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ARTICLE INFO ABSTRACT

Handling Editor: P Rios The influence of thermo-mechanical processing on the microstructure and functional properties of a
Fe-17Mn-5Si-10Cr—4Ni-1(V-C) (wt%) shape memory alloy was systematically investigated. The as-received
material was subjected to 25 % cold rolling followed by a recrystallization at 925 °C and single or double
aging treatments. Transmission electron microscopy revealed the formation of the e-martensite and annealing
twin boundaries and Shoji-Nishiyama orientation relationships of e-martensite and y-austenite in double aged
specimen. Cyclic tensile testing demonstrated that the recrystallized and double aged alloy exhibited excellent
pseudoelasticity. In the incremental strain test, the alloy achieved the highest peak stress and pseudoelasticity at
each cycle. In the constant stresses test, the alloy accumulated a minimal residual strain of only 0.12 % over 50
cycles. This stability was attributed to a strong precipitation strengthening and the interactions between the
martensite and the refined microstructural features. In addition, the recrystallized and double aged sample
resulted in the greatest recovery stress of 450 MPa upon heating after pre-straining, because of its high yield
strength suppressing new martensite formation during cooling process. The results of high-resolution trans-
mission electron microscopy identified a non-Shoji-Nishiyama orientation relationship between the stress-
induced e-martensite after the stress recovery test and y-austenite matrix, inducing additional irrecoverable
strain and raising the recovery stress. Overall, the study can demonstrate that the tailored thermo-mechanical
processing enables optimizing the functional performance of FeMnSi alloys.
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1. Introduction e-martensite with hexagonal close packed (HCP) structure [18]. When
heated above the critical temperature they exhibit shape memory effect
(SME) [4] and when stress is relieved, they display pseudoelasticity (PE)

[12]; in these conditions stress induced e-martensite reverts back to

Iron-based Shape memory alloys (SMAs) are an important class of
smart materials that can recover their original shape after undergoing

deformation [1]. Iron-based SMAs have attracted considerable interest
due to their low cost [2,3], good workability [4], and excellent me-
chanical properties [5] compared to traditional NiTi SMAs, exhibiting a
wide range of properties in alloys like FeNiMn [6], FeMnSi [7,8], FeNiC
[9], FeMnAINi [10] and FeNiCoTi [11]. Recently, FeMnSi SMAs have
attracted particular attention owing to their advantageous low cycle
fatigue (LCF) [12-14], high cycle fatigue (HCF) [15-17] and recovery
stress [2] properties for civil engineering applications. This unique
property results from a reversible, solid-state phase transformation be-
tween the y-austenite with face centered cubic (FCC) structure and
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y-austenite.

Extensive work has aimed to improve the SME in FeMnSi SMAs
through composition modification [19]. It was shown that the stacking
fault energy (SFE) from different compositions change the mode of
deformation and studies approve that the e-martensite transformation
occurred when the SFE is below 18 mJ/m? [20]. Other ways of
improving SME are training [21], thermomechanical processing [22,
23], severe plastic deformation (SPD) [24], suppressing annealing twins
[25], and precipitate optimization [26-29].

The recovery stress generated upon heating constrained specimens to
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reverse transform e-martensite to y-austenite evaluates FeMnSi-SMAs
potential as prestressing elements in concrete and steel constructions
[2,30]. Recovery stress highly depends on activation temperature and
prestrain level, with 2-4 % optimal prestrain and 4 % generally suffi-
cient [30]. Approaches to increase FeMnSi-SMA recovery stress include
thermomechanical processing [17,18], changing carbon content [31],
and optimized aging [32,33]. Yang et al. [34] found 144 h aging at
600 °C (single aging) in solutionized alloy with composition of
Fe-17Mn-5Si-10Cr-4Ni-1(V-C) (wt. %) which developed at EMPA,
maximized recovery stress (514 MPa) through precipitates enabling
high yield strength and substantial transformable martensite. However,
such prolonged single aging is impractical for manufacturing. Double
aging can accelerate precipitation, as in AA7075 aluminum alloys where
first-step clusters provide nuclei for second aging elevated temperature
precipitation [35]. Epicier et al. [36] applied double aging to Fe-C-V
steel, forming desired carbide size/density in 10 h + 10 days versus 100
days for single aging. Similarly, double aging potentially optimized
FeMnSi-SMA precipitates and recovery stress efficiently. A study showed
that with double aging the first step at 600 °C for 20 h and second step at
670 °C for 6 h, achieved 509 MPa recovery stress [37].

Recent works have focused on improving the PE of
Fe-17Mn-58i-10Cr-4Ni-1(V-C) (wt.%) SMA to expand the potential
applications of FeMnSi alloys, which potentially designed to have high
recovery stress [38-42]. Two main sources of movement of Shockley
partials dislocations and reversible movements of e-martensite are
possible reasons for the PE during unloading of FeMnSi SMAs [12,14,
39]. It was found that grain refinement and optimized heat treatment
can significantly enhance the PE of FeMnSi SMAs, attributed to precip-
itation strain fields [38,39,41]. Aging at 750 °C for 6 h showed the best
results on the solution annealed specimens based on experiments anal-
ysis [38]. Post-deformation annealing at 925 °C and single-step aging at
750 °C also improved PE substantially [38]. Double aging below 500 °C
increased the size of existing precipitates while forming new (C-V-Cr)
rich particles with random distribution, further increasing PE [39].
Additive manufacturing methods of directed energy deposition [43] and
laser powder bed fusion [40], along with architectured specimen designs
[42], have also been applied to improve PE but require cost reductions
and be more accessible for civil engineering adoption.

