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The presence of second phases in FeMnSi-based systems has been widely discussed in the literature, and also in
our previous works. In this manuscript, various specimens of an Fe-15Mn-5Si-9Cr-5Ni wt.% (nominal composi-
tion) shape memory alloy were processed by different thermomechanical treatments in order to identify the
phases present in each condition. TEM-EDS results indicate that the chemical composition of the second phase
we found in all cases is close to 19Mn-xSi-12Cr-5Ni at. %, with x varying between 5 and 11, and Fe balance.
This is compatible with a FesNisSi, type intermetallic phase. It forms in a temperature range between 600 and
900 °C, independently of the thermomechanical processing and the coexisting phases. Rietveld refinement of
X-ray patterns was done using Maud software, and the phase was found to be isostructural to the pi-phase
Cr3NisSi, with space group P23 and lattice parameter equal to 0.6227(7) nm. Phase quantification, crystallite
size and accumulated microstrain were also computed as a convenient set of variables, necessary for improving
refinement quality. Relevant microstructural information, i.e. stacking fault and twinning probabilities, along
with dislocation density, were calculated for austenite, the matrix phase, contributing to the reliability of the
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determination of the crystallographic characteristics of the second phase.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Fe-Mn-Si-based shape memory alloys (SMAs) have been extensive-
ly investigated during the last three decades [1,2]. Their shape memory
effect (SME) is due to a stress-induced 7y (austenite, FCC) < & (martens-
ite, HCP) martensitic transformation that reverses when the material is
heated above the A; temperature. For the best recovery of the original
shape the plastic deformation accompanying martensitic transforma-
tion must be negligible, and the € — -y reverse transformation has to
occur along the same crystallographic path followed during the direct
transformation. The alloy's stacking fault energy (SFE), the microstructure
and texture of the austenitic phase are the main parameters that affect the
SME. Previous works have demonstrated that a favourable defect struc-
ture, i.e. a high density of stacking faults and an appropriate balance of
dislocations, may be controlled by applying thermomechanical treat-
ments to a material with the appropriate chemical composition [3-6].

Sade et al. [ 7] summarized literature indicating that Fe-Mn-Si-based
SMAs usually contain between 15 and 30 wt.% Mn in order to stabilize
the FCC — HCP transformation. A lower Mn content decreases the ¢-
martensite stability while that of the o’-martensite (BCC) increases. In
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fact, if the amount of Mn is lowered, the increase in Ms. temperature
needs to be compensated by the addition of 4-5 wt.% Ni. Another
component is Si, usually up to 6 wt.% to control the SFE and the austenite
antiferromagnetic ordering temperature (Néel temperature, Ty). The
addition of Cr, generally between 5 and 9 wt.%, improves the material's
corrosion resistance. But when the Cr quantities are above 7 wt.%, the
brittle Fe-Cr sigma phase (Ope_c;) can form [8]. In such cases, Ni is
added to prevent o-phase formation, in a similar way as for stainless
steels [9].

The Fe-Mn-Si-Cr-Ni SMAs system provides a way for producing a
training free Fe-Mn-Si-based alloy with high recovery strain. In addition,
it can be expected that an even higher recovery strain can be developed
in the cast condition through optimization of alloy compositions, casting
parameters and heat-treatment techniques [10,11].

These SMA alloys contain elements that competitively stabilize the
FCC and BCC phases and have a tendency to form different solid solu-
tions and compounds. Many authors have reported the presence of
phases that affect properties or reduce the amount of austenite available
to transform to e-martensite. We will briefly summarize their results in
what follows.

Lin et al. [12] investigated the formation of a grain-boundary phase
in the Fe-30Mn-6Si-5Cr SMA during annealing at temperatures rang-
ing from 600 °C to 750 °C, which forms in a large amount at 700 °C.
This phase exhibited an ordered BCC structure with a lattice parameter
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of about 0.8798 nm, and had a similar chemical composition to that of
the matrix. The SME and tensile properties of the alloy continuously de-
graded with increasing amounts of grain-boundary phase.

Maji et al. [13] studied the microstructure and phase stability of
an Fe-15Mn-7Si-9Cr-5Ni stainless SMA in the temperature range of
600 °Cto 1200 °C. They found an austenite single-phase field in the tem-
perature range of 1000 °C to 1100 °C and a three-phase field, consisting
of austenite, 5-ferrite, and the (Fe, Mn)sSi intermetallic phase, above
1100 °C. Within the temperature range of 700 °C to 1000 °C, a two-
phase field consisting of austenite and a FesNisSi; type intermetallic
phase exists, and below 700 °C, a single austenite phase field exists.
Apart from these equilibrium phases, the austenite grains show the
presence of athermal e-martensite. The athermal o’-martensite has
also been observed for the first time in this kind of alloys and is pro-
duced through the vy — ¢ — o transformation sequence.

Stanford et al. [ 14] investigated the stability of austenite in a number
of Fe-Mn-Si-based SMAs. They found that grain-boundary BCC struc-
ture precipitates formed over a wide range of alloy compositions and
heat-treatment temperatures. This grain-boundary precipitates have
been identified as the chi () phase. Although up to 3 vol.% of the
grain-boundary precipitates were generated by isothermal ageing in
the range of 500-800 °C, it was found not to markedly affect the me-
chanical properties or the shape memory behaviour. Afterwards,
Stanford et al. [15] examined the interplay of composition, stacking
fault probability (SFP) and Ty on the SME for a range of Fe-Mn-Si-
based SMAs. The SFP (inversely proportional to stacking fault energy)
showed little correlation to the SME for the range of examined alloy
compositions. Furthermore, the Ty was not found to have a significant
effect on the SME. However, the addition of interstitial elements was
found to markedly decrease the SME. TEM showed that there were
no carbides formed in an alloy with 0.3 wt.% C because a high Si con-
tent probably inhibits carbide formation during thermomechanical
processing.

