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Introduction

The memory effect of Fe-Mn-Si-based alloy was
realized by stress-induced martensitic transformation
and its reverse transformation [1-3]. Under the action
of stress, the alloy phase was transformed from face-
centered cubic austenite (y-FCC) to hexagonal dense
martensite (e-HCP). After unloading, &-HCP was
transformed into the y-FCC phase at a temperature
higher than A (austenite finish), and the effect of
shape recovery was achieved [4]. Fe-Mn-Si-based
shape memory alloy (SMA) had become one of the
most likely shape memory alloys for large-scale
industrial applications due to its low cost of raw
materials, easy processing and manufacturing, and
excellent mechanical properties. It was widely used
in the manufacture of vibration pipe joints [5] and
degradable biomaterials [6]. At present, the shape
memory performance of Fe-Mn-Si-based SMAs
could be improved by optimizing alloying elements
and preparation methods.

Generally, Fe-Mn-Si-based shape memory alloys
are produced by melting and casting in a high vac-
uum (or air) environment combined with thermal
machining [7]. However, ingot metallurgy has some
inherent defects, such as difficulty in maintaining the
uniformity of alloy composition, easy loss of Mn

element during heat treatment or melting, crack
during solidification or quenching and incomplete
dissolution of Si in the melt [8]. The study of A. Salak
with H. Danninger showed that compared with Fe—
Mn-5Si memory alloy prepared by vacuum melting,
Fe-Mn-Si memory alloy prepared by powder met-
allurgy (P/M) solves the shortcoming of incomplete
solution of Mn and Si elements [9, 10]. Compared
with the traditional hot pressing sintering and hot
isostatic pressing sintering methods, the spark
plasma sintering (SPS) method can solidify the alloy
powder and form a high-density structure with finer
grains at a relatively lower temperature and in a
shorter time [11-13]. The densities of Fe-Mn-Si
memory alloys prepared by Z.G. Xu [6, 14] using hot
pressing sintering were 62.8% and 67.6%, respec-
tively. In contrast, the densities of Fe-Mn-5i memory
alloys prepared by Spandana D [15] using the SPS
method reached 98%. There are usually two ways to
prepare alloys via P/M. One involves mixing pow-
ders of various alloying elements and then sintering
them. The other is to mechanically alloying (MA) the
powder and then sintered. MA can effectively reduce
the particle size of the powder mixture [16-19],
making the alloy powder synthesize saturated solid
solution preferably [20], promoting the diffusion and
phase transformation of elements in subsequent
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sintering, which is beneficial to the shape recovery
performance of the alloy. At the same time, MA can
increase the hardness and compressive strength of
the alloy [21, 22]. Z.G. Xu [14] found that the alloy
sintered with MA has a compressive strength of
454.5 MPa, which is 190% higher than that of the
alloy sintered without MA under the same condi-
tions. In the Fe-Mn-Si SMA prepared by Takeshi
Saito [23] using MA combined with SPS sintering
process, the compressive strength of the alloy is as
high as 950 MPa when the compressive strain is 0.08.
Therefore, it is highly necessary to perform MA on
the alloy powder before sintering. However, in MA,
the milling medium, rotational speed, milling time,
ball-powder weight ratio and milling atmosphere all
affect the microstructure and properties of the alloy
powders [24-27]. The hardness of Fe-17Mn—6Si-
0.03C alloy prepared by F. Xu [28] using MA for
20 min was only 130 HV, while the hardness of He-
Mn-Si-based alloy prepared by Zou et al. [29] using
MA for 50 h was as high as 527.4 HV.

In this work, the Fe-Mn-Si-Cr-Ni alloy was by
MA combined with SPS. The effect of milling time on
the microstructure, mechanical properties, supere-
lasticity and corrosion resistance of the alloy had
been investigated.

Experimental details

High-purity (99.9 wt.%) Fe, Mn, Si, Cr and Ni pow-
ders were mixed according to the mass ratio (61Fe—
20Mn-6Si-8Cr-5Ni) required for the experiment. The
alloy powder was mechanically alloyed with a plan-
etary ball mill (QM-35P4, China) (400 r/min, argon
atmosphere, grinding time: 50 h, ball-material
weight ratio: 20:1). Both the grinding media and the
grinding vessel were made of stainless steel, and
methanol was used as a control agent during milling.
To avoid excessive cold welding, ramming was per-
formed every 10 h. The alloy powder was sintered
into @10 alloy bulks using SPS equipment (Labox-
110, Japan) [15], and the sintering parameters were
950 °C /50 MPa/30 min/50 °C-min~".

An X-ray diffractometer (D/MAX-2500PC, Rigaku,
Japan) was used to analyze the phase structure of the
alloy. An FE-5-4800 field emission scanning electron
microscope was used to observe the microstructure of
the surface and fracture of the sintered samples, and
energy dispersion spectroscopy (EDS) was used to
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analyze the chemical composition of the microzone.
DSC analysis of alloy powder was carried out by a
differential scanning thermal analyzer (NETZSCH
STA449C) (1300 °C/10 K/min/argon). At the same
time, the Archimedes drainage method was used to
measure the relative density of samples (n = py/p1,
where 1 is the relative density of the sample, py is the
actual density of the sample and p; is the theoretical
density of the sample). The sintered samples were
polished and placed into a Vickers hardness tester
(HVS-1000) to test the hardness of the samples. A
dynamic thermo-mechanical simulation machine
(Gleeble-3500) was used to test the sample’s com-
pressive mechanical properties and superelastic
strain (?4 mm x 8 mm cylinder) at room tempera-
ture. The corrosion resistance of the alloy sample
@ mm x 8 mm x 6 mm) in 3%HC] and 20%NaOH
solution was tested by static immersion weight loss
method.

Results

As shown in Fig. 1a, XRD patterns of alloy powders
with different milling times show that the diffraction
peaks of Fe, Mn, Si, Cr, and Ni significantly decrease
or disappear with the increase in milling time, and
elements Mn, S5i, Cr, and Ni are solubly dissolved into
o-Fe. Because the integrity of the crystal is destroyed
by milling, the intensity of the diffraction peak
decreases. In the subsequent milling stage, the pow-
ders and the steel balls collide violently under
external forces, which leads to an increase in stress
between the powder particles and a gradual accu-
mulation of defects. At about 50 h, the energy gen-
erated by MA transforms part of the lattice from the
high-strain o-BCC phase to the e-HCP phase, and the
peak point of HCP increases gradually with the
increase in milling time. The local relaxation caused
by lattice distortion has little effect on the crystallite
size variation, and the residual plastic strain can be
neglected [30]. Therefore, the average crystallite size
and lattice strain can be directly estimated by the
Scherrer formula (1) and William-Hall formula (2),
and the results are shown in Fig. 1b. The microcrystal
size decreases from 261 to 79 nm within 0-10 h of
milling, and the reduction in microcrystal size at this
stage is mainly attributed to mechanical milling. In
the subsequent milling process, the particle size
decreases slowly, and the crystallite size gradually
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welding makes part of the broken powder particles
sticky, increasing the average crystallite size. The
effect of the milling time on the lattice microstrain
and the crystallite size of the alloy powder is the
opposite. At the initial stage of milling, the lattice
microstrain increases sharply, peaking at 50 h, and
then shows a downward trend. Before 50 h, the lat-
tice microstrain of the alloy powder is mainly asso-
ciated with the formation of solid solutions in the
powder. When the crystallite size is reduced to the
nanometer scale, the volume fraction of the grain
boundaries is large. The large amount of energy
accumulated during milling causes other alloying
elements to quickly dissolve into the main lattice,
resulting in a large number of defects and severe
lattice distortions. After 50 h, the fragmentation of the
powder particles is in dynamical equilibrium with
the cold welding process. The energy generated in
the MA process will transform part of the high-strain
a-BCC phase into the low-strain e-HCP phase,
resulting in the decrease in lattice microstrain.

— kA
hkl_ﬁcos@

(1)

where oy is the crystallite size (nm) of different
crystal planes, ¢ is the lattice microstrain (%), f is the
half-height width of the diffraction peak of the test
sample (°), 4 is the wavelength of incident X-ray
(4 = 1.54056A) and 0 is the diffraction angle of dif-
ferent crystal planes.

The mechanical alloyed Fe-20Mn—65i-8Cr-5Ni
alloy powder was sintered at 950 °C to obtain the
alloy bulks. The A1, A2 and A3 alloys were milled for
20 h, 50 h and 90 h, respectively. It can be found from
Fig. 1c that the main phase of the alloy block before
50 h milling is the FCC phase. After 90 h of milling,
the main phase changes to the BCC2 phase, and
Fe;04, MnzO4 and C,;,C; also appear. The reason is
that during the long MA process, the energy of the
alloy powder is highly concentrated, which increases
the activity of some elements in the alloy powder,
and some elements are easy to combine with O and C
in the air. It is found that with increasing milling
time, the average crystallite size of the alloy first
increases and then decreases, and the lattice strain
first decreases and then increases. This result is in
contrast to the trend of the lattice strain of alloy
powders with milling time.

@ Springer



3350

Figure 2 SEM images of
alloy powders at different
milling times: a 2 h, b 20 h,
¢ 50 h,d90 h.

In the early stage of milling in Fig. 2a, the ele-
mental powders were simply mixed, and the small
particles adhered to the large ones, forming particles
with an average size of 10 pm. After 20 h, the particle
size reached 5 pm, and the powder was solubilized.
After 50 h of milling, large stresses are generated
between the powders and defects gradually accu-
mulate, resulting in microscopic cracks in the powder
particles. Under the action of work hardening, the
powder particles become brittle and the average
particle size decreases further. At this stage, due to
the balance between cold welding and fracture, the
particle morphology tends to be hemispherical
(Fig. 2c). After that, when the energy inside the
powder accumulates continuously and reaches a
certain value, the amorphous phase starts to be pro-
duced and the amorphous powder is gradually
formed. In the final stage of milling, due to the
mechanical crystallization of the amorphous phase,
cold welding has a great impact on the powder,
which increases the ductility of the powder and leads
to the formation of irregularly shaped particles
(Fig. 2d). From the powder element distribution
diagram of Fe-20Mn—-6Si-8Cr-5Ni alloy (Fig. 3), it
was found that the powder elements of the alloy after
milling for 20 h and 50 h were evenly distributed
without obvious agglomeration, indicating that the

@ Springer

J Mater Sci (2023) 58:3346-3359

chemical distribution was uniform. The alloy powder
after milling for 20 h has a significantly higher
amount of Fe and a lower amount of other elements
than the nominal composition, indicating that the
alloy powder is not fully soluble under these condi-
tions. For milling times longer than 50 h, the ele-
mental composition of each particle essentially
reaches the nominal composition ratio.

The alloy prepared under the conditions of three
different milling times had different microscopic
morphologies (Fig. 4). Combining the EDS spot scan
region analysis in Table 1, it can be seen that the
white matrix phase is the FCC phase and the dark
gray second phase is the BCC2 phase rich in Mn and
Si. The BCC2 phase in the Al alloy is approximately
circular and uniformly distributed on the matrix. The
BCC2 phase in the A2 alloy has an irregular shape
and is significantly more abundant than in the Al
alloy. The distribution of the FCC phase in the A3
alloy is clearly reduced and divided by the BCC2
phase, showing a discontinuous distribution. Pores
have also been found in the A3 alloy. The Al and A2
alloys are typically continuous matrices surrounded
by another phase structure. Since the matrix is a
continuous FCC structure, the alloy has better plastic
deformability and can exhibit better mechanical
properties. By comparison, it can be found that alloys
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Figure 3 Mapping scan images of alloy powder surface: a 20 h, b 50 h, ¢ 90 h.

Al and A2 are completely dense and do not have
significant pores.

The elementary content analysis of the EDS point
sweep of the two phases in Fig. 4 is given in Table 1.
The white phase (Point 1) in the Al and A2 alloys
basically conforms to the nominal composition,
which is the FCC phase. The content of each element
in the FCC phase of the Al alloy deviates from the
nominal composition compared to the A2 alloy, and
the Cr content in the BCC2 phase is significantly
higher. This is due to the incomplete solid solution of
the alloy powder at 20 h of milling, which further
confirms the results in Fig. 3. In the A3 alloy, there
are large amounts of C and O elements, and Mn is
more severely volatilized. Because the activity of each
element increases after a long time of milling, the
alloy powder is prone to volatilization and oxidation
in the subsequent sintering [31].

According to Fig. 5, with the increase in tempera-
ture, exothermic peaks appear in the alloy powder at
about 400 °C and 700 °C, and endothermic peaks
appear at 900 °C, which indicates that the alloy
powder has undergone phase transformation at these
three temperatures.

The room-temperature compressive stress—strain
curves for the Al, A2 and A3 alloys are shown in
Fig. 6. The yield and fracture strength of the A1 alloy
is 1143 MPa and 1450 MPa, respectively. The yield
and fracture strength of the A2 alloy reaches their
maximum values of 1326 MPa and 1753 MPa,
respectively. The A3 alloy has a brittle fracture with a
fracture strength of 1555 MPa as shown in Fig. 6. As
the milling time increases, the compression rate of the
alloy decreases from 24.1 to 5.6%, but the hardness of
the alloy gradually increases, as shown in Table 2.
The relative densities of the A1, A2 and A3 alloys are
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Figure 4 SEM images of Fe—
20Mn—6Si-8Cr—5Ni alloy at
different milling times: a Al,
b A2, c A3.

J Mater Sci (2023) 58:3346-33

Point1
o5,
ECC J

Point1
L

Table 1 EDS analysis results

of Fe—20Mn—6Si-8Cr—5Ni Samples Nominal composition Fe Mn Si Cr Ni C (0]
alloy at different milling times 61 20 6 8 5 - -
0,

(wt%) Al Pointl 66.7 15.6 6.4 6.3 5.0 - -
Point2 41.1 325 13.2 10.4 2.5 - -
A2 Pointl 62.4 19.8 5.5 7.6 4.7 - -
Point2 30.6 44.6 18.7 3.9 22 - -
A3 Pointl 72.9 1.5 - 8.3 2.5 17.4 -

Point2 9.1 36.4 9.8 27.8 - 3.9 13.0

96.1%, 98.7% and 94.3%, respectively, and the hard-
ness is 462.7 HV, 527.4 HV and 535.1 HV, respec-
tively. The BCC2 phase is a hard phase that plays a
major role in the mechanical properties of the alloy.
The higher the content of BCC2, the higher the frac-
ture strength and hardness of the alloy. However, the
excessive milling time leads to the appearance of
pores in the A3 alloy, which can act as a source of
cracks during compression. The initiation and prop-
agation of cracks cause premature failure of the alloy.
This phenomenon further confirms that the optimal
milling time for Fe-20Mn—-65i-8Cr-5Ni alloy is 50 h.

As can be seen from the SEM of the compressive
fracture of the alloy, (as shown in Fig. 7), the milling
time has a great influence on the grain size of the
alloy. The fracture of the A1 alloy is honeycomb, with
dimples (blue circle area) appearing in part of the
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intergranular fracture plane. The grain size of the A2
alloy is large, and the fracture characteristics are
similar to that of the Al alloy, which belongs to
intergranular ductile fracture. The grain size of the
A3 alloy is small, and there is no dimple structure in
the fracture plane, showing a brittle fracture trend.
Figure 8 shows the stress—strain curves of the Al
and A2 alloys under compression and unloading at
room temperature, from which the pre-strain (gpre),
residual strain (g;) and SE strain (&) of each alloy can
be obtained. It is well known that Fe-Mn-Si alloys
have shape memory effect, but this memory effect is
generated by stress-induced y-FCC — &-HCP
martensitic transformation and the reverse marten-
sitic transformation induced by heating after
unloading. In past studies, Fe-Mn-Si alloys were
usually found to have no superelastic properties, but
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Figure 6 Compressive stress—strain curves of Fe—20Mn—6Si—
8Cr-5Ni alloy at room temperature at different milling times.

in this experiment, it was found that Fe-Mn-Si—Cr-
Ni alloys prepared with P/M have superelastic
properties. The SE strain of the A2 alloy reaches 2.4%
at 10% pre-strain and increases to 2.8% as the pre-
strain is increased to 15%. On the one hand, Al alloy
samples have low yield strength, which will cause
permanent slip and dislocation pileup during plastic
deformation, which will hinder the stress-induced
formation of the e-HCP phase [32, 33]. On the other
hand, the grain size of the Al alloy is small, and too
fine austenite grains will increase the inhibition effect
of grain boundaries on martensite transformation
and hinder the nucleation of e-HCP martensite with
single orientation [34]. The above two aspects lead to
the lower SE performance of the Al alloy compared
with that of the A2 alloy.

Table 2 Compressive

mechanical properties of Fe— Samples Gy (MPa) oy (MPa) Compression strain (%) Density (%) Hardness (HV)
i?fl;df;isr;iﬁf fj; alloy at Al 1143 1540 24.1 96.1 4627 + 4
ere g times A2 1326 1753 19.7 98.7 527.4 + 2
A3 - 1555 5.6 94.3 5351 + 4
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Figure 7 Compression
fracture diagrams of the alloy
with different milling times: a,
b Al,c, d A2, e, f A3.

Figure 8 Compressive stress— 2000 @) pre=10% Epre=15% 2400 (b) Eyre=10% Epre=15%
strain curves of the alloy under & =4.1% & =9.7% | & =3.7% & =8.9%
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The static immersion corrosion test results for the faster than that in the NaOH solution, and the rates
A2 alloy sample in both solutions are shown in Fig. 9. are 9.625 g/m”>h and 0.306 g/m>h, respectively. This
It can be seen that after immersion for 240 h, the indicates that the corrosion resistance of Fe-20Mn—
corrosion rate of the A2 alloy in the HCl solution is 65i-8Cr-5Ni is stronger in the alkaline solution than
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Figure 9 Corrosion rates of the A2 alloy in different corrosion
solutions: a 3% HCI solution, b 20% NaOH.

in the acidic solution. Combining Fig. 10 and Table 3,
it can be seen that the A2 alloy produces a structure
similar to an oxide film in the NaOH solution, which
reduces the corrosion rate. EDS results show that the
Fe elements are less abundant in both acidic and
alkaline solutions, while Mn, Si and Cr are close to
the nominal composition of the FCC phase. This
indicates that the BCC2 phase with more Mn, Si and
Cr preferentially corrodes, thus exposing the surface
of the FCC phase.

3355

Table 3 EDS analysis results of the A2 alloy after corrosion
(Wt%)

Corrosion solution Fe Mn Si Cr Ni (0]

HCl 48.64 2025 7.11
NaOH 58.15 1828 4.89

13.06 341 7.53
994 538 252

Discussion

As the milling time increases, the alloy powder
gradually forms a single BCC-saturated solid solu-
tion. After the milling time exceeds 50 h, a part of the
BCC phase transforms into the HCP phase with low
strain energy due to the increase in energy. When the
milling time reaches 90 h, the activity of the elements
in the alloy powder increases because the energy of
the alloy powder is highly concentrated during the
long MA process and Fe and Mn are oxidized during
the subsequent ramming process. The oxide precipi-
tation reduces the density of the A3 alloy, pores
appear inside the A3 alloy (Fig. 4c), and brittle frac-
ture occurs in the compression experiment. In pow-
der metallurgy, density is an important factor
affecting the mechanical properties of alloys. The

Figure 10 Mapping scan images of the A2 alloy after corrosion with different corrosion solutions: a 3% HCI solution, b 20% NaOH

solution.
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density of Fe-28Mn alloy studied by Z.G. Xu [14] and
Hodgson [6] was 68.2% and 67.7%, respectively, sig-
nificantly lower than 98.7% of the A2 alloy, so the
fracture strain of the alloy studied by Z.G. Xu was
only 11.86%, while the fracture strain of the A2 alloy
was up to 20% (Fig. 6). It is also found from the lit-
erature that the hardness (130 HV ~ 170 HV, 422.39
HV, 380 HV) of Fe-17Mn-65i-0.03C [28], Fe-8Cr [35]
and Fe-35Mn-55i [15] alloys prepared by P/M is
lower than that of the A2 alloy. It has been confirmed
that MA is very necessary for Fe-Mn-5i alloys pre-
pared from P/M.

As the milling time increased, the powder particles
gradually became finer (Fig. 1b and Fig. 2), and the
fine alloy powder was conducive to the diffusion of
elements and phase transition in the sintering pro-
cess. According to Fig. 1a, a nearly single-phase
supersaturated BCC solid solution is obtained after
20-90-h milling, and the DSC (Fig. 5) results indicate
that this supersaturated solid solution is metastable.
This metastable solid solution undergoes a desolva-
tion or decomposition reaction at about 400 °C,
transforming from the BCC phase to the more
stable FCC phase. At about 700 °C, Mn- and Si-en-
riched BCC2 phase is precipitated from the FCC
phase. At about 900 °C, the BCC2 phase dissolves
during further heating. Combining Fig. 1c and Fig. 4,
we find that the BCC2 phase of the alloy increases
with increasing milling time. The decomposition
temperature of BCC2 in the A2 and A3 alloys is
higher than that in the A1 alloy, so BCC2 decomposes
more easily in the Al alloy.

The experimental results show that the effect of
BCC2 on the mechanical properties of the alloy is
much larger than the effect of fine-grain strengthen-
ing. The BCC2 phase is a hard phase [8], and the
higher the content of the BCC2 phase, the higher the
fracture strength and hardness of the alloy. Interest-
ingly, it is shown experimentally that both A1 and A2
alloys have good superelasticity after 10% and 15%
preloading at room temperature. Under external
stress, the alloy will generate strain greater than its
elastic limit strain, and after stress removal, partial
strain will be recovered due to the reverse transfor-
mation of martensite into a stable parent phase at the
temperature, resulting in superelasticity [36, 37]. The
yield strength of the Al alloy with low BCC2 content
is low. Under external forces, the sliding dislocation
and Frank-Read source may form entanglements
[38], which prevents the Shockley dislocation from
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moving backward along the original path, hindering
the reversion of martensite and reducing the
superelasticity of the alloy [32, 33]. At the same time,
due to the increase in milling time, the A2 alloy has
larger grains, and the larger austenite grains more
effectively weaken the inhibitory effect of grain
boundaries on martensite transformation and
enhance the single-orientation nucleation of e-HCP
martensite [34]. Therefore, the A2 alloy has better SE
properties compared with the Al alloy.

The literature shows that when Fe-Mn alloy is
corroded in C1™ and OH™ solutions, the surface of the
alloy is prone to react with oxygen atoms in the air,
resulting in Fe,O; and Mn,03, thus improving the
corrosion resistance of the alloy [39]. In this work, we
find a similar oxide film when the A2 alloy is cor-
roded in NaOH, which results in higher corrosion
resistance of A2 in an alkali solution than in an acid
solution. EDS analysis of the post-corrosion A2 alloy
shows that Mn, Si and Cr are close to the nominal
composition, so we conjecture that the BCC2 phase in
the A2 alloy is preferentially corroded, thus showing
the FCC phase grains. The reason may be that FCC is
a tightly bound lattice with a higher filling rate than
BCC2, which makes it have better corrosion resis-
tance [40].

Conclusions

In this paper, the effect of milling time on the orga-
nization and mechanical properties of Fe-20Mn—6Si—
8Cr-5Ni alloy was investigated. With the increase in
milling time, the powder particles gradually become
finer (Fig. 1b and Fig. 2), which is beneficial to the
diffusion of elements and phase transformation dur-
ing the sintering process. The sintered alloy is mainly
composed of FCC and BCC2 phases. The amount of
BCC2 precipitates increases with the increase in
milling time, and the higher the content of BCC2
phase, the higher the fracture strength, yield strength
and hardness of the alloy.

The presence of pores in the A3 alloy makes it
brittle fracture, so among these three alloys, the A2
alloy has the highest yield and fracture strengths of
1326 MPa and 1753 MPa, respectively. The increase
in BCC2 content increases the yield strength of the A2
alloy, and the sliding dislocations and Frank-Read
sources are less likely to become entangled when
external forces are applied, which promotes the
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inverse transformation of martensite and improves
A2 alloy superelasticity. The superelasticity strain of
the A2 alloy can reach 2.8%. When corroding in
NaOH solution, the surface of the A2 alloy is easy to
produce oxide film, which makes the corrosion
resistance of the A2 alloy in the NaOH solution
higher than that in the HCI solution.
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