SYNTHESIS AND SINTERING 2 (2022) 1-8

o
o

Synsint
Research
Group

Available online at www.synsint.com

Synthesis and Sintering

ISSN 2564-0186 (Print), ISSN 2564-0194 (Online)

Qe
O=

Synthesis
a%d

Sintering

Research article

Synthesis and sintering of Fe-32Mn-6Si shape memory alloys L))

prepared by mechanical alloying

Check for
updates

Ali Shamsipoor © * , Babak Mousavi © *, Mohammad Sadegh Shakeri © "*

“ Materials and Energy Research Center (MERC), P.O. Box 31779-83634, Karaj, Iran
? Institute of Nuclear Physics Polish Academy of Sciences, PL-31342 Krakow, Poland

ABSTRACT

KEYWORDS

Fe-32Mn-6Si alloy was produced using the mechanical alloying (MA) process of high purity
powders under an inert argon gas atmosphere. The aim of this investigation is the in-depth
study of the microstructure and phase transformation during the milling-sintering process of
Fe-32Mn-6Si shape memory alloys. During the milling process, a significant amount of
amorphous phase was created as well the crystalline martensite and austenite phases. The
amorphous phase was increased by milling time enhancement and then it was decreased due to
the mechano-crystalization phenomenon. It was detected that the microhardness of the alloyed
powder directly depends on the amount of the amorphous phase. Furthermore, the particle size
of as-milled powder firstly decreased and then increased, when the amorphous phase cojoined
gradually during the milling process the transformation of martensite into austenite. The lattice
strain was increased considerably during the milling process which was a reason for martensite
phase creation resulting in the high shape memory properties. The amount of pre-strain for Fe-
32Mn-6Si alloy was calculataed to be 3.3%. Furthermore, the optimum sintering temperature
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was approved to be 950 °C by reduction of the percentage of pores and suitable densification.

© 2022 The Authors. Published by Synsint Research Group.

1. Introduction

Shape memory alloys (SMAs) are materials that have the ability to
recover their initial shape after subsequent heating and cooling process.
These alloys are being used for various applications such as medical
instruments, aerospace devices, and small mechanical systems.
Recently, there has been considerable interest in Fe-Mn-Si Shape
Memory alloys (SMAs) as a group of smart materials [1-3]. These
group of material have unique properties such as appropriate shape
memory effect (SME), cheap price, fine weldabillity, high corrosion
resistance, excellent machinability and so on [4-8]. Because of these
promising properties, Fe-Mn-Si alloy are being considered for
mechanical engineering applications. The mentioned alloys have many
applications in oil and gas industry, aerospace, and civil engineering
due to suitable physical and mechanical properties [9-13].

* Corresponding author. E-mail address: ms.shakeri@ifj.edu.pl (M.S. Shakeri)

SME in SMAs is due to the solid state transformation of the austenite
parent phase (Face Centered Cubic (FCC) structure) to stress induced
martensite with hexagonal structure and reverse transformation due to
heating. [14-18]. The creation and overlaying of the stacking faults due
to motion of the partial dislocations are the reason of this
transformation [7, 9]. Although these alloys are mainly produced by
induction melting technique, but the mechanical alloying (MA) is a
preferable production method due to unique properties such as
synthesizing preferable microstructure, ability to produce nanoscale
structures, homogenous chemical composition, rapid production,
reduction of energy consumption, low cost and minimization of
pollution of final products. Many combinations and structures could be
produced by MA due to high energy collision between powder particles
and balls [19-23]. Recently, numerous researchers published their
studies on Fe-Mn-Si shape memory alloys. Baruj et al. investigated the
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influence of pre-rolling on Fe-Mn-Si properties [24]. They produced
multiplicity of stacking faults by rolling and changed the properties,
accordingly. Stanford and Dunne studied the influence of thermo-
mechanical processing on shape memory effect of Fe-Mn-Si based
alloys [25, 26]. They showed thermomechanical path has a great effect
on recrystallization process. Balagurov et al. investigated the
thermocycling influence on structure of Fe-Mn-Si alloys [27]. They
had shown that thermocycles raise the microstrains which are the
centers for martensite nucleation. It is noticeable that although MA is a
simple and effective method for synthesizing, it is rarely used for
synthesizing Fe-Mn-Si shape memory alloy. Saito et al. produced Fe-
Mn-Si SMA by MA method and investigated the phase transformation
as same as sintering process of this alloy [18]. Furthermore, Liu et al.
investigated mechanical alloying of Fe-Mn-Si system [28]. They
investigated the effect of milling parameters on phase formation in this
alloy.