Kirindi et al. [16,17] analysed some physical and mechanical proper-
ties of martensitic transformation in an Fe-12.5Mn-5.5Si-9Cr-3.5Ni
(wt.%) SMA. Compressive deformation at room temperature, when
applied to the € (HCP) phase within the austenite phase, caused the
formation of o’ (BCC) martensite crystals at the intersection of
prior e-martensite plates. Newly formed e-martensite plates were
also observed.

Wen et al. [18] focused on the microstructures and shape recovery of
a cast Fe-18Mn-5.5Si-9.5Cr-4Ni alloy. They attained lathy ferrite which
subdivide the austenitic grains and resulted in the formation of stress-
induced martensite bands in a domain-specific manner, which generat-
ed a high degree of shape recovery. In other words, in one domain only
one group or one dominant group of e-martensite bands is induced.
Some o-phase precipitated inside the ferrite. This was explained by
the high Si content, which can shift the o-phase region to that of low
Cr content and accelerate the precipitation of this phase. When the Si
content reaches 2.5 wt.%, the o-phase region expands to Cr contents
as low as 10 wt.% [19]. Wen et al. also found results indicating that fer-
rite with lathy morphology could improve the SME of Fe-Mn-Si alloys,
while ferrite with island morphology could not. The reason for this
effect may be that the latter cannot subdivide austenitic grains as
efficiently as lathy ferrite.

To improve wear resistance, Bu et al. [20] studied the effects of age-
ing at 850 °C — with and without pre-deformation at room temperature
— on the precipitation of second-phase particles in an Fe-14.51Mn-
6.02Si-9.10Cr-5.06Ni-1.49Ti-0.16C SMA. They found that after solution
treatment at 1100 °C there were massive amounts of ferrite in the
austenitic grain boundaries. A subsequent ageing at 850 °C promoted
the precipitation of some o particles inside the ferrite phase and few
particles within the austenite grains. In addition to the precipitates
in the massive ferrite phase, numerous Cr,3Cg precipitates were
found inside the austenite grains after a solution treatment at 1100
°C for 40 min, followed by 10% tensile deformation at room

temperature, and subsequent ageing at 850 °C for 30 min. EDS analysis
revealed that some particles were TiC and other rod-like particles were
rich in Cr, Mn and Si.

Lin et al. [21] added a little amount of rhenium (0.05-0.3 wt.%) to
Fe-30Mn-6Si-5Cr alloys to improve the SME. They analysed the mar-
tensitic transformation, crystal structure, and ageing precipitates. They
state that optimization of shape-memory performance can be achieved
through combining pre-straining, ageing, and shape-memory training.
The ageing precipitates could be observed in both the grain boundaries
and within the grains. The alloys with and without Re, were aged at 700
°C for 2 h. From selected area diffraction patterns (SADP), the ageing
precipitates were identified as x-phase, with BCC structure and a lattice
constant close to 0.89 nm. According to Yang et al. [22], the structure of
the x-phase is an A12 (a-Mn) type with 58 atoms in the unit cell. The
composition of y-phase is close to the matrix, but apparently with less
Fe atoms and more of the other alloying elements.

Peng et al. [11] investigated the microstructure and solidification
modes of cast Fe-(13-27)Mn-5.5Si-8.5Cr-5Ni SMAs, to clarify if Mn
was an austenite former during solidification. Some second-phase par-
ticles appeared in the 15-27Mn alloys. In the case of 15-21Mn alloys,
EDS measurements showed that their chemical compositions were
compatible with the o-phase composition. However, the character of
those particles was not clear in the 23Mn-27Mn alloys. Another
island-like phase was also found in 23-27Mn alloys. The EDS results
on 25Mn and 27Mn alloys indicated that its Mn and Ni contents were
markedly higher than those of austenite. By SADP they determined
that it was the y-phase, which is in agreement with the results of
Stanford et al. [14]. In the cast Fe—-Mn-Si-Cr-Ni alloys, the y-phase pre-
cipitated during the solidification process between the ferrite dendrites
by a process which is still unclear.

In a previous paper [23], we showed results on Fe-15Mn-5Si-9Cr-
5Ni ribbons produced by the melt-spinning technique, and analysed
the ribbon's microstructure and phase stability, evaluating their
shape memory properties. The compositional Creq/Nieq ratio, ap-
proximately 1.7, predicts that the solidification sequence should
be Liquidus - L+ 6 - L+ & + v -y + 6[10]. Thus, the cooling
rate determines whether ferrite, ferrite 4+ austenite, or only aus-
tenite is present at room temperature, as demonstrated in different
melt-spun ribbons. Other than these phases, X-ray diffraction
showed less intense peaks indicating the existence of precipitated
phases in certain manufacturing conditions. The analysis of the
diffractograms suggested that the precipitates corresponded to a
FesNisSi; type compound, in agreement with Maji et al. [13]. Micro-
scopic analysis showed that the precipitates were distributed with-
in the grains and in the boundaries. More recently, we presented a
manufacturing process for shaft and pipe couplings of Fe-Mn-Si-
Ni-Cr SMAs [24]. We addressed the formability and weldability of
sheets rolled at 800 °C followed by annealing at 650 °C, and inves-
tigated how welding affects the mechanical and shape memory
properties. X-ray patterns of the base alloy showed the predomi-
nant presence of austenite and low-intensity peaks corresponding
to a second phase in the welded section. Both phases were clearly
recognizable in high-magnification OM images. According to XRD
analysis, we believe these peaks to be characteristic of a FesNisSi,
precipitate. However, given the doubts other authors refer in the
literature, we left the door open for further analysis.

Due to the wide interest in this issue, this article is devoted to ana-
lyse the different phases found in an Fe-15Mn-5Si-9Cr-5Ni SMA. For
this purpose we subjected specimens to various thermomechanical
treatments, which generated appreciable amounts of a secondary
phase, hereinafter referred to as precipitated particle phase (PP-phase).

2. Materials and Methods

The Fe-15Mn-5Si-9Cr-5Ni wt.% (nominal composition) alloy was
prepared in an induction furnace operating at 10 KHz and 30 KW.
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Commercial raw material was melted in high purity alumina crucibles
under a protective argon atmosphere and cast into rectangular sand
moulds, providing a shape suitable for rolling. The ingots were homog-
enized at 1150 °C for 3 h to eliminate segregation defects. Then, sections
of the cast blocks were processed by the methods described in Table 1.

