was only 8 nm (Figure 4a), but
these fine precipitations could strengthen the matrix and suppress plastic deformation to
some extent, so the shape recovery rate increased slightly compared to the solution-treated
specimens. With the increase in aging time, the size of NiAl precipitations became larger,
reaching about 25 nm (Figure 4b,c), and the distribution became more uniform, which fur-
ther strengthened the matrix and suppressed the plastic deformation, thus promoting the
shape recovery rate. However, with the further extension of aging time, the precipitation
grew and coarsened continuously, reaching a size of about 32 nm (Figure 4d); the strength-
ening effect decreased because the coherent relationship with the matrix was destroyed,
and the large-size precipitations reduced the resistance to dislocation movement, so the
shape recovery rate decreased. However, as the number of NiAl precipitations gradually
increased, these fine and uniformly distributed precipitations significantly increased the
strength of the austenite matrix, thereby increasing the critical stress of the stress-induced
martensitic transformation of the alloy (Figure 1b).

As shown in Figure 1a, the shape recovery rate of the alloy increased from 45 to 51%
after the two-step aging treatment. Therefore, TEM observation was performed on the alloy
that underwent the two-step aging treatment as shown in Figure 5a. Figure 5b,c portray
the SAED spots of areas 1 and 2 in Figure 5a, respectively. It can be seen that the dark NbC
particles were precipitated after aging at 800 °C. Through the SAED, it can be inferred that
NbC and NiAl precipitations, which precipitated in the matrix after two-step aging, and
some NbC precipitations are associated with the NiAl phase. In addition, long strips of the
NiAl phase were also found in the alloy that experienced the two-step aging treatment.
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Figure 5. Morphology and SAED patterns of precipitations after two-step aging treatment.
(a) Morphology of precipitations (b) and (c) the SAED of area 1 and 2 in (a), respectively.

We found NbC and NiAl particles in the matrix after the alloy received the two-step
aging treatment. These two kinds of precipitations can not only strengthen the matrix
but also suppress the generation of slip during the deformation process. Secondly, the
NbC particles may be the nucleation site of the stress-induced martensitic transformation
and may reduce the stress-induced martensitic transformation critical stress. Besides, it is
likely that the same type of martensitic variant is activated at each grain throughout the
austenite. At the same time, the elastic stress field forms around the particles, which will
generate a driving force at the tip of the martensite to promote the recovery of dislocations.
It can restrain the excessive growth of martensite, which is conducive to the occurrence
of reverse martensitic transformation and improves the shape recovery rate [24-27]. Since
NbC and NiAl particles together can strengthen the matrix, the critical stress of stress-
induced martensitic transformation of the alloy further increased after the two-step aging
treatment.

4. Conclusions

In this study, the influence of an aging treatment on the shape memory effect and
martensitic transformation was investigated in an Fe-Mn-Al-Ni alloy with a small amount
of Nb and C elements. The following conclusions were drawn:

(1) Through the SME test, we found that aging treatment can significantly improve
recovery rate; when the specimens aged at 200 °C for 1 h, the maximum recovery rate
increased from 20 to 45% In addition, when the two-step aging treatment was carried out
at 800 and 200 °C, the recovery rate further increased to 51%.

(2) AFM results show the surface relief of martensitic plates and measurements of the
single-variant martensitic plates are produced by tension. The AFM and high-temperature
in situ XRD analyzed the amount of stress-induced y’ martensite reduced during heating
and exhibited the SME resulting from the transformation of y'— .

(3) TEM results show that the NiAl phase was precipitated in the matrix when the
alloy aged at 200 °C; with the extension of the aging treatment time from 0.5 to 6 h, the size
of the precipitations grew from 9 to 32 nm. In addition, NbC particles were found in the
two-step aging treatment alloy. These particles can strengthen the matrix and serve as the
nucleation point of the martensitic transformation. Simultaneously, the elastic stress field
generated around the NbC precipitations was conducive to the occurrence of the reverse
martensitic transformation.
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