Previous research showed that optimizing PE deteriorates the SME.
Although, the total recovery ratio considering both SME and PE is
improved [44]. However, the relationships with recovery stress remain
unclear. In this work, we further evaluated a Fe-based alloy, subjected to
different heat treatments resulting in various PE, under different loa-
ding/unloading scenarios for practical assessment. To characterize the
functional properties under various conditions, we also subjected sam-
ples with different PE to recovery strain and recovery stress measure-
ments. Microstructural analysis was conducted to provide insight into
the mechanisms responsible for improved PE in the processed FeMnSi
SMAs.

2. Experiments

In this study, an 18 mm@ rebar R18 of Fe-17Mn-5Si-10Cr-4Ni-1
(V-C) (wt.%) was supplied by re-fer AG, Switzerland. The rebar was cast
and hot rolled at 1000 °C. Hereinafter, the alloy is named As-received.
Subsequently, it was caliber rolled at ambient temperature to a square
cross-section with 14.2 mm sides and a strain of 0.25 using a 110 mm
roller as shown in Fig. 1 (a). The specimens were recrystallized in vac-
uum furnace at 925 °C. The Rex-age and Rex-double age specimens
respectively were aged under atmospheric condition at 750 °C and
additionally 485 °C for 6 h and cooled down to ambient temperature. All
the thermomechanical treatments are summarized in Table 1.

The phase fraction and analysis of specimens were identified using a
Rigaku X-ray diffractometer with Cu Ka radiation (A = 0.154 nm) at 45
kV and 200 mA tube current. The examination of the microstructure was
conducted using optical microscopy (OM), with a ZEISS Axioskop 2
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Fig. 1. Schematic representation of (a) caliber roller (b) tensile sample (all
dimensions in mm).

Table 1
The summary of the thermomechanical history of the samples.
Sample Cold rolling Recrystallizing Aging
As-received - - _
As-received aged - - 750°C-6hr
Rex-aged 0.25 925°C-50 min 750°C-6hr
Rex-double aged 0.25 925°C-50min 750°C-6hr
+
485°C-6hr

MAT, as well as field-emission scanning electron microscopy (FESEM)
with an FEI Nova NanoSEM 450. Samples for the OM and FESEM ob-
servations were polished and etched with a solution of Hy05 (35 %),
HNO3 (65 %), and HCI (32 %) (7:30:9). The microstructures are also
characterized by high-resolution transmission electron microscopy (HR-
TEM; FEI Tecnai F20 series). The HR-TEM specimens are prepared by
standard mechanical grinding and electropolishing. The electrolyte was
a solution of HClIO4 and C,Hs50H (1:9) at —20 °C and 22 V. For thermal
analysis dilatometry was used with Adamel DT1000 to assess the
transformation temperatures with 10 mm cylindrical specimens and 2
mm diameter.

The thermomechanical properties of the FeMnSi-SMAs specimens
were measured by conducting pre-straining at room temperature while
the specimens have austenitic structure and activation experiments. To
estimate the stress onset for the martensite transformation, the specimen
was loaded to a target strain and fully unloaded, which is known as pre-
straining. The details of the tensile test geometry mentioned in Fig. 1 (b).
In FeMnSi-SMAs, martensite transformation, plastic flow, or a combi-
nation of both causes the nonlinear stress-strain behavior. Previous
studies have shown that 0.1 % yield stress as shown in Fig. 2 (a) provides
a better estimation for the stress onset for the martensite transformation
than the 0.2 % yield stress [45], and thus 0.1 % yield stress was used in
this study.

The steps for recovery strain (Fig. 2 (b)) and recovery stress (Fig. 2
(c)) in FeMnSi SMAs during heating can be summarized as follows:

1. Tensile samples were subjected to 4 % load-unload tensile testing
with 0.5 mm/min crosshead speed.

2. For recovery strain when heating started, strain began increasing due
to thermal expansion until it reached the As; and then strain
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Fig. 2. (a) Typical stress-strain behavior of samples subjected to 4 % load-unload test at room temperature; heating and cooling procedures of (b) recovery strain, (c)
recovery stress which started from 23 °C to 180 °C then cooled down to 23 °C under no-constrains and constrains, respectively.