Samples for microstructural analysis were mechanically and electro-
lytically polished in an 80-20 (vol.%) acetic—perchloric acid solution at
room temperature and 27 V. Microstructural analysis were performed
using a PME3 Olympus optical microscope equipped with a NIC device,
and a Philips CM200 transmission electron microscope (TEM) operating
at 200 kV with an ultra-twin objective lens. TEM specimens were
electropolished using the double-jet technique in a 90-10 (vol.%)
a_

c-
e Table 1
i Different processing methods applied to the alloy.
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c— _—
p- CR: Conventional rolling in two stages
e- | with a 10% rolling reduction per pass.

Firstly, rolling at 1000 °C (temperature
of the furnace) with a reduction from
10 to 1.95 mm in successive passes;
and secondly, rolling at 800 °C to 1 mm
final thickness. Finally, the sheets were

. Y-

> )

0- [ ] annealed at 650 °C for 30 min.
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o- P6: Rapid solidification. Ribbons approx-

o- EJECTION ~ MELT imately 0.03 mm thick and 1AO mm wide

m  GASPRESSURE ‘ [ CRUCIBLE were produced by a melt-spinning tech-

t- — HEATING quartz glass in Ar atmosphere for anneal-

SYSTEM

ing at 600 °C for 60 min. At first, the
starting material was cut into small
pieces that were induction-coil melted
in a quartz crucible, and ejected by argon
pressure onto a Cu-(Co, Be) rotating sub-
strate wheel. The wheel speed, pressure,
alloy's melt temperature, wheel temper-
ature and crucible-substrate gap, were
20 m-s~ !, 200 mbar, 1450 °C, 25 °C and
0.2 mm, respectively.

e- 1
ROTATING |

SUBSTRATE
RIBBON

WII]-!{I. | -
N __/
.
PLANAR FLOW CASTING
(PFC)

4 nique [23] and then encapsulated in

ECAP: Samples from Equal-Channel An-
gular Pressing experienced finite shear de-
formation. A bar with a 7 x 7 mm?
cross section was passed through two
butted channels joined at an angle of
120°, at a speed of 5 mm min~ ' and a
temperature of 250 °C. Subsequently,
samples of the deformed material were
heat treated at 800, 900 and 1000 °C
for 30 min, and the samples were
denominated E8, E9 and E10, respectively.
Specimens from each batch were
compressed to a strain of 3.8%.

mperature. X-ray diffraction patterns and pole figures were measured
using Cu-Koty/Ka, lines in a Philips X-pert pro MPD goniometer at
40 kV and 30 mA. The scans were carried out from 30 to 85°, in 0.02°
26 steps, and 10 s collecting time per step. Texture was measured
collecting austenite y-phase (111), (110) and (100) pole figures rang-
ing from 0 to 85° in ¢, and 0 to 360° in ¢ with 5° angular steps and 1 s
collecting time per step, as described in [25]. The instrumental standard
chosen to account for instrumental broadening was NIST LaBg [26]. X-
ray characterization of each sample was performed by Rietveld refine-
ment [27] of the corresponding patterns, using the Java based software
Maud (Materials Analysis using Diffraction) version 2.55 released April
30, 2015 [28,29]. This programme allows for incorporation of micro-
structural and full texture, or preferred orientation, analysis into the tra-
ditional refinement [30-33]. The martensitic transformation was
induced in an Instron 3362 universal testing machine.

3. X-ray analysis

The X-ray study comprises a series of iterations in order to minimize
the root mean square errors of certain parameters associated with
sample or instrumental variables [34]. Since Maud allows separating in-
strumental and sample contributions to peak width, each refinement
takes into account the instrumental parameter file obtained by refine-
ment of the LaBg X-ray pattern.

Thermomechanical treatments introduce substantial microstructur-
al changes, due to defect multiplication and migration, activation of cer-
tain slip systems, etc. As a consequence, grains reorientate favourably
and/or recrystallize at high temperature in a manner consistent with
the crystallography of the present phases, as well as with the applied
tensile, compressive, shear or torsion stress direction. The preferred ori-
entation of grains or texture must be taken into account during the re-
finement. It is modelled by the Orientation Distribution Function
(ODF), which is a three-dimensional statistical function representing
the probability of finding crystallites (hkl) with a certain orientation rel-
ative to sample coordinates.

This alloy typically develops low-intensity texture, as documented
previously [25,35]. We used the WIMV method, incorporated in Maud,
to compute the ODF from experimental austenite (111), (200) and
(220) pole figures, which coincided with our previous measurements
[25]. However, the relative intensities of X-ray reflections were not ad-
equately fitted with this method, possibly because the reduced number
of pole figures did not provide sufficient statistical data to reconstruct
the ODF. This is a limitation of these types of materials, where the
major phase is of high symmetry and few reflections with a low (hkl)
index are found. More realistic pole figures can be acquired with syn-
chrotron measurements, but this is beyond the scope of the present
work. We alternatively modelled the ODF with the March-Dollase
method and with the Roe and Bunge method, i.e. as a series of spherical
harmonics [36]. Better agreement between the experimental and recon-
structed pole figures was observed using the latter model. On the other
hand, the refinement was rather unstable and gave physically
meaningless results when applying the arbitrary texture option of
the programme. Therefore, and considering that this work is not
devoted to texture analysis, we modelled each phase ODF with a
harmonic expansion. According to Lutterotti et al. [37], this method
is useful for weak texture and high crystal-symmetry phases, which
is the case of our material. We believe that the crystallographic and
microstructural information obtained by this method is sufficient
for comparison purposes.

The crystallite size <D ;> and accumulated microstrain <g?y>!
due to perfect dislocations were obtained using the Popa model [38],
which is suitable for anisotropic properties, i.e. reflections of the same
phase with different Miller indices broaden in different ways. In this
work we were able to refine only one coefficient of the expansion series.
This suggests that the crystallite is almost spherical and the strain tensor
is approximately isotropic.

/2
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Maud analysis also permits quantitative estimation of crystallo-
graphic defects such as stacking faults, twinning and dislocation density
[31]. This is especially interesting since the most accepted mechanism
for the y — € transformation is the motion of Shockley partial disloca-
tions on every second (111) austenite plane, generating a stacking
fault through (111)[112] slip. Warren's model [39] describes three
types of alloy defects in terms of refinable probabilities: intrinsic stack-
ing faults (o), extrinsic stacking faults (o) and twinning (3). They con-
tribute to peak shift, anisotropic broadening and asymmetry [39-41]. In
short, intrinsic stacking faults occur when mechanical deformation in-
duces (111) plane slip, modifying the normal y-FCC sequence ABCABC
into a new ABCA(C)ABC stacking, where four planes pile up in the se-
quence typical of the HCP structure. Twinning can arise during crystal
growth, when two consecutive (111) planes slip in the same way so
that the new stacking sequence becomes ABC(A)CBA. In this case, the
fault plane (A) is the boundary between two parts of the crystal which
are the mirror image of each other. An extrinsic stacking fault is the min-
imum twin that involves three ABC planes where the new sequence
becomes ABC(ACB)CA.

Faults shift and broaden diffraction peaks differently, depending on
the (hkl) family of planes and the individual components which are
truly affected by such defects. Hence, each reflection can be shifted to-
wards a higher or lower angle in the measured peak displacement
A(20)°, which is expressed as in Eq. ((1)).

~ 90v3(o/—a") tanf

AQ20)° = 2 (+Lo) )

nzhé(u +b) b

where hg = (h* + k* + 2)'2, Lo = h + k + |, and b and u are the
number of peak components broadened and unbroadened by faults, re-
spectively. The refinable parameters in Maud are o and o”.

The effective crystallite size <Deg> obtained from the refinement is
the average of the coherent domains, D, normal to the reflecting planes
(hkl) (Eq. (2)). The effective size is affected by crystal defects because
dislocation arrays and stacking faults can subdivide the original grains
into smaller coherent crystalline domains which scatter incoherently
with respect to one another [39]. This size is calculated in Maud as:

11 5@ +a) 4Bl 5
Dejf_D+ a hi(u+b) Xb:|0| @

Eq. (2) is based on the Warren-Averbach method, where a is the cell
parameter and the term [1.5(c 4+ ") + f3] is the expression of the com-
pound fault probability, in the case of FCC and BCC structures. It changes
into [3(a + ") + kB] (where k is an integer) for HCP crystals. 3 is
another refinable parameter.

The peak asymmetry is obtained measuring the value of the
intensity on either side of the peak at two positions which are equi-
distant from the peak centre (y; and y,), and is mainly related to
the development of twin faults. The mathematical expression for
asymmetry is:

 2Ab(45a" + B)

B L 1
Ymh = V3m(u + b)

B o 3)

ILo| C2x2

where the coefficient ¢, in Eq. (3) depends on the peak 26, position
(see Eq. (4)).

A 2
=T+ {4nDeff[sin(eo Tx)— sinGo]} “)

According to Williamson et al. [40], the average dislocation density
Pav. is calculated from pp (due to crystallite size) and ps (due to

microstrain), as in Eq. (5):
Pav = (PoPs)"? 5)

where pp = 3/Dgrand ps = (K < e,>)/b*. Assuming a Gaussian
microstrain distribution, K = 16.6 for an FCC structure and K = 14.4
for a BCC crystal. b represents the dislocation Burger's vector, which is
a/V2 in the [110] direction in an FCC structure, whereas it equals av3/
2 in the [111] direction in BCC crystals.

The goodness of fit is determined as in Eq. (6):

_ Rwp
GoF — 3 (6)

where R, is the weighted residual error and R;, is the expected
error. Convergence is reached when GoF approaches 1. It is a measure-
ment of the reliability of the whole refinement.

4. Results and discussion
4.1. Microstructural characterization and chemical composition

Fig. 1 shows OM images of the microstructure of samples taken from
the different procedures. Fig. 1a corresponds to a conventionally rolled
sheet where austenite grains have the lightest contrast and a second
phase is recognized by the light grey colour. Vickers indentations vary
greatly, which indicates an important hardness difference between
the two phases. The measured values were HV 315 and 990, respective-
ly [24]. Fig. 1b corresponds to an ECAP sample annealed at 800 °C for
30 min, and then compressed to 3.8% strain to activate the martensitic
transformation. However, the great majority of the e-martensite plates
formed during the ECAP deformation. Also, precipitates were found in
this material. Fig. 1c shows an ECAP sample after annealing at 900 °C
for 30 min. This treatment activated the recrystallization of deformed
austenite grains and the precipitation of the secondary PP-phase,
which is mainly located at grain boundaries but also within the grains.
Vilella's reagent was used to outline the second-phase particles. Finally,
Fig. 1d is the OM image of an ECAP sample annealed at 1000 °C for
30 min and then compressed to 3.8% strain. The structure is stress-
induced e-martensite in an austenitic matrix.

The TEM images in Fig. 2 correspond to specimens taken from the P6
ribbon. The precipitates are distributed within the austenitic grains and
some of them are located near the foil edge. The chemical composition
of the precipitates labelled 1 and 2 in Fig. 2a, and others similarly located
in the ECAP specimen annealed at 800 °C and 3.8% compressed, was
measured using TEM-EDS. The values are reliable due to the absence
of contributions from the matrix. Table 2 summarizes the chemical
composition of both phases in atomic percentage (as hereinafter).

The precipitates contain all the elements present in the alloy. The
measured amount of alloying elements in the precipitates is higher at
the expense of iron content, which appears reduced relative to the
matrix.

On the other hand, around the precipitate observed in Fig. 2b, the
elastic distortion contrast shows that there is (some) coherence with
the matrix, although a dislocation is clearly present. The precipitate is
nearly circular, but still shows some faceting. Furthermore, there is elas-
tic contrast within the precipitate. The samples were analysed using se-
lected area diffraction (SAD). In this ribbon sample, with a zone axis
[112]pcc precipitates can be recognized by the presence of extra spots
in the SAD image inset in Fig. 2b. Evidence of the precipitates is the pres-
ence of satellites, resulting from elastic deformation associated with the
coherence, and also the existence of extra spots. These extra spots ap-
pear in the middle between the transmitted beam and diffracted
beams corresponding to austenitic {131} diffracting planes. This config-
uration indicates that there is a superstructure that repeats every two
(131) planes. To identify the precipitate's crystallographic structure,
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Fig. 1. OM images corresponding to: (a) The conventionally rolled material showing austenite (the white constituent) and a second phase (light grey). (b) The ECAP material, after an-
nealing at 800 °C and 3.8% compression. Many e-martensite plates are observed. (c) The ECAP material, after annealing at 900 °C. The structure is composed of precipitates, mainly located
at grain boundaries and in the austenitic matrix. (d) The ECAP material, after annealing at 1000 °C and 3.8% compression. Plates of e-martensite lie in the austenite grains (NIC image).

we compared the extra spots with the standard spot diffraction patterns
reported in the literature [42]. We found agreement with the standard
pattern corresponding to the P23 structure. The arrows, in Fig. 2c
with a zone axis [111]pp13, indicate the spots due to the precipitate.
Fig. 2d is a dark field (DF) image taken using the spot indexed as [110].

4.2. X-ray diffraction patterns

The X-ray diffractograms of the samples described in Section 3 are
shown in Fig. 3. Each phase is identified by its traditional Greek symbol,
followed by the Miller indices (hkl) of the corresponding set of planes
satisfying the diffraction condition. The PP-phase is identified by the V
symbol.

The specimens under analysis are mainly austenitic. The crystal
structure of y-austenite is FCC, Cu-type, Pearson symbol cF4, space
group Fm3m #225 [43]. For the Rietveld analysis the atomic occupation
of crystallographic sites was set consistent with the alloy chemical com-
position depicted in Table 2. The cell parameter, obtained by averaging
over our refinement results, is 0.3615 nm (see Table 3). This is slightly
larger than that of pure y-Fe (0.36 nm), as expected taking into account
that the current austenite is a substitutional solid solution of Mn, Cr, Ni
and Si in Fe.

Other common phases found in this system are -ferrite in the P6
sample [23] and stress-induced e-martensite observed in E8 and E9.
The &-ferrite phase crystallizes in a BCC structure, W-type, cI2, Im3m
#229 [43]. The lattice constant is 0.2876 nm, obtained through Rietveld
refinement. On the other hand, e-martensite exhibits hexagonal sym-
metry HCP, Mg-type, hP2, P63/mmc #194 [43], with atomic constants
a = 0.2555 nm and ¢ = 0.4145 nm. Once more, our measured cell pa-
rameters differ somehow from those of pure Fe: a = 0.2932 nm in 6-

Fe, and a = 0.2473 nm and ¢ = 0.3962 nm in &-Fe. The metallic atoms
in the solid solution have different radii and the unit cell expands or
contracts when the substitutional atoms occupy the corresponding
crystal sites. Still, the length variations are negligible in view of the prox-
imity of the alloying elements in the periodic table: all of them are 3d
transition metals.

In addition, according to the microstructural observations and the X-
ray diffraction measurements, all the samples have a significant propor-
tion of a unique PP-phase. We specifically analysed these cases to obtain
enough information about its properties. Three main PP-phase X-ray re-
flections are readily observed in the diffractograms of Fig. 3, located at
260 = 46.292°, 26 = 48.694° and 26 = 55.433°. Minor reflections are
also indicated. The 26 position of these reflections points to a cubic
structure of lower symmetry than FCC or BCC crystals.

Another interesting fact is that the PP-phase forms under vari-
able experimental conditions, as also claimed by other researchers.
We found it in the CR and AR rolled samples annealed at 650 °C, in
the P6 ribbon after annealing at 600 °C, and in the ECAP samples
treated at 800 and 900 °C. In a third ECAP specimen, further
annealed at 1000 °C and 3.8% compressed (E10), the PP-phase is
not found (see Fig. 4). Probably the PP-phase dissolves into the aus-
tenitic matrix at such high temperature. This could be in line with
the results of Maji et al. [13]. They claim that austenite coexists
with an intermetallic phase of the type FesNisSi,, termed as 7-
phase by Ackerbauer et al. [44], which form in the temperature
range of 700 °C to 1000 °C. That intermetallic is isostructural to the
cubic m-phase Cr3NisSi, ICSD N° 43384 [45], described as AujAl-
type, cP20, P2,3 #198 [43].

Additionally, the currently identified PP-phase appears in each spec-
imen independently of the presence of other phases. From TEM micro-
graphs presented in Section 4.1, and in previous works, we have found



V. Fuster et al. / Materials Characterization 109 (2015) 128-137 133

Satellite.
spot

Elastic distorsion
contrast

10 1/nm

Fig. 2. (a) A TEM micrograph showing precipitates in the austenitic matrix of the ribbon specimens; (b) a high-magnification image showing elastic distortion contrast close to one pre-
cipitate. The inset shows the selected area diffraction (SAD) pattern. (c) The pattern indexed; the arrows indicate diffraction spots due to the precipitate and the double arrow shows the
central spot. The zone axis is [112]p//[111]py;3. (d) DF image of the same area shown in (a), taken using the spot indexed as [110].

that the PP crystallites spread not only along austenite and ferrite grain
boundaries but are also present within the grains [23,24].

A low fraction of iron and manganese oxide is also present in the P6
sample, as revealed by the main reflection at 20 = 58.80°. We have
identified it as FCC Feq 19sMng gg20 ICSD N° 60689 [45]. Although an-
nealing is conducted under a protective Ar atmosphere, the high surface
to volume ratio of ribbons facilitates their surface oxidation if the atmo-
sphere is not completely pure.

4.3. Phase analysis

Firstly, we analysed if the typical X-ray reflections of the PP-phase,
indicated in Section 4.2, correspond to any of the secondary phases
found by other researchers in high-manganese steels, as previously
summarized in Section 1. Table 4 explains why we discard the proposed
phases in view of our X-ray results.

Taking a second approach, we see from Table 2 that this phase is
richer in Mn, Ni, Cr and Si whereas its Fe content is lower with respect
to the matrix, in agreement with the results of Maji et al. [46]. However,
the amount of Si and Ni in the PP-phase, measured by TEM-EDS, is much
lower than the relative atomic proportions corresponding to FesNisSi,.
According to these considerations and the previous results, we

Table 2
TEM-EDS average composition (at. %) of four PP-phase particles found in E8 and P6 sam-
ples. The surrounding matrix composition is also given.

Sample E8 P6

Element Particles Matrix Particles Matrix
Fe 61.9 64.7 52.9 62.5
Mn 18.2 17.5 19.2 15.5
Cr 104 10.1 12.6 93
Ni 5.1 4.6 4.7 4.1

Si 52 33 10.6 8.6

proposed two hypotheses to identify the PP-phase. Following Maji
et al. [46], one possibility is that the PP-phase crystallizes as a non-
stoichiometric substitutional solid solution with the transition metals
occupying the Ni and Si sites. The other possibility is that this phase is
in fact a disordered solid solution of every alloy element in 3-Mn, an al-
lotropic form of Mn already found in other Fe-Mn based systems [47]. It
coexists with y and a-Fe at 700 °C but does not form at temperatures

v-(111)

V PP phase

Normalized Intensity

T T T T T T T T

56 61 66 71 76
26 ()

Fig. 3. X-ray patterns of the specimens with high concentration of the PP-phase, i.e. CR, AR.
P6, E8 and E9 samples. Phases are identified as: y: FCC austenite, &: BCC ferrite, €: HCP mar-
tensite, V: PP-phase. Dotted vertical lines indicate the 26 angles where the main prospec-
tive PP-phase reflections are found.
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Table 3
Crystallographic features of the phases present in the specimens under study, aside from
the PP-phase.

Table 4
Comparison of our experimental results against secondary phases reported in Fe-Mn-Si-
based SMA.

Phases Structure  Space group a(nm) c(nm) Cell volume (nm?) Secondary phase Discussion

y-austenite FCC Fm3m 03615 - 0.4724 M,3Cs-type precipitates Their structure is FCC, like Crp3Cg in [20]
o-ferrite BCC Im3m 0.2876 - 0.2379 ICSD N° 62667 [45]. The PP-phase diffraction
e-martensite  HCP P63/mmc 0.2555 04145 0.2343 pattern in Fig. 3 does not correspond to a

higher than 900 °C [48]. This is consistent with the absence of this
phase's main reflections in the E10 sample.

The crystal structure of 3-Mn is cubic, cP20, P4,32 #213 [43],ICSDN°®
642934 [45]. The atomic parameter equals 0.6314(5) nm and dissolves
up to 32.9 at.% Fe and 16.7 at.% Si [48]. The crystallographic density is
7.20 g cm~ >, whereas the atomic distribution within the unit cell is de-
tailed in Table 5.

When we compare Cu Ko X-ray patterns corresponding to 3-Mn
and T-FesNisSiy, it turns out that the diffraction reflections markedly co-
incide in 26 positions, aside from the difference in cell parameter and
(hkl) index at higher angles. However, the reflection intensities are
not exactly the same due to: 1) the difference in atomic weight between
Si and the metallic elements, and 2) the variation in the crystallographic
symmetry of the atomic sites occupied. The substitutional atoms Cr, Mn,
and Ni, as well as Fe, are all 3d transition metals and neighbours in the
periodic table, so their scattering factors, which affect the relative inten-
sities of the reflections, are quite similar. Moreover, both space groups
correspond to the cubic system. However, P2,3 has a lower Patterson
symmetry (Pm3) than P4,;32 (Pm3m). That is why at low 20 angles,
extra reflections are found for P2,3 which do not satisfy the more re-
strictive (hkl) conditions of P4,32. This is the case for the (200) reflec-
tion at 20 = 28.7°, which cannot be present if this phase space group
were P4,32, in view of the reflection condition for (h00): h must be
equal to 4n (with n being an integer). Low-angle measurements are
not typically performed in this alloy system since austenite, ferrite and
e-martensite reflections occur at angles above 35°. For that reason, we
performed X-ray diffraction scans of the CR specimen from 22.5° to
34.5° with quite prolonged counting time per step, taking into consider-
ation the weak intensity of low (hkl) peaks (see Fig. 5a). The angle range
was selected so that two additional reflections located on both sides of
the peak of interest were present: (111) at 24.85° and (210) at 32.26°.
The diffractogram in Fig. 5a shows the presence of the (200) reflection,
which supports our presumption: this intermetallic phase crystallizes as
P23, where Si atoms preferentially occupy distinct cell sites rather than
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Fig. 4. Enlargement of the E10 X-ray pattern in the range of the most intense reflections of
the PP-phase. Only y-austenite and e-martensite are present.

close packed cubic structure.

The unit cell is tetragonal, P4,/mnm S. G.
(see ICSD N° 102747 [45]), and it forms
when the Cr content is over 10 wt.%, which is
not our case.

The structure is BCC ICSD N° 102758 [45].
Also, it is a commonly recognized precipitate
that forms in the ferrite/austenite phase
boundary of duplex stainless steel alloys.
Our X-ray measurements correspond to a
lower symmetry cubic space group with a
cell parameter smaller than the one
determined by Stanford et al. [14], as we
show in Table 7. These authors claim that
the alloy phase constitution might
significantly change after adding 1 wt.% Al,
which is absent in the alloy under study.
Their structure is FCC: ICSD N° 56281 and
ICSD N° 643647 [45], respectively. These
phases can be found in the Fe-Mn-Si system
under certain conditions different from the
present work, as described in [48].

x-phase (Feq01Cro.99)

¥-phase (Fe;gCrgMos), where Mo
is stoichiometrically substituted
by transition metals.

a1 Fe;Si and pPMn;Si intermetallic
phases

mixing randomly with the metallic elements. It must be mentioned that
the peak at 31.1° is likely associated with tungsten from the filament
that probably contaminates the Cu anode target due to X-ray tube age-
ing. It is noticeable owing to the extensive collecting time.

In view of these experimental results, we believe that the PP-phase
is a 5:3:2 type intermetallic and this is how we will refer to it
hereinafter.

In this scenario, we are able to index the X-ray reflections described
in Section 4.2, which correspond to this 5:3:2 intermetallic (see Fig. 5b).
The diffraction peak at 26 = 46.292° results from the (301) planes being
in the diffraction condition. Its relative intensity is 57%. Reflections at
48.694° and 55.433° are associated with the (311) and (312) planes, re-
spectively. Their intensity is lower: 24% in the first case and 7% in the lat-
ter. Fig. 5b shows the full range X-ray pattern of the AR sample, where
the Miller indexes are indicated for the reflections that can be observed
in the pattern. The main reflection of the 5:3:2 intermetallic is located at
43,790° and arises when (221) lattice planes fulfil the Bragg condition.
However, it overlaps with the strongest austenitic peak, so it can only
be recognized by peak deconvolution in the refinement, as will be
shown later.

Consequently, every Rietveld refinement was conducted consider-
ing that the 5:3:2 intermetallic structure is cubic with space group
P2.3. We estimate its chemical composition as Fesg(Mn, Cr)s,(Ni,
Si)a0, as our TEM-EDS results indicate (Table 2). Crystallographic fea-
tures including atomic coordinates, symmetry and occupancy are listed
in Table 6.

Our refinement results are summarized in Table 7 and Table 8. In
Table 7, we identify and determine the weight percentage of each
phase present in the sample. Also the lattice parameters and the crystal-
lographic density are given. Table 8 shows the relevant refined param-
eters of specimens CR, AR, P6 and E9, which will be correlated with

Table 5
Atomic distribution within the cubic unit cell of B-Mn.
Atom Wyckoff Site X y z Occ. Cell formula
site symmetry units Z
Mn 8c 3. 0.06100 0.06100 0.06100 1.0 20

Mn 12d 2 1/8 0.20600 0.45600 1.0
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Fig. 5. (a) Low-angle X-ray measurement of the CR specimen showing the presence of the (200) reflection, which corresponds to the space group P2,3; (b) pattern of the 5:3:2 interme-
tallic phase showing the main reflections. Each reflection is labelled with the corresponding Miller indexes of P2,3 structure.

the microstructural and morphological properties described in
Section 4.1. Values of <Dg> represent the mean dimension of the co-
herently scattering crystals, thus the true grain size might be larger.
However, the refinement becomes almost insensitive to crystallite size
when it exceeds 200 nm [37]. It is worth mentioning that the goodness
of fit is similar in all our Rietveld refinements. Therefore, the comparison
between the refined parameters of all the specimens is straightforward.

Argumentation is due to the fact that we are including in the refine-
ments microstructural defect parameters that in principle would not be
necessary for our main purpose, which is the assessment of the crystal
structure and actual presence of the 5:3:2 intermetallic phase. The anal-
ysis of the defect density and/or quality is only performed for refine-
ment reliability. The 5:3:2 phase is a stable phase, whose presence is
more or less independent of the thermomechanical processes applied
to our current alloy. A single crystal, or even a single-phase polycrystal,
of this phase is not currently available for crystallographic analysis and
the current work tries to gather information from many distinctively
treated samples to show the coherency of the proposition.

From Table 7, we see that the 5:3:2 intermetallic has an average lat-
tice parameter equal to 0.6227(7) nm and a mean crystallographic den-
sity of 7.25(2) g cm™>. On the other hand, y-austenite exhibits a cell
parameter value of 0.3615(4) nm and a density of 7.49(3) g cm—>.
The martensite c/a ratio equals 1.6, as expected considering its atomic
arrangement corresponds to hexagonal close packing.

The identified phases have approximately the same density, so the
volume percentage is similar to the weight percentage reported in
Table 7.

The ingots, originally austenitic, were conventionally and asymmetri-
cally hot-rolled at the same temperature and reduction step conditions,
and finally annealed at 650 °C for 30 min. We believe that the same
final annealing temperature is the reason why the amount of 5:3:2 inter-
metallic is similar in both CR and AR specimens, independently of the
kind of stress involved in each thermomechanical treatment. A combina-
tion of high-intensity stress fields (shear and normal) acts on the

Table 6
Atomic distribution and cell site occupation within the cubic unit cell of intermetallic 5:3:2
phase (formerly referred as the PP-phase).

Atom Wyckoff Site symmetry X y z Occupancy
site

Cr 4a 3. 0.689 0.689  0.689 0.5

Ni 4a 3. 0.689 0.689  0.689 0.5

Fe 12b 1 0794 0956 0375 0.8

Mn 12b 1 0794 0956 0375 0.2

Si 4a 3. 0.061 0.061 0.061 0.5

Mn 4a 3. 0.061 0.061 0.061 0.35

Cr 4a 3. 0.061 0.061 0.061 0.15

material during asymmetric rolling. Hence, the microstrain and the ensu-
ing dislocation density in the austenitic matrix are one order of magni-
tude higher with respect to the refined values corresponding to the CR
specimen. A similar relative increase is observed in the compound fault
probability of the austenite. This coincides with the OM micrograph
shown in Fig. 1a. Among the rolled specimens, the smallest intermetallic
crystallographic domains are found in the AR specimen. Moreover, the
accumulated microstrain in the 5:3:2 phase is at least four orders of mag-
nitude higher in comparison to the CR case. This suggests that disloca-
tions massively develop and interact within the intermetallic grains
during annealing at 650 °C. Thus, it is likely that they subdivide the orig-
inal grains into smaller crystalline domains.

As was explained above, the current alloy contains elements that
stabilize &-ferrite and y-austenite, simultaneously (see Table 2). During
melt-spinning, the rapid solidification can stabilize the high-temperature
ferritic phase, as stated by Druker et al. [23]. The ribbons were completely
ferritic in the as cast condition. In sample P6, during annealing at 600 °C
for 60 min, 71 wt.% of the 6-phase transforms to -y, while the amount of
secondary precipitates increases up to 11 wt.%. Austenite and 5:3:2
phase crystallite sizes are smaller than in CR and AR samples, which is rea-
sonable because grain refinement is produced by the rapid solidification
technique itself. The dislocation density is in the order of 1 x 10'° cm 2
in austenite and 1 x 10° cm~2 in ferrite, and could be originated by the
local stresses associated to the precipitation of the 5:3:2 intermetallic.
TEM images of another as cast ribbon specimen where - and 6-phases
coexist, confirmed the presence of 5:3:2 intermetallic and dislocation
arrays, even without annealing at intermediate temperatures [23]. Appar-
ently, nucleation and growth of this coherent phase enhances the devel-
opment of defects in the material.

Table 7
Identification, relative weight percentage, crystallographic lattice parameters, and density
of the phases present in CR, AR, P6, E8 and E9 specimens.

Sample  Phases wt% a(nm)  c(nm) dxrp (g cm™3)
R y-austenite 88 0.3617 7.48
5:3:2 intermetallic 12 0.6228 7.25
AR y-austenite 82 0.3619 7.46
5:3:2 intermetallic 18 0.6235 7.22
y-austenite 71 0.3608 7.53
6 5-ferrite 13 0.2876 743
5:3:2 intermetallic 11 0.6218 7.28
Feop.108Mng go20 5 0.4466 530
y-austenite 77 0.3616 7.48
E8 e-martensite 15 0.2556 04124 7.58
5:3:2 intermetallic 8 0.6233 7.23
y-austenite 82 0.3616 7.48
E9 e-martensite 14 0.2556 0.4159 7.52
5:3:2 intermetallic 4 0.6222 7.26
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Table 8
Microstructural refined results corresponding to the phases present in CR, AR, P6 and E9 specimens.
Sample Phases Crystallite size r.M.S microstrain Compound fault probability Dislocation density GoF
<Degr> (nm) (<ehn>)"? [1.5(a + ") + B] Pav. (cm™?)
CR v 180 4x10°* 1x10°° 4x10° 13
5:3:2 intermet. 160 1x107°
AR v 190 2x1073 5x1074 3% 10" 14
5:3:2 intermet. 80 7x107°
P6 v 160 8x 104 6x1076 1x 10" 14
5 80 1x107* 4x10°
5:3:2 intermet. 60 1x107%
oxide 20
E9 v 160 4%x1077 4x1073 6x 10° 13
€ 7 1x107°
5:3:2 intermet. 80 1x107°

Finally, the ECAP samples contain the lowest weight percentage of
the 5:3:2 intermetallic phase. The prestrained material was annealed
at 800, 900 and 1000 °C for 30 min, and then compressed to a strain
of 3.8%. The specimen annealed at 800 °C has 8 wt.% of the intermetallic
phase, while the sample annealed at 900 °C contains 4 wt.%. It seems
that temperatures close to 800 °C are more favourable than those
around 900 °C for the precipitation mechanisms, leading to a higher
proportion of the 5:3:2 intermetallic. This influence of temperature on
the formation of the intermetallic was corroborated by annealing at
1000 °C, since no trace of the phase can be found in the E10 specimen.
Apparently, the 5:3:2 phase decomposes and its constituting elements
dissolve into the austenitic matrix at 1000 °C. The crystallite size of y
is somewhat smaller than in CR and AR specimens, and the grain size
of 5:3:2 intermetallic is similar as in the rest of the samples, with the ex-
ception of the CR case where larger crystallites develop. e-martensite
crystallites are noticeably small, in accordance with the typical martens-
itic plate morphology. Our results suggest that the elastic strain fields
are negligible, though a significant density of stacking faults can be
found in v, as expected in this shape memory alloy with low stacking
fault energy. Fig. 6 shows the Maud output graphic corresponding to
the E9 specimen; each phase is represented in a different colour. The
quality of the refinement can be observed.
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Fig. 6. Rietveld refinement output graphic from the specimen E9. Reflections from each
phase are represented in different colours: y-FCC (blue), e-HCP (green) and 5:3:2 inter-
metallic (pink). In the upper part: X-ray measurement superimposed over the refinement
fitted curve; in the middle part: vertical bars representing the 26 reflections of each phase;
in the lower part: differences between the experimental pattern and the calculated profile
using Maud.

5. Conclusions

In this work samples of an Fe-15Mn-5Si-9Cr-5Ni wt.% (nominal
composition) SMA, processed by different methods, were studied in
order to analyse the phases present in each case. A certain amount of
second-phase precipitates were produced during the applied proce-
dures. The alloy's crystallographic structure and properties have been
discussed by several authors in the field of high-manganese ferrous al-
loys. We arrived at the following conclusions:

An intermetallic phase is found in all the samples. The nucleation
and growth mechanisms seem independent of the thermomechanical
treatment and/or the preparation method. This was the case whether
processing was by conventional or asymmetric rolling, equal-channel
angular pressing followed by annealing at different temperatures and
then compression to activate the martensitic transformation, or melt-
spinning. The formation of the new phase occurs during recovery an-
nealing over an intermediate temperature range between 600 and 900
°C.

From our X-ray analysis, the precipitated phase is a cubic FesNisSi,
type intermetallic of the space group P23, i.e. it is isostructural to the
mi-phase Cr3NisSi,. Therefore, Si atoms occupy distinct cell sites rather
than being randomly mixed with the metallic elements. The average lat-
tice parameter equals 0.623 nm and the mean crystallographic density
is 7.2 g/cm, according to our results refined by the Rietveld method
using the Maud software. In addition, TEM-EDS measurements in differ-
ent samples indicate that the mean chemical composition of this new
phase is Fe4g(Mn, Cr)35(Ni, Si)zo.

This Fe-15Mn-5Si-9Cr-5Ni SMA has also been analysed by syn-
chrotron measurements. The results are in agreement with the conclu-
sions of this work and will be reported in the future.
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