Fe-Mn-Si groups are low cost SMAs in compare with other materials
like NiTi. Mechanical alloying could also reduce the cost of final
product. By the way, the high cost of SMAs has limited the application
of them in structural engineering [29]. The aim of this investigation is
the production of Fe-32Mn-6Si SMA with comparible properties with
conventional SMAs. The reason for chosing Fe-32Mn-6Si as a
preferred composition is the high and good shape memory properties
among other compositions of this alloy [30]. In the present
investigation it has been tried to produce the
amorphous/nanocrystalline Fe-32Mn-6Si SMA using mechanical
alloying technique under argon atmosphere. The microstructure,
thermal, and SME properties of this alloy have been also investigated,
thoroughly.

2. Experimental Procedure
2.1. Milling process

High purity (> 99%) Fe, Mn and Si powders (Sigma-Aldrich) with
particle size of 150 pm were used as raw materials for synthesizing Fe-
32Mn-6Si shape memory alloy. The amount of each powder was
6.2 wt%, 3.2 wt%, and 0.6 wt%, respectively. The alloying procedure
was accomplished in planetary ball mill. The detailed of ball milling
process can be found in Ref. [30].

2.2. Sintering procedure

The alloyed powder was uniaxially cold pressed to cylinder shape with
7 mm diameter and 1 mm thickness at compressive pressure of
800 MPa. The dilatometer (DIL 402C) was used for determination of
suitable sintering temperature by dimensional change in the sample at
non-isothermal sintering. The heating rate of dilatometry is 20 °C/min
in argon atmosphere. For the evaluation of sintering temperature,
samples were sintered under argon atmosphere at 850, 900 and 950 °C
for 6 h. Furthermore, the sintering time was evaluated at 950 °C for
10 min, 12 h, and 24 h. An optical microscope (Olympus BX Series)
was used for investigation of the effect of sintering time and
temperature on densification. Furthermore, the percentage of porosity
was measured by material plus software according to the ASTM B 276
standard. To investigate the micro hardness changes, differently milled
samples sintered at 950 °C for 12 h were utilized. Furthermore, 300 gr
load was applied by Vickers indenter for 10 s (Microhardness Koopa,
ITran). It should be mentioned that samples were polished before the
test.
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Fig. 1. Schematic illustration of the bending test for SME evaluation.

2.3. Microstructural analysis

For the investigation of chemical composition of as-milled powders,
the X-ray Fluorescence (XRF, PHILIPS, PW2400) was utilized and
then the PAN analytical software was used to calculate to analyse the
results. The structural property and also phase transformation was
identified by X-ray Diffraction (XRD, Bruker Advance 2, CuKal,
2 radiations) method. The thermal stability of the powders was also
investigated by a Differential Thermal Analysis (DTA, NETZSCH,
STA 449C Jupiter) under a pure argon gas. The morphological change
and elemental mapping images of the powder particles was evaluated
by a Scanning Electron Microscopy (SEM, JEOL-JSM 5310) and also
the local phase composition of powders was checked by Energy
Dispersive Spectroscopy (EDS). Finally, the designated particles were
distributed in ethanol, dropped down to a copper grid, and then were
studied by a high resolution Transmission Electron Microscope
(HRTEM, FEI, Tecnai G2 F30) in the bright-field mode.

2.4. Shape memory effect (SME)

The SME was evaluated by bending the strip-shape specimens with
1 mm thickness which was sintered at 950 °C for 12 h and then
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Fig. 2. The XRD pattern of as-milled powders at various milling times.
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Fig. 3. The HRTEM of the milled specimen for 96 h.

quenched in cold water. The specimens were malformed at room
temperature by bending over a mandrel. The pre-strain was calculated

by Eq. 1 [4],
d
6=y Q)

In this equation, D is bending diameter (30 mm) and d is sample
thickness (1 mm). After pre-deformation, elastic behavior of samples
was identified by measurement of 0. angle [4]. Once the pre-strained
specimens warmed up for 10 min at 400 °C, the shape recovery value
was found out after heating the. Then SME factor () was calculated by
Eq. 2 [20]:

0
<[ 2 |x100% 2
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here 60, is shape recovery angle. Fig. 1 shows the schematic of
evaluation of shape memory property.