decreasing because of the e—y transformation. For the recovery 3. Results

stress tests, the specimens were subjected to a 50 MPa pre-load to

prevent buckling resulting from thermal expansion under the low- 3.1. Functional pseudoelastic behavior

ered stress condition. The initial reduction observed during the first

step of the recovery stress test occurs due to the constrained The plot in Fig. 3 (a) depicts the cyclic load-unload test with incre-

clamping of the specimen combined with its thermal expansion mental strain up to 10 %. The presence of PE causes the unloading and

before the As, which leads to lowered stress and potential buckling if reloading curves to form hysteresis loops (Fig. 3 (a)) which can dissipate
the energy of cyclic loading [4,16,46]. PE calculated according to the

adequate pre-loading is not applied.
3. Heating continued to reach the maximum temperature Tpax. non-linearity strain during the unloading as follows:

4. Above the Af temperature, strain increased further from austenite ;
thermal.expansion for recovery strain tests. For recovery stress, the PE strain' = (g:nm — € oad — Eﬂ) 1)
change in slope of the stress-temperature curve indicated the Ay. unload

5. On cooling to room temperature, or recovery strain, significant strain .

PE strain'
PE(%)=————"" %100 )

max

Eunload

recovery occurred due to thermal contraction until the recovery -
Ehar — Elniial —

strain (e;) was achieved and reaching the maximum recovery stress max
PE strain' is the PE at each cycle of load-unload; ¢! ., and ¢ are

(o).
strain when commence to loading and reached the oy,,x, respectively.

The pre-straining and activation experiments were performed using a . . .
. . . . . . €l 11oaq 18 the strain when the stress reaches zero value.
Zwick Roell Z020 tensile machine equipped with a climate chamber. R X L
. . . . To increase the PE and decrease the irrecoverable strain in the
Strain was measured using a clip-on extensometer with 0.2 accuracy . . . . . . .
investigated specimens, several factors were identified. First, it was

class per EN ISO 8513. The extensometer directly controlled strain
P y observed that refining grain size can restrict the movement of the dis-
locations and generate the back-stress at the tip of the e-martensite,

resulting in improved PE [13,29] as shown in Fig. 6 (g). Microstructural
analysis in Fig. 4 (a)-(c) revealed grain refinement from ~14 pm
(as-received) to ~5 pm (Rex-double aged) (Fig. 4 (d)-(f)) leading to

during pre-straining and recovery strain test.

1889



M. Golrang et al.

(a) As-received i ; :
1000 As-received aged | :

- Rex-aged

— - — Rex-double aged

Stress (MPa)

Nominal strain (%)

Journal of Materials Research and Technology 29 (2024) 1887-1900

(b) s5 . T . .
e L
50 ‘bw:‘f 4
° o
.Vf; ec
45 - o—=%e" .
o L~

40 4 - .
-~ P
s T2l
m ] e T
[-®)

30 - 4

254 — o— Rex-double aged

—e— Rex-aged
20 —=— As-received aged
—=— As-received
15 T T T T
500 600 700 800 900 1000
G pnax (MPa)
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Fig. 4. Representative microstructure by OM (a), (b) and (c); FESEM (d), (e) and (f) where the grain size and precipitation distribution of the As-received (a) and (d),
As-received aged (b) and (e), and Rex-double aged (c) and (f) specimens are shown.

~10 % enhancement of PE.

It was found that an increase in stress during loading resulted in a
higher formation of e-martensite and a greater proportion of
e-martensite reverting back to y-austenite, leading to an increased
amount of PE [4]. This finding was consistent when comparing the
As-received specimens with the rest of the samples. Fig. 3 (b) illustrates
the relationship between PE and the maximum stress at each cycle. It is
evident that an increase in oy led to an improvement in PE, with PE
values increasing from approximately 33 %-45 % in the As-received
aged and approximately 43 %-53 % in the Rex-double aged specimens.

Finally, the reduction in nucleation barrier energy of the
e-martensite can improve PE by (1) increasing the density of post-
annealing SFs [39,47]; and (2) introducing precipitates (VC particles
in this study) that impose a strain field around semi-coherent particles
[37,47-50]. In Rex-double aged (Fig. 4(f)-. 6 (e)-(f)) increasing pre-
cipitates with more random distribution as compared to As-received
aged, induced the strain field around the particles which is considered

1890

to be effective for PE improvement.

Fig. 5 illustrates the cyclic load-unload test conducted on specimens
subjected to a tensile stress of 500 MPa, followed by unloading. This
procedure was repeated 50 times for each sample. According to the
figure, the initial cycle displayed a higher irrecoverable strain, which is
influenced by the PE and the 0.1 % yield stress of individual alloy.

For the As-received and As-received aged specimens (Fig. 5 (a), (b)),
while the Young’s modulus (Ejoading) Temained approximately constant,
the yield stress decreased from 300 MPa in the As-received state to 200
MPa in the As-received aged state. Consequently, these reductions led to
a decrease in the irrecoverable strain from 0.84 % to 0.66 %. Moreover,
it was observed that the PE of the As-received aged specimens signifi-
cantly improved compared to the As-received specimen.

For the recrystallized and aged specimens (Fig. 5 (c), (d)), Eioading
decreased while yield stress increased compared to the As-received
condition. The Rex-aged specimen showed 0.07 % irrecoverable strain
in the first cycle, but this increased to 0.12 % for the Rex-double aged
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Fig. 5. Cyclic load-unload test at room temperature between constant stresses of zero and 500 MPa for As-received (a), As-received aged (b), Rex-aged (c), Rex-
double aged (d). (e) Nominal strain-elapsed time curves for different samples.
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Fig. 6. (a) BF TEM image of the Rex-double aged specimen after the 2 % load-unload test. (b) Indexed SADP which approved the S-N orientation relationship with
[011], and [11 2 0], zone axis. DF TEM image of a precipitate (c) and (d) (0001), planes which were parallel to (1 T 1),. BF TEM images in (e), (f) show the complex
interaction of SFs (green arrows) and e-martensite with the precipitates (purple arrows) and (g) reveals the formation of paralleled SFs of Rex-double aged. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sample. The lower yield stress in the double aged specimen resulted in % occurred in the Rex-aged specimen for the initial cycle, increasing to
more e-martensite formation. Prior studies indicate that new particles 91.28 % after 50 cycles and the Rex-double aged PE increased signifi-
formed during second aging provide increased nucleation sites for cantly from 40 % to 99.42 %, maintaining stable PE behavior
e-martensite and stacking faults in subsequent cycles. throughout cycling.

The PE was calculated and is listed in Table 2. The highest PE of 41.6 Fig. 5 (e) presents the strain-time curves obtained for the different
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Table 2
PE strain of the cyclic load-unload test and cumulative residual strain (CRS) of
Fig. 5.

As- As-received Rex- Rex-double
received aged aged aged
PE (%) 1 16.32 31.83 41.6 40
50t 76.47 93.07 91.28 99.42
Cumulative 1.03 0.71 0.33 0.12
Residual
Strain (CRS)
(%)

specimen types during load-unload testing. These curves exhibit cu-
mulative residual strain for each sample - referred to as CRS - which is
quantified in Table 2. As observed in the stress-strain curves (Fig. 5 (a)—
(d)), an accumulative residual strain remained upon unloading to zero
MPa over the multiple cycles. The highest CRS of 1.03 % occurred in the
As-received specimen, while the Rex-double aged sample displayed the
lowest CRS of 0.12 %. In addition, the figure shows almost a constant

- Rex-double aged

— Rex-aged

)
As-received aged
—— As-received

(a)

Journal of Materials Research and Technology 29 (2024) 1887-1900

nominal strain for Rex-double aged, while in the other specimens it in-
creases with increasing load-unload cycles. The former specimen sta-
bility is due to its higher yield strength and improved PE.

3.2. Microstructure changes in recovery strain

Fig. 6 (a), shows a bright-field (BF) TEM image of Rex-double aged
after 2 % load-unload test contains a structure with parallel e-martensite
laths and a precipitate which was shown in dark-filed (DF) TEM image of
Fig. 6 (c). Besides, the parallel SFs (Fig. 6 (g)) are theorized to further
facilitate the ye¢ martensitic transformation by lowering the chance for
e-martensite lathes to collide with one another. This collision could
otherwise lead to the development of o-martensite in the SFs intersec-
tion during tensile loading and unloading tests which eventually makes
difficult y¢ transformation [22,25,29].

In the selective area diffraction pattern (SADP) shown in Fig. 6 (b),
streaks are observed that correspond to the e-martensite phase, as
confirmed by the DF TEM image in Fig. 6 (d). The streaking arises due to
the planar nature and crystallographic defects associated with the thin
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Fig. 7. (a) XRD pattern of the specimens after 4 % load-unload and recovery strain at 200 °C for 30 min; (b) higher magnification of 80° - 90° (c) Phase fractions after

the load-unload (d) and after the recovery strain.
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plates of e-martensite. Analysis of the SADP and DF TEM data indicate
that the orientation relationship between the e-martensite and austenitic
matrix follows the Shoji-Nishiyama (S-N) relationship [51]. This
assignment is based on the alignment of the streaks along <111> di-
rections in the SADP, consistent with Shoji-Nishiyama arrangement
where {111} planes in austenite are parallel to {0001} planes in
e-martensite. The presence of planar defects causes spot broadening
perpendicular to the planes, resulting in streaking along <111> di-
rections in the SADP. Fig. 7 (a) represents the X-ray diffraction patterns
of the specimens after 4 % load-unload and recovery strained at 200 °C
for 30 min. The higher magnification of the 80-90° of 2 theta super-
imposed in Fig. 7 (b) which shows the weak peak of G-martensite at
81.5° and a peak at 84°. The plane spacing of the (1013) according to
Bragg’s law is calculated 1.15 A® which is compatible with the streak
belonging to the {10.3} in SADP. Based on TEM images, confirm that the
peak at 84° is corresponds to (1013) plane of e-martensite. This plane
also has seen in the XRD pattern of the heat-treated and additively
manufactured FeMnSi SMAs [40] which is activated after the loading
and unloading in this study. Jee et al. [52], shows that the (1013)
responsible for the largest expansion and the contraction during the
forward martensite transformation with c¢/a is almost (8/3)'/2.

The method in Ref. [53] was used to calculate the volume fractions of
d-martensite and e-martensite, and Fig. 7 (c), (d) show the results of the
specimens after load-unload and strain recovered at 200 °C for 30 min,
respectively. Fig. 7 (c) shows an upward trend e-martensite formation
while we have the lowest portion of the d-martensite in Rex-double aged
specimen. The highest fraction of the d-martensite is in the As-received
sample due the incoherency of the precipitations and possible inter-
section of multi-variant e-martensite while in Rex-double aged sample

Journal of Materials Research and Technology 29 (2024) 1887-1900

due to the lower possibility of the plastic deformation and the formation
of the single variant martensite, lowest portion of d-martensite seen
after unloading.

The results of the analysis after loading and unloading are in
agreement with the previous findings [38,39]. The o' and e-martensite
phases formed in the specimens before the load-unload due to the dif-
ference in thermal expansion coefficients between the matrix and pre-
cipitates during post-aging cool down. According to previous study [39],
The highest e-martensite fraction was observed in the Rex-aged sample
before subjecting to 4 % strain, while the Rex-double aged sample
showed the highest e-martensite fraction after load-unload. TEM images
revealed that although the e-martensite fraction in Rex-double aged was
lower than in Rex-aged, precipitate coherency substantially improved
and e-martensite variant selection became more limited in the double
aged sample [39]. Overall, the increased precipitate density provided
more nucleation sites for e-martensite formation, leading to a higher
retained e-martensite fraction in the Rex-double aged condition after
load-unload. Meanwhile, the reduced e-martensite variant diversity
decreased o'-martensite formation due to limited intersection of e
variants.

After the recovery strain process, the o'-martensite phase fraction
remained mostly unchanged. However, the e-martensite transformed
substantially back to austenite, decreasing from ~65 % to ~41 % in the
Rex-double aged specimen (~24 % reduction). The largest reduction in
e-martensite fraction was observed in the Rex-aged specimens at
approximately 30 %, while the As-received condition showed the lowest
reduction of ~6 %.

The e-martensitic transformation in FeMnSi SMAs involves the
movement of 1/6 < 112 > Shockley partial dislocations along alter-

Fig. 8. (a) BF TEM image of the Rex double aged specimen after 2 % load-unload testing, revealing a large twin. (b) SADP confirms twin formation with respect to
[01 1] zone axis. (c-d) DF TEM images demonstrate differing orientations between the twinned regions.
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nating {111} planes of the austenite FCC structure. In contrast, the
{111}(112 > twinning mechanism occurs through movement of 1/ 6 <
112 > Shockley partials along consecutive {111} planes. Formation of
annealing twins via conventional thermomechanical processing of
FeMnSi SMAs has been previously reported [25,50]. In this work, Fig. 8
shows a large twin boundary (TB) present in the Rex-double aged
specimen after load-unload test. Numerous parallel twin plates and
e-martensite laths are observed.

Recovery strain tests were conducted by initially straining the
specimens to 4 % at room temperature (Fig. 9 (a)) followed by heating to
180 °C then cooling back down, in order to assess the SME. The
measured recovery strain as a function of temperature is plotted in Fig. 9
(b) for the different samples. Four distinct stages occurred in the strain-
temperature curves during the thermal cycle. First, strain increased due
to thermal expansion as the temperature rose from ambient, with a 57 °C
A measured for the As-received aged sample, slightly higher than the
Rex-aged specimen. Second, upon heating above Ag, strain decreased as
the e—y reverse transformation began, continuing until the A¢ temper-
ature was reached; in this test, only the Rex-aged and As-received aged
samples achieved Ay, while the Rex-double aged did not, likely
contributing to its poorer shape memory response. Third, above At the
transformation completed and strain then increased again due to further
thermal expansion of the fully austenitic microstructure, clearly
observed for the Rex-aged and As-received aged conditions. Finally,
during cooling, strain decreased due to thermal contraction. The Rex-
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double aged sample exhibited the lowest shape recovery at ~0.45 %,
while the As-received aged showed the highest at ~0.78 %.

Fig. 10 shows the shape recovery of different specimens (black col-
umns), the shape recovery percentage calculated according to the shape
recovery strain from Fig. 9 (a, ¢) according to Eq (3):

recovery strain

100 3

shape recovery = ——————
residual strain

Recovery strain derived from the absolute values of nominal strain in
Fig. 9 (b) and residual strain derived from Fig. 9 (a). The highest shape
recovery achieved in As-received aged with ~25 % and the Rex-double
aged sample showed only ~17 % recovery, far lower than the As-
received aged and Rex-aged samples. The red columns in Fig. 10 rep-
resents the difference between the e-martensite phase fraction in Fig. 7-c
and Fig. 7-d. By contraction of the e-martensite fractions of prior and
after recovery e-martensite at 200 °C for 30 min approved that highest
amount of the e—y transformed in Rex-aged and Rex-double aged
samples with ~30 % and ~25 % of e-martensite transformed to
austenite after recovery at higher temperature, respectively. It is evident
that one reason for the weak recovery strain response of the Rex-double
aged sample (Fig. 9(b)) is related to its high A¢ temperature, resulting in
a considerable portion of the e-martensite remaining untransformed.
Dilatometry test results showed that the Ar temperatures of the As-
received and Rex-double aged alloys were 189 and 185 °C, respec-
tively, as presented in the appendix a. In addition, it appears that the
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Fig. 9. (a) 4 % pre-straining of the specimens at room temperature, (b) higher magnification of the tensile test which shows the 0.1 % yield stress with *. (c) Recovery
strain with maximum heating temperature of 180 °C after subjecting the specimens to 4 % load-unload test. (d) Recovery stress-temperature diagram with maximum
heating temperature of 180 °C after subjecting the specimens to 4 % load-unload test.
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Fig. 10. Shape recovery derived from recovery strain test data and calculated
by Eq (3) (black columns); e—y phase transformation fractions from
e-martensite to y-austenite calculated based on e-martensite percentages post-
loading/unloading and recovery strain assessments per Fig. 3 (red columns).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

enhancement of PE can deteriorate the shape recovery properties [44].
This deterioration is due to limitations in the transformation from
e-martensite to y-austenite. Primarily, the reverse transformation occurs
during the unloading process. Despite the highest reversion in

.
YA
AN
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recrystallized and aged specimens at 200 °C, the remained fraction of the
e-martensite is still too high, this will be discussed in section 4.2.

3.3. Recovery stress formation in FeMnSi

Fig. 9 (a) shows the stress-strain curves obtained by pre-straining the
samples to 4 % for recovery stress measurements and in Fig. 9 (d) re-
covery stress-temperature curves are illustrated. The As-received aged
sample exhibited the weakest recovery stress response, with value below
350 MPa This weak response is attributed to the enhancement of the PE
by means of precipitation in the As-received aged specimen enabling
easy stress-induced martensite formation to accommodate the stress
during cooling. However, the Rex-double aged sample displayed the
highest recovery stress of approximately 450 MPa.

The maximum stress at 180 °C, denoted as 6max.180, i found to be
highest in the As-received aged specimen. The 645180 is lowest in the
As-received sample, while the Rex-aged and Rex-double aged samples
showed approximately the same stress value. However, despite having
the highest omax.180, the As-received aged sample displays the lowest
recovery stress at room temperature (referred to as o,). Previous studies
have shown that improving the recovery strain does not necessarily
improve recovery stress behavior [31,50], as evidenced by the
As-received aged sample exhibiting the highest 6p,,x at 180 °C due to the
e—y transformation, yet the lowest 6, due to its low 0.1 % yield stress. In
contrast, the Rex-double aged specimen showed the highest o, of 450
MPa, resulting from its elevated 0.1 % yield stress coupled with suffi-
cient e—y transformation. To understand the reason behind the high
recovery stress obtained for the Rex-double aged specimen, TEM
microstructural analysis was performed.

Fig. 11 (a) shows BF TEM image of the Rex-double aged specimen

DF (0002)e

Fig. 11. (a) BF TEM image showing TB and parallel e-martensite laths inside the TB after recovery stress testing. (b) SADP of the red circle in (a); (c) DF TEM image of
the (0002) ¢ plane. (d) High-resolution (HR) BF TEM of the red circled area in (a) revealing thin e-martensite laths. (e) Inverse fast Fourier transform (IFFT) of (d)
with inter-fringe spacing measurements of (f) {111} y and (g) {11 00} ¢ planes. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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after recovery stress testing. The TEM image shows a large twin covered
by dislocations and extensive parallel lines. The formation of non-S-N
orientation e-martensite in this specimen is evident in the SADP in
Fig. 11 (b), showing a misorientation relative to the (1 1 1)y and (0002)e
planes. Fig. 11 (c) shows a DF TEM image of the (0002)e plane,
demonstrating e-martensite laths formation inside the TBs with wedge-
shape boundaries. Peng et al. [25] revealed that interactions between
pre-existing twin and stress-induced e-martensite can substantially
distort TBs, causing them to produce the uneven TBs. Fig. 11 (d) shows
an atomic resolution magnification of the area circled in red in Fig. 11
(a). An inverse fast Fourier transform (IFFT) of this region is presented in
Fig. 11 (e), revealing clear atomic layers in the magnified section. Lattice
fringe measurements on the matrix in Fig. 11 (f) indicate an average
spacing of 2.09 nm, corresponding to the (111)y plane marked by black
lines in Fig. 11 (f). Fig. 11 (g) indicates a lattice fringe spacing of ~2.19
nm for the {11 00} & planes of the e-martensite, marked by white parallel
lines in Fig. 11 (f). In Fig. 11 (e), the observed misorientation angle
between the (1 1 1)y matrix and (22 00) e-martensite was approximately
75°, which agrees well with the SADP analysis in Fig. 11 (b). However,
according to the S-N orientation relationship, the misorientation be-
tween these two planes should be approximately 60°, as presented in
Fig. 6.

The atomic resolution imaging and diffraction analyses indicate
stress-induced transformation of the austenite matrix to elongated
e-martensite variants during recovery stress testing. While according to
previous works [22,39] and Fig. 6, the S-N orientation relationship is
the dominant orientation relationship between y and e-martensite.

4. Discussion
4.1. The pseudoelasticity and annealing twins

Thick annealing twins formed in the specimens after thermo-
mechanical processing, prior to tensile testing [38,39]. During tensile
pre-straining, the pile-up of the SFs [54] and dislocations [55] at the TBs
increase the TBs’ energy and provide preferential sites for nucleation of
new internal twins and e-martensite variants. Hung et al. [56] reported
that in TWIP steel, nano twins can readily nucleate at annealing TBs
when dislocations concentrate at those annealing TBs. In this study,
numerous nanoscale parallel twins and thin e-martensite laths were
observed to have nucleated at the TBs of the pre-existing annealing
twins, as shown in Fig. 8 (a). The obstacles provided by modified grain
size, more annealing twins and precipitates result in increased
e-martensite formation to 65 %, as evidenced by the phase fraction
measurements in Fig. 7 (c). The functional cyclic load-unload tests
demonstrated enhanced PE in both incremental strain and constant
stress modes, as depicted in Figs. 3 and 5, respectively. The low CRS and
minor improvement in PE for the Rex-double aged specimen indicates
stable PE behavior during cyclic testing.

4.2. The annealing twins’ effect on the recovery strain and recovery stress

Since Kajiwara [26] found NbC precipitates can improve SME in
FeMnSi alloys, many studies have investigated the influence of different
carbide and nitride compositions (e.g. Cra3Ce [281, VN [27], VC [57])
and particle size ranges. For instance, NbC larger than 50 nm enhanced
SME by providing additional nucleation sites and higher e-martensite
fractions [58]. However, Lai et al. [29] showed extremely fine 6 nm VC
particles formed during low temperature 650 °C aging did not improve
SME, while 21 nm VC from aging above 700 °C did increase it. Based on
this, the As-received aged sample with 20 nm [39] V-rich precipitates
was expected to exhibit good SME and it has the highest recovery strain
according to Fig. 9 (c). The Rex-aged sample, with similar precipitation
condition (both aged at 750 °C for 6 h) but different spatial distribution
and shapes, was believed to potentially show even better recovery strain
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response compared to As-received aged, but did not. Most unexpectedly,
the Rex-double aged sample with pre-existing particles grown to ~90
nm [39] and increased precipitate density showed the lowest SME,
despite the precipitation condition being similar to prior work where
carbides/nitrides effectively improved shape memory behavior. The
deterioration of SME for Rex-double aged appears to arise from factors
beyond just particle size and distribution in this alloy.

Peng et al. [59] reported that coarse-grained FeMnSi SMAs exhibit
giant SME compared to finer-grained alloys for two reasons. First, they
stated that increasing grain size promotes more stress-induced
e-martensite by suppressing grain boundary effects. However, in this
study, higher e-martensite volume fractions were observed in the
Rex-double aged and Rex-aged samples, which have a finer average
grain size of ~4 pm compared to the As-received and As-received aged
conditions with a coarser ~15 pm grain size (Fig. 4). Second, they
claimed larger grains increase single-variant e-martensite formation,
reducing inter-variant intersections. But here, the finer recrystallized
grains showed lower o'-martensite fractions compared to the coarser
As-received and As-received aged samples (Fig. 7). Therefore, the results
of this work contradict with previous findings, as enhanced martensitic
transformation and reversibility were exhibited in the finer-grained
recrystallized and aged samples, despite improved shape memory
properties in coarse-grained FeMnSi SMAs.

The presence of large annealing twins has been found to negatively
impact shape memory behavior, as reported by Wen et al. [25], showed
that in Fe-20.2Mn-5.6Si-8.9Cr-5.0Ni SMA (wt.%) increasing TB density
leads to greater interaction between stress-induced e-martensite formed
during pre-straining and the annealing twins, which hinders reversible
martensitic transformation and lowers SME. Fig. 7 (c) and (d) show the
phase fractions before and after the recovery strain process. After re-
covery strain, the Rex-double aged sample retained the highest fraction
of e-martensite. This confirms that despite undergoing substantial e—y
transformation after pseudoelastic load-unload test and shape recovery
process, a higher residual e-martensite fraction remained in the
Rex-double aged microstructure. The incomplete reverse transformation
contributed to the reduced SME exhibited by this condition. The likeli-
hood of forming annealing twins is inversely related to SFE where re-
covery strain increased with higher SFE in Fe-Mn-Si alloys [60,61].
However, the SFE must remain below a critical value for stress-induced
e-martensite to be the preferred deformation mode. The calculated SFE
for the FeMnSi SMAs studied here is 5.72 mJ/m? [38]. This shows that
despite the formation of precipitates with sufficient size and lower
G-martensite phase fraction after load-unload (Fig. 7 (c), (d)), the
annealing TBs (which increase with decreasing grain size [24,62])
deteriorate the SME in these FeMnSi-SMAs. Recent study shows that
improving the PE can deteriorate the SME to some extent by limiting the
e-martensite after unloading [44]. Luo et al. [62] investigated the effect
of the e-martensite phase fractions to the SME prior to straining in a
bending test and found that a lower e-martensite phase fraction with
proper thermomechanical treatment or training condition and larger
grain size, would result in higher recovery strain behavior. This matter
to some extent shows consistency with the As-received aged and
Rex-double aged behavior in this study.

For recovery stress, improving recovery strain does not necessarily
also improve the recovery stress response at room temperature [31].
Recovery stress is primarily influenced by two key factors - the yielding
behavior and the precipitate characteristics in the alloy. Yielding in
FeMnSi SMAs involves complex interactions between normal dislocation
slip and the martensitic y—¢ phase transformation [63]. This trans-
formation occurs through the motion of perfect dislocations as well as
Shockley partial dislocations on the close-packed {111} planes of the
FCC austenite structure [63]. It can also occur by the formation of
stacking faults on alternative {111} plane, which creates the hexagonal
stacking sequence of the epsilon martensite structure. Therefore, the 0.1
% yield point commonly reported represents a combination of normal
dislocation plasticity and stress-induced epsilon martensitic



M. Golrang et al.

transformation occurring together in these alloys.

A higher yield stress indicates greater resistance to the motion of
perfect dislocations as well as more difficult slip of the Shockley partial
dislocations required for the martensitic transformation. Furthermore,
Wang et al. [33] found that new stress-induced epsilon martensite forms
during cooling after pre-straining, and this new martensite has different
characteristics compared to the prior martensite variants formed during
loading. This result demonstrates that when the yield stress is suffi-
ciently high after pre-straining, it can prevent further martensitic
transformation from occurring during the subsequent cool down. This
effect is evidenced by the Rex-double aged sample exhibiting the highest
0.1 % yield point in Fig. 9 (b), which restricts additional martensite
formation during cool down following pre-straining since the high
strength resists the slip of partial dislocations required for
transformation.

The VC-rich particles present in the microstructure influence the
yield stress through primary mechanisms. The particles can hinder the
motion of perfect dislocations via Orowan strengthening [64], as
described by the Ashby-Orowan equation relating particle spacing and
strength [65]. This effect of VC particles explains the weak recovery
stress exhibited by the As-received aged sample compared to the
Rex-double aged condition. The diameter and distribution of the parti-
cles are two important parameters that increase the yield stress ac-
cording to the Ashby-Orowan equation [65]. In the As-received aged
sample, precipitation mostly occurred along grain boundaries (Fig. 4 (b),
(e)), while in the Rex-double aged sample, the particles were distributed
more randomly (Fig. 4 (c), (f)). Additionally, in the Rex-double aged
sample, the size of the primary precipitates increased from 15-30 nm to
70-115 nm after the second aging treatment at 485 °C for 6 h [39].

Additionally, HR-TEM analysis revealed a non-S-N orientation rela-
tionship between the e-martensite and austenite matrix inside the
annealing twins which surrounded by dislocation areas, as shown in
Fig. 11. This differs from the dominant S-N relationship observed after
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/ £- martensite
/ New &- martensite

Precipitates

Dislocation

4

|_ Partial dislocation

Stress (MPa)
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load-unload testing in Fig. 6. Recently, Baik et al. [66] found that in an
Fe-15Mn-2Cr-0.6C-0.06 N (wt.%) alloy, as strain increased, secondary
twins and e-martensite variants formed that did not have the S-N
orientation relationship. These developed by intersection of two primary
twin or e-martensite bands. This non-S-N orientation relationship arises
in the Rex-double aged sample due to the complex shear and strain
conditions induced during recovery stress testing, which differs from
conventional tension. The change in transformation orientation results
in additional irrecoverable strain, contributing to the high recovery
stress response.

The schematic in Fig. 12 illustrates the microstructural evolution
during loading and subsequent recovery. Initially, the thermally induced
e-martensite and annealing TBs are present. At peak loading, stress-
induced e-martensite forms within the austenite matrix and TBs.
Numerous dislocations are also generated, concentrated around the TBs.
During unloading, some of the stress-induced martensite reverses
through partial dislocation slip, but e-martensite largely remains within
the TBs. In the recovery stress process, some e-martensite transforms
back to y-austenite, while additional dislocations and new e-martensite
variants with different orientations relationship. The schematic sum-
marizes the complex interactions between dislocations, TBs, and
reversible/irreversible martensitic transformation that influence the PE
and shape memory behavior.

5. Summary

This study investigates the influence of thermo-mechanical pro-
cessing on the functional properties of an Fe-17Mn-5Si-10Cr-4Ni-1
(V-C) (wt.%) shape memory alloy. The as-received material was sub-
jected to cold rolling followed by recrystallization and aging treatments.
The microstructure, phase fractions, PE, SME, and recovery stress were
studied. The key findings are summarized as follows:

Recovery stress

N
N
Q

Recovery strain
T

Nominal strain (%)

(d)

Fig. 12. Schematic representation of the microstructural evolution in FeMnSi shape memory alloys (SMAs) during different processing steps: (a) Initial state of the
Rex-double aged sample; (b) Microstructure at the peak loading point; (c) after unloading. Comparing the microstