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Abstract: The magnetic properties of the new Fe41Ni28Co17Al11.5(Ti+Nb)2.5 (at. %) shape memory
alloy system were studied in this work. The magnetic properties were characterized by thermo-
magnetization and a vibrating sample magnetometer (VSM). In iron-based shape memory alloys,
aging heat treatment is crucial for obtaining the properties of superelasticity and shape memory. In
this study, we focus on the magnetization, martensitic transformation temperatures, and microstruc-
ture of this alloy during the aging process at 600 ◦C. From the X-ray diffraction (XRD) results, the
new peak γ’ is presented during the aging process. The intensity of this new peak (γ’) increases
with the aging time, while the intensity of the FCC (111) austenite peak decreases with aging time.
Transmission electron microscope (TEM) results show that the size of the precipitate increases with
increasing the aging times from 24 to 72 h. Thermo-magnetization results show that: (1) phase
transformation is observed when the aging time is at least 24 h, (2) the transformation temperature
increases with the aging time, (3) transformation temperatures tend to increase while the magnetic
field increases from 0.05 to 7 Tesla, and (4) the magnetization saturates after aging time reaches 24 h.
Vibrating sample magnetometer (VSM) results show that thermal process was found to significantly
affect the magnetic properties of this alloy, especially on saturated magnetic magnetization and
magnetic moment reversal behavior.

Keywords: shape memory alloys; FeNiCoAlTiNb; magnetic property; transformation temperatures;
aging heat treatment

1. Introduction

Shape memory alloys (SMAs) are functional materials, and they possess two recov-
erable properties: the shape memory effect and superelasticity. Nickel–Titanium (NiTi)
SMAs nowadays are commercial SMAs and are used in different areas of industry, such as
aerospace, automotives, and robotics, due to their high recoverable strain around 7% [1–3].
However, NiTi SMAs have a high cost in terms of material and difficulty to manufacture,
which limits the application of these alloys [4]. In contrast to NiTi alloys, iron-based SMAs
have a low material cost and good workability. As a result, iron-based SMAs have drawn
attention and interest in both industry and academia.

FeNiCoAlXB (X: Ta, Nb, Ti) polycrystals [5–8] and single crystals [9–12] show at least
5% superelastic strain. The L12 precipitates obtained by aging heat treatment change
the materials from a non-thermo-elastic martensitic transformation to a thermo-elastic
transformation [5]. The compositions of precipitates are close to (FeNiCo)3AlX (X = Ta, Nb,
Ti). The martensitic transformation (MT) of the FeNiCoAlXB (X: Ta, Nb, Ti) alloy system is
face-centered cubic (fcc) (austenite) to body-centered tetragonal (bct) (martensite).

Because the precipitates play an important role in the superelastic and shape memory
properties of these alloy systems, many studies have used different aging conditions
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to obtain different size and volume fractions of precipitates to focus on the origin of
thermo-elastic martensitic transformation. Geng et al. [13] carried out high-resolution
transmission electron microscopy (HR-TEM) analysis of an FeNiCoAlTaB alloy in two
different aging heat treatment conditions (600 and 700 ◦C) and observed the γ’ precipitate
containing (FeNiCo)3AlTa. For aging at 600 ◦C, the size of the precipitates slowly grows:
the precipitate size is 4.7 and 5.7 nm for the samples aged at 600 ◦C for 72 and 240 h,
respectively, while for aging at 700 ◦C, the size of the precipitates drastically increases when
the aging time is longer than 24 h. The precipitate size is 13 nm for 24 h and 40 nm for
240 h. Borza et al. [14] tailored the magnetic properties of FeNiCoAl(Ta,Nb)B micro-wire
by controlling the percent of cold drawing. The hysteresis loop is small in as-cast wire. By
increasing the percent of cold drawing to 70%, the hysteresis loop increases. In the same
heat treatment conditions, the saturation magnetization of FeNiCoAlTaB wire is smaller
than that of FeNiCoAlNbB wire. Zhou et al. [15] investigated the effect of aging on the
phase diagram and magnetic properties of FeNiCoAlTaB and NiTi alloys. Both as-cast
alloys showed no phase transformation. With the increase in aging time, the martensitic
transformation gradually emerged. The size and volume fraction of precipitates increased
as aging time increased from 24 to 72 h. Adarsh et al. [16] fabricated FeNiCoAlTaB alloys
by two different techniques: vacuum induction melting and vacuum arc re-melting. They
investigated the microstructure and magnetism of these alloys and found that the volume
fraction of the γ’ precipitates remained the same for the samples aged at 600 ◦C for 24,
48, and 72 h, but their size increased with aging time. FeNiCoAlTaB alloys show high
saturation magnetization and low coercively (Hc), as soft magnets [16].

In an FeNiCoAlTiNb alloy system, Tseng et al. [17] found that the homogeneous
condition is 1277 ◦C for 24 h. When heat treatment temperature was above 1300 ◦C, second
phases were generated in the samples after being quenched with water. Poklonov et al. [18]
demonstrated that FeNiCoAlTiNb single crystals with <100> orientation undergo shape
memory tensile tests with a 2.2% recoverable shape memory strain. The sample failed when
the stress level was 150 MPa. Tseng et al. [19] investigated the shape memory properties
of a cold-rolled sample by three-point bending test. The aging sample showed a 1.6%
recoverable strain. In these studies, the results seldom focus on magnetic properties. Most
previous research has focused mainly on the superelastic and shape memory properties,
and less on the magnetic properties.

In this paper, we study the effect of aging on the microstructure and magnetic proper-
ties of the Fe41Ni28Co17Al11.5(Ti+Nb)2.5 (at. %) polycrystalline alloys. The main goal is to
evaluate the role of precipitate on martensitic transformation temperatures, and that of the
magnetization of the aging effect on magnetic properties, composition, and microstructure.
This will be useful in the fabrication of magnetic shape memory alloys.

2. Materials and Methods

In this study, ingots of Fe41Ni28Co17Al11.5(Ti+Nb)2.5 (at. %) were prepared by Vacuum
Induction Melting (VIM). The samples were heat treated in solution at 1277 ◦C for 24 h (h),
followed by water quenching to homogenize the sample. The homogenous samples were
then aged at 600 ◦C for 24, 48, 72, and 96 h to introduce L12 precipitates (γ’) and water
quenched (designated as 600 ◦C—24 h, 600 ◦C—48 h, 600 ◦C—72 h, and 600 ◦C—96 h).
Optical microscopy (OM) was used to observe the β phases in different aging heat treatment
conditions. Scanning electron microscopy (SEM) coupled with energy-dispersive spectrometry
(EDS) was used to verify the composition of the specimens in different heat treatment stages,
and the backscattered electron (BSE) image was used to determine the phases present.

The crystal structures of 1277 ◦C—24 h samples aged at 600 ◦C for different durations
were determined using a Bruker X-ray diffractometer (XRD) employing Cu-Kα radiation
at 2θ values between 30 and 60 degrees. The dimensions for all XRD test samples are
8 mm × 8 mm (length × width). The size and structure of precipitate were investigated
using the transmission electron microscopy (TEM). The samples aged at 600 ◦C for 24, 48,
and 72 h were prepared by focused ion beam (FIB). TEM specimens were conducted using a



Crystals 2022, 12, 121 3 of 13

JEOL JEM-F200 electron microscope. The relationship between the magnetization and aging
time was characterized by the Superconducting Quantum Interference Device (SQUID).
The magnetic fields were selected at 0.05 and 7 Tesla (T). The cooling and heating rates
were decided as 5 K/min. The magnetic results were used to determine the magnetization
and martensitic transformation temperatures for calculating the entropy. The experiment
proceeded as follows: the sample was heated to 110 ◦C under a zero magnetic field, and
then cooled to −260 ◦C and heated to approximately 110 ◦C under a constant magnetic
field of 0.05 Tesla. After the test, the magnetic field became 7 Tesla. The sample was cooled
from 110 to −260 ◦C and heated to 110 ◦C again to complete another cycle. The magnetic
hysteresis loops were measured by using a vibrating sample magnetometer (VSM) with an
applied field between ±1.5 Tesla under ambient temperature. The samples were tailored to
be 0.125 cm3 cubes prior to measurement.

3. Results and Discussion
3.1. Optical Microscope and EDS Results

The optical microscope images of FeNiCoAlTiNb alloys in different aging conditions
are shown in Figure 1a–f. The results show that the β phases start to form along the grain
boundaries when the aging time reaches 12 h. β phases first generate in the triple junction.
With an increase in aging time, the β phases increase their width and volume fraction.
Because β phases prefer to accumulate along the high-angle grain boundaries [5,7,20], some
grain boundaries in Figure 1 do not observe β phases.
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Figure 1. Optical microscope images of FeNiCoAlTiNb alloys in different aging conditions: (a) 600 
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°C—24 h and 600 °C—96 h samples. The numbers in the two figures indicate the EDS 
points. Numbers 1 and 2 are analyses in matrix and Numbers 3 and 4 are analysis in β 
phases. The EDS results are summarized in Tables 1 and 2 for 600 °C—24 h and 600 °C—
96 h samples. Figure 2d compares the composition of solution-treated, 600 °C—24 h and 
600 °C—96 h samples. The EDS results of solution-treated samples are in reference [17]. 
Based on the results, with an increase in aging time from 24 to 96 h, the Ni content of the 
matrix decreases and the Al content of the matrix increases. Compared with the solution-
treated sample, both the Ni and Al contents of β phases increase as aging time increases 
from 24 to 96 h. 
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Figure 2. Backscattered electron micrograph of the FeNiCoAlTiNb polycrystalline alloy: (a) solu-
tion-treated sample, (b) 600 °C—24 h, (c) 600 °C—96 h, and (d) comparison of composition analysis 
results of matrix and β phases based on Tables 1 and 2. EDS average analysis results. 

Figure 1. Optical microscope images of FeNiCoAlTiNb alloys in different aging conditions: (a) 600 ◦C—
10 h, (b) 600 ◦C—12 h, (c) 600 ◦C—24 h (d) 600 ◦C—48 h, (e) 600 ◦C—72 h, and (f) 600 ◦C—96 h.

Figure 2a shows the BSE image of solution-treated polycrystalline FeNiCoAlTiNb. A
large grain size is observed in this condition. Figure 2b,c present the BSE image of 600 ◦C—
24 h and 600 ◦C—96 h samples. The numbers in the two figures indicate the EDS points.
Numbers 1 and 2 are analyses in matrix and Numbers 3 and 4 are analysis in β phases. The
EDS results are summarized in Tables 1 and 2 for 600 ◦C—24 h and 600 ◦C—96 h samples.
Figure 2d compares the composition of solution-treated, 600 ◦C—24 h and 600 ◦C—96 h
samples. The EDS results of solution-treated samples are in reference [17]. Based on the
results, with an increase in aging time from 24 to 96 h, the Ni content of the matrix decreases
and the Al content of the matrix increases. Compared with the solution-treated sample, both
the Ni and Al contents of β phases increase as aging time increases from 24 to 96 h.
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Table 1. The composition measurements of the FeNiCoAlTiNb alloy after 600 ◦C—24 h.

Element
β Phases Matrix

1 2 Average 3 4 Average

Al (at%) 10.6 11.6 11 * ± 0.7 12 11.7 11.76 * ± 0.2
Ti (at%) 0.94 1.72 1.43 * ± 0.5 1.49 1.23 1.25 * ± 0.2
Fe (at%) 40.3 40.6 40.6 * ± 0.2 40.2 39.9 40.25 * ± 0.4
Co (at%) 16.8 15.9 16.18 * ± 0.6 17 17.8 17.64 * ± 0.6
Ni (at%) 29.9 28.5 29.2 * ± 0.7 27.8 27.6 27.51 * ± 0.3
Nb (at%) 1.43 1.7 1.59 * ± 0.2 1.61 1.72 1.59 * ± 0.1

* The standard deviations were calculated from 4 overall measurement points (here, we show two of them in
Figure 2b.

Table 2. The composition measurements of the FeNiCoAlTiNb alloy after 600 ◦C—96 h.

Element
β Phases Matrix

1 2 Average 3 4 Average

Al (at%) 11.7 11 11.36 * ± 0.4 10.7 12.6 11.44 * ± 0.7
Ti (at%) 1.74 1.23 1.48 * ± 0.3 1.5 1.28 1.27 * ± 0.2
Fe (at%) 38.8 40.2 39.8 * ± 0.5 40.3 42.2 41.33 * ± 0.7
Co (at%) 15.9 16.1 15.9 * ± 0.6 17.5 16.2 17.1 * ± 0.6
Ni (at%) 30.6 29.9 30.2 * ± 0.4 28.7 26.4 27.54 * ± 0.7
Nb (at%) 1.19 1.56 1.26 * ± 0.4 1.28 1.29 1.32 * ± 0.1

* The standard deviations were calculated from 4 overall measurement points (here, we show two of them in
Figure 2b.

3.2. XRD Results

Figure 3 shows the XRD results of FeNiCoAlTiNb alloys under various processing
conditions. An XRD peak corresponding to FCC (111) was observed in the solution-treated
sample. For aged samples, a new peak (γ’) with a high diffraction angle was presented. The
intensity of this new peak (γ’) increased with aging time. At the same time, the FCC (111)
peak decreased. The new peak is attributed to the precipitates (L12), whose lattice parameter
was slightly smaller than that of the matrix. Similar XRD patterns were also observed in the
FeNiCoAlTaB alloys [15]. The peak position at 50 degrees was identified as the FCC (200)
austenite phase. The intensity of the FCC (200) becomes more obvious as increasing aging
time. The result suggests the austenite phase is coherent with precipitates and results in
high coherence and degree of periodicity and ordering for the {200} planes [21]. No β-NiAl
precipitate peaks were observed from the XRD pattern because the grain size was large and
the formation of high- and low-angle grain boundaries was random, resulting in a limited
number of β phases.

3.3. Transmission Electron Microscope Results

Figure 4a shows the room temperature bright field TEM image of FeNiCoAlTiNb
600 ◦C—24 h aging sample. The precipitates with diameter around 3–5 nm are clearly
visible. Figure 4b shows TEM images for 600 ◦C—48 h sample. The size of precipitates
is around 7–9 nm. Figure 4c shows the corresponding selected-area electron diffraction
(SAED) pattern of austenite and precipitates. The major diffraction spots are from the
austenite matrix, which is a fcc phase. The spots with yellow circle are the precipitates.
The precipitates are ordered L12 structure similar to the precipitate structure observed in
the FeNiCoAlTaB, FeNiCoAlTa, and FeNiCoAlTi SMAs [5,9,10,15]. Figure 4d are the TEM
image of 600 ◦C—72 h sample. The precipitates with diameter around 10–12 nm. The
results indicate the sizes of the precipitates increase with the increase of aging times.
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3.4. Magnetization Results

The martensitic transformation was not observed in the solution-treated sample. Dur-
ing the aging process, the phase transformation was not observed in the 600 ◦C—12 h
sample, as shown in Figure 5a. Samples after aging at 600 ◦C for 24, 48, 72, and 96 h
showed the phase transformation. Figure 5b–e displays the thermo-magnetization results
of FeNiCoAlTiNb aging heat treatment at 600 ◦C for 24, 48, 72, and 96 h under magnetic
fields of 0.05 and 7 T. The martensitic transformation temperatures of the aged sample can
be determined by the tangent line method under 0.05 T, as shown in Figure 5b. The trans-
formation temperatures for the 600 ◦C—24 h sample are: austenite finish temperature (Af)
= −84 ◦C and martensite start temperature (Ms) = −114 ◦C. The calculation of temperature
hysteresis is ∆Th = |Af − Ms|, and was calculated to be 30 ◦C. The same method was used
in 600 ◦C—48 h, 600 ◦C—72 h, and 600 ◦C—96 h samples. The transformation temperatures
of four aging conditions under 0.05 and 7 T are summarized in Table 3. Figure 5f summa-
rizes the relationship between the transformation and aging times. The transformation
temperatures shift to higher temperatures as aging duration increases. The transformation
temperatures are related to the Ni concentration in iron-based SMAs [20]. If the Ni content
is reduced, its content and the transformation temperatures tend to increase [20]. The oppo-
site was reported for FeMnAlNi alloys [22–25], by which the transformation temperatures
decreased with an increase in aging time.

Table 3. Martensitic transformation temperatures and temperature hysteresis in aged FeNiCoAlTiNb
samples under 0.05 Tesla and 7 Tesla.

Aging Conditions Magnetic Field (T) Ms (◦C) Af (◦C) Temperature
Hysteresis (◦C)

600 ◦C—24 h
0.05 −114 −84 30

7 −85 −55 30

600 ◦C—48 h
0.05 −75 −45 30

7 −57 −27 30

600 ◦C—72 h
0.05 −62 −30 32

7 −42 −10 32

600 ◦C—96 h
0.05 −44 −12 33

7 −16 18 34

In a 0.05 Tesla field, the magnetization decreases during cooling and increases dur-
ing the heating process. The results show that the austenite phase is ferromagnetic and
martensite is weakly magnetic. When the magnetic field increases to 7 T, the maximum
magnetization level is reached for the 600 ◦C—24 h sample. For longer heat treatment
times, the magnetization values maintain the same values. The results imply that a satura-
tion magnetization of 140 emu/g is reached. The saturation value is higher than that of
FeNiCoAlTa [9], and closer to the FeNiCoAlTaB results [5].

Moreover, the entropy can be calculated using the Clausius–Clapeyron relation in a
magnetic phase diagram [21]:

∆s ≈ −
(

∆I
∆Th

)
∆H (1)

where ∆Th is temperature hysteresis, ∆H is magnetic field change, and ∆I is the magneti-
zation. For the 600 ◦C—24 h sample, when ∆H is 7 T, the magnetization is assumed to be
−140 emu/g and ∆T is 30. The ∆s is around 33 J/K−1kg−1. In FeNiCoAlNb single crystal
studies, the stress–temperature slope (α = dσ/dT) is between 3.2 and 3.8 MPa/K [26] using
the Clausius–Clapeyron relation:

dσ

dTtem
= −∆s

ε
= α (2)
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where σ is the critical stress for stress-induced martensitic transformation, Ttem is the
temperature, α denotes the slope of the critical stress–temperature curve, ∆s is the entropy,
and ε is the transformation strain, which is 8.7% for theoretical transformation strain [5].
The entropy was calculated to be approximately 3.8 × 8.7% = 33.06 J/K−1kg−1 [26], which
is a result similar to that of the present work. The Gibbs energy (∆G), the driving force for
the martensitic transformation, is given by ∆G ≈ ∆s·∆Th. The small entropy results in the
small thermal hysteresis in the martensitic transformation.
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3.5. Vibrating-Sample Magnetometer Results

Figure 6 shows the hysteresis loops of FeNiCoAlTiNb samples with different aging
conditions. All samples exhibited magnetism; however, the specifics of the magnetic
behaviors were found to be different among them. For the as-prepared sample, the sat-
urated magnetization was observed as 57 emu/g, as shown in Figure 6a. In addition,
the magnetization decreased gradually with a smaller applied field, which suggests the
magnetic moments were reversed incoherently throughout the sample. In the case of the
solution-treated sample, as shown in Figure 6b, the saturated magnetization was measured
to be 70 emu/g and the value was observed to be maintained when the applied field was
higher than 0.3 T for both directions, and then rapidly decreased when applying a smaller
field. This result reveals a relatively coherent reversal behavior of the sample. Both the high
saturated magnetization value and the relatively coherent reversal of magnetic moments
could be ascribed to the homogeneity of grain size and composition distribution after
solution treatment. Before treatment, some magnetic moments inside the sample may be
trapped by defects among scattered grains with a variety of sizes and impurities caused
by composition inhomogeneity. In other words, larger grains with a similar size provide a
greater volume of long-range-ordered atomic arrangement, along with well-distributed
elements for the release of the trapped magnetic moments; hence, more magnetic moments
could be aligned to the direction of the applied field, i.e., higher magnetization value. In
addition, when free from trapping, the magnetic moments are flipped more easily, and
therefore exhibit relatively coherent reversal behavior throughout the sample. Figure 6c–g
show samples with a variety of aging processes; the saturated magnetization for all sam-
ples could be observed to decrease to a value of approximately 30 emu/g, which may be
attributed to the drastic evolution of new phases to reach the shape memory transformation
point of the FeNiCoAlTiNb alloy. During the process, some constituents that contribute to
magnetism may reform to constituents without magnetism. In addition, two observations
among these aging samples are worth mentioning. First, the reversal of magnetic moments
in the sample aged for 12 and 24 h are slightly more incoherent than in the other three
samples. When aged for 24 h, magnetic reversal starts earlier, from 0.28 T, and more slowly
drops to the origin. On the other hand, the magnetic reversal of the other three samples
all start later, from 0.24 T, and drop to the origin point faster, i.e., more coherent reversal.
This result suggests that a major shape memory transformation had already occurred when
aging for 24 h; however, the complete transformation point should be between 24 and 48 h
of aging. This result is consistent with previous research of a similar alloy system [15].
Second, the saturated magnetization values were found to slightly decrease from 34 emu/g
for aging 12 h to 33 emu/g for the aging 24 and 48 h samples, then to 31 emu/g (for aging
72 h), and finally 30 emu/g (for aging 96 h). The results imply that even after the complete
transformation of the shape memory performance aspect, the gradual transformation of
the residual constituent is still present while prolonging the aging process. However, the
detailed transformation mechanism of the FeNiCoAlTiNb alloy system still requires more
comprehensive studies to be completely defined. This study reveals the magnetic properties
of the new shape memory alloy system, FeNiCoAlTiNb, and the results could provide a
deeper understanding of the new system and other similar alloys.
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Figure 6. Hysteresis loop of FeNiCoAlTiNb samples with different aging conditions: (a) As-prepared
samples, (b) 1277 ◦C—24 h, (c) 1277 ◦C—24 h + 600 ◦C—12 h, (d) 1277 ◦C—24 h + 600 ◦C—24 h, (e)
1277 ◦C—24 h + 600 ◦C—48 h, (f) 1277 ◦C—24 h + 600 ◦C—72 h, and (g) 1277 ◦C—24 h + 600 ◦C—96 h.

4. Conclusions

In summary, the magnetic properties were investigated for FeNiCoAlTiNb SMAs for
different aging times. The main conclusions can be listed as follows:

1. The XRD results show that the new peak γ’ appears during the aging process. The
intensity of this new peak (γ’) increases with the aging time, while the intensity of the
FCC (111) austenite peak decreases with aging time.

2. The TEM results show that aging for 24 h, only small amounts of precipitates with
the size of 4–5 nm are obtained. When the aging time is prolonged to 48 h, the
precipitate phases grow to the size of 7–9 nm. When the aging time increases to 72 h,
the precipitates further grow up and the size of the precipitate is about 10–12 nm and
the distribution of precipitates also tends to be more intensive.

3. The thermo-magnetization results show that phase transformation is observed when
the aging time reaches 24 h. The transformation temperatures increase with both
aging time and magnetic field. The magnetization saturates at 140 emu/g when the
aging time is 24 h.

4. β phases prefer to be precipitated at the triple junction. Compared with the nominal
composition, β phases are enriched in Ni and Al contents. With an increase in the
aging heat treatment conditions from 24 to 96 h, Ni and Al contents increase.

5. From hysteresis loop studies, the thermal process was found to significantly affect the
magnetic properties of this alloy. A higher saturated magnetization value (70 emu/g)
and more coherent magnetic moment reversal were revealed after solution heat treat-
ment (57 emu/g). After aging for variety of lengths of time, all samples display similar
saturated magnetization (~30 emu/g), which reveals that some constituents contribut-
ing to magnetism may reform to constituents without magnetism. By considering
reversal behavior, the complete transformation point of the shape memory feature lies
between 24 and 48 h of aging. The gradually reduced saturated magnetization values
imply that residual constituent transformation was still present when prolonging
aging time. These results regarding magnetic properties could provide a deeper
understanding of the new system and other similar alloys.
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