Table 2. The quantitative phase analysis of samples after different
milling times.

Milling Phase percentage (%)

time
(h) Fe Mn Si Austenite Martensite Amorphous

1 71 234 5.6 0 0 0
24 31 4 0 5 0 60
48 10 0 0 9 0 81
96 0 0 0 18 24 58

3. Results and discussion

3.1. Microstructural evaluation

The chemical composition of the sample at maximum milling time
(192 h) is shown in Table 1. The obtained chemical composition
showed that the mechanical alloying parameters were right and
acceptable.

The structural evaluation of the as-milled powders at various milling
times are shown in Fig. 2. As it can be seen, at early stage of milling

Table 1. The chemical composition of 192 h milled powders.

Milling Weight percentage (%)
time
Fe Mn Si
(h)
Con* AE** Con AE Con AE
192 62.48 0.05 31.78 0.03 5.74 0.02

*Con: concentration, **AE: absolute error

time (1 h), the diffractions of powders contain Fe (Body Centered
Cubic (BCC)), Mn and Si. By increasing the time of milling process,
sharpness of peaks is reduced and the peaks' broadening are enhanced.
It means that the newly created crystallite sizes are decreased and the
strain of lattice is increased.

It has to be mentioned that the control of chemical compostition during
mechanical alloyng process is vital due to the prevention of impurities
into the mixture. Our results showed that stoichiometric ratio of the
alloy remains constant after ball-milling. The probable impurities are
Fe, O and Cr which were not found after analyzing with XRF.
Furthermore, oxygen impurity was controlled during process with Ar
blasting.

Structural defects such as vacancies, dislocations etc, are widely
created because of drastic plastic deformation throughout milling
process and consequently the strain energy levels and disordering of
the phases are increased. Under these conditions, the new crystalline
phases can be formed from the previous phases with different
structures or as an amorphous phase. Accordingly, FCC austenite phase
as well as amorphous phase is created during milling process
development. XRD peak broadening is considerably increased after
48 h of milling. Therefore, XRD profile becomes hallo and the high
angle peaks are diminished. As it is illustrated, the sharpness of XRD
peaks is increased with the increment of the milling time which is a
reason for mechano-crystallization of the amorphous phase.

As it was mentioned, the mechano-crystallization will occurred with
increasing the milling time because of increasing the temperature
during the process. The quantity of amorphous phases was calculated
using the Riteveld refienemnet of the XRD results as shown in Table 2.
The stress induced Martensite is formed by creation and overlapping of
the stacking faults at higher milling times. Moreover, the
crystallographic data such as lattice constants and space groups of
available phases calculated by Xpert software are illusterated in the
Table 3.

As a result, the final product contains amorphous and crystalline
(Martensite and Austenite) phases which are confirmed by the high

Table 3. The crystallographic data of phases.

Phases Symmetry Space group Lattice constant
Fe (o) Cubic Im-3m ay=2.945
Mn (o) Cubic 1-43m a,=8.94
Si (HCP) Hexagonal P6/mmm a=2.62,c=248
k% Cubic Fm3m a=338
Martensite Hexagonal P63/mmc a=2.54,¢=391
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Fig. 4. The SEM images of the as-milled sample at various milling times, a) 1 h, b) 24 h, ¢) 48 h, and d) 96 h.

resolution TEM image and the corresponding Selected Area Diffraction
(SAD) pattern in Fig. 3.

The powder morphology and particle size of the as-milled powders
according to the length milling of process was studied by SEM
micrograph as it is illustrated in Fig. 4. At the early stages of milling,
the process includes fracturing of particles. The average particle size is
5-20 pm and also the morphology is plate like. After 24 h of MA
process, the brittleness of powder particles is increased and then the
particle size is noticeably reduced due to enhancement of the
percentage of amorphous phase according to XRD results. As a result,
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their morphology tends toward the spherical shape. At higher milling
times, the cold welding process overcame the fracture mechanism
because of the transition of amorphous phase to the crystalline phases,
i.e., increasing the ductility of powder particles. Hence, size of powder
particles is increased with an irregular morphology.

The distribution of the chemical composition of the powder mixtures at
1 h and 192 h of milling process was studied using the elemental
images mapping as it is illustrated in Fig. 5. Fig. 5a shows the
elemental mapping of powder after 1 h milling process. Heterogeneous
distribution of elements is clear in the figures illustrating the suitable

MnKa

l Fekb
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Fig. 5. The distribution of the chemical composition of the powder mixtures at a) 1 h and b) 192 h of milling process.
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Fig. 6. The variation of the hardness as a function of milling time for _—

samples sintered at 950 °C for 12 h.

role of MA process. Fig. 5b shows the elemental mapping of powder
after 192 h of milling process. Homogeneous distribution of elements is
the keypoint of the mapping images illustrating the formation of
different phases.

3.2. Mechanical properties

The micro hardness evalution of samples milled for different times and
sintered at 950 °C for 12 h, is shown in Fig. 6. As it can be seen, the
micro hardness is increased with the milling time progress up to 48 h
due to the creation of amorphous phase which is brittle and hard.
Moreover, micro hardness is decreased by more development of
milling process, due to occurrence of mechano-crystallization and
formation of crystalline ductile phases.

Benjamin and Volin showed that the hardness is a linear function of
milling time until the raw material exists [19]. The inter layer thickness
can be calculated by Eq. 3 and 4.

H=A+Bt 3)

where, H and t are the Vickers’ hardness and milling time, respectively.

1 (Hm
——

700 750 80O RS0 900 950 1000 1050
Temperature (°C)

Fig. 7. Dilatometric diagram of the sintered powder milled for 96 h.

L,) K B
Ln (f,] Y Ln |:1 + (X)t:l 4)
where K, A, and B are constants and L symbolizes the lamellar
thickness. The quantity of L, (average particle size) and L, (thickness of
layer) are calculated from Fig. 5 where L, and L, are 25 pum and
4.1 pm, respectively. By attention to Fig. 5, A, B and K constants are
equal to 337.73, 7.8, and 612, respectively. Furthermore, the calculated
layer thicknesses are 4100 nm, 158 nm, and 19 nm after 1, 24, and 48 h
milling times, respectively .it is clear that by the progress of milling
process, the layer thickness is decreased and the alloying process was
completed at sufficient milling time.

3.3. Sintering process

The sintering process is a crucial stage in powder metallurgy process

Hiipm 100um
e ) —

Fig. 8. The optical micrograph of the sintered samples at a) 850, b) 900, and c) 950 °C for 6 h.
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Fig. 9. The optical micrograph of the sintered samples at 950 °C for a) 10 min, b) 12 h, and c) 24 h.

and usually goes along with variations such as changes in grain size
and shape [31]. This process is accompanied by volume change. By
sintering the samples at suitable temperature, the powder densification
is feasible. The appropriate temperature for sintering a powder can be
obtained by measurement of the dimensional changes in dilatometry
test. Fig. 7 exhibits the dilatometric curve of sintered sample milled for
96 h at various sintering temperatures. As it can be seen in Fig. 6, a
drastic decrease in shrinkage of sample has occurred at 900-950 °C and
the proper densification is obtained at 950 °C.

The optical microscope was used for investigation of sintered powders
which were milled for 96 h. The effect of sintering temperature and
time on microstructure of samples are displayed in Fig. 8 and Fig. 9,
respectively. The image analyzer software is utilized for investigation
of optical images according to the ASTM B 276 standard.

According to the results, it is quite obvious that by increasing the
sintering time, the percentage of porosity is decreased and the density
of samples is increased. By increasing the sintering time, the pores tend
to be isolated and their spherical shape turns toward being as irregular
shapes. The percentage of porosity in all samples is listed in Table 4.
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Fig. 10. DTA profiles for as-milled powders at different milling times.

In order to study the structural variations of as-milled powders during
sintering heat treatment, thermal analysis (DTA) with constant heating
rate of 20 K/min was used as it is illustrated in Fig. 10.

To determine the origin of transition peaks, the samples were heated
well below and above the peaks' temperatures and afterward the XRD
analyses were executed for all samples at ambient temperature. Fig. 11
exhibit the XRD patterns of the sample milled for 96 h and heat treated
in different temperatures for determining the phase transformations.

As it can be observed, the first exothermic peak at 180 °C indicates the
y-phase transformed to ferrite and B-Mn phases. The endothermic peak
at 310 °C corresponds to the a-to-y transformation which is confirmed
by Fe-Mn-Si phase diagram. According to the XRD results it can be
concluded that the endothermic peak at 380 °C indicates the
transformation temperature of the stress induced Martensite
(Hexagonal closet packed (HCP) structure) to austenite (FCC structure)
phase. The second exothermic peak at 470 °C shows that the
amorphous phase was transformed to the crystalline phase and the
recrystallization has occurred. It is obvious that by increasing the
milling time, mechano-crystallization 1is occurred at higher
temperatures and crystallization peak shift to higher temperatures in
DTA test. Also, by progression of the process, the peak is sharper and
this shows that the quantity, amorphous phase became more stable and
homogen until reach to maximum value at 48 h of milling process. At
higher milling times, amorphous phase is transformed to the crystalline
phase and the crystallization peak is broadened.

Table 4. The percentage of porosity in all sintered samples.

Sintering Sintering time Porosity
temperature (°C) (min) (%)
850 360 52.62
900 360 33.898
950 360 9.57
950 10 79.82
950 720 4.57

950 1440 1.85
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Fig. 11. XRD patterns of the samples milled for 96 h and heat treated at
220, 340, 420, and 540 °C.

3.4. Shape memory results

Using the Eq. 1, the amount of pre-strain was calcultaed to be 3.3%.
The quantity of shape recovery was ascertained after heating the pre-
strained samples for 10 min at the 400 °C. The results of the SME
measurements including SME factor (1)), shape recovery angle (6,) and
0. are 60%, 102, and 10, respectively. The formation of stress induced
martensite (e-HCP) from parent austenite phase (y-FCC) and the
inverse transformation (y to €) throughout the heating cycle are the
main reason of SME in this alloying system [2-5]. This non-
thermoelastic or semi-thermoelastic conversion was occurred by the

creation of stacking faults (SFs) because of the movement of the
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Fig. 12. The XRD patterns of the samples cooled in the furnace,
quenched in cold water and cold worked after quenching.

Shockley partial dislocations (ay/6<112>) in the parent phase. Actually,
SFs are suitable area for nucleation of the martensite phase. After that,
the e-phase can be formed by their overlap [4].

Fig. 12 shows XRD pattern of Fe-32Mn-6Si sample milled for 96 h and
sintered at 950 °C for three samples cooling in furnace, quenching in
cold water and cold working by bending the strip-shape specimens with
1 mm thickness and 30 mm diameter of bending. According to Fig. 12,
the samples that were cooled at furnace and quenched at cold water
only contain austenite phase. The thermal martensite phase cannot be
formed in the sample which was quenched in cold water because of the
M; temperature (Austenite to martensite transformation start
temperature) in this alloy was lower than 0 °C. As is illustrated, by
applying the cold work, the stress induced martensite (¢) was produced
extensively which means that the sample could show SME due to stress
induced martensite transformation. Actually, the SME in this alloying
system is usually created by stress induced martensite formation.
According to the XRD pattern, the a” martensite is also produced in
low quantity. The formation of the a” phase can impede the reverse
motion of the shockley partial dislocations and can decrease the SME
properties of the sample.

4. Conclusions

The high energy ball milling under argon atmosphere was used for
synthesizing Fe-32Mn-6Si shape memory alloy. At early stage of
milling process, the elemental powders join together. Then, the
amorphous phase initiated and then received to maximum value and
finally, the mechano-crystallization of the amorphous phase occurred
(Transformation of the a-phase to y-phase). The martensite phase
(e-HCP) began to form with the progression of the process. By
progression of milling process, the morphology of the powders was
changed from plate like to semi-sphere and then from semi-sphere to
irregular shape. The crystallite size of as-milled powders reduced to
nanometric levels. On the other hand, the lattice strain was increased
considerably by milling evolution. Furthermore, the micro hardness of
the as-milled powder increases by increasing the amorphous phase and
then reduced by mechano-crystallization effect. A considerable amount
of stress induced martensite phase (as SME properties) was observed in
the sample after cold working. SME was illustrated due to the
formation of e-HCP from y-FCC and the reverse transformation (g to y)
during the heating cycle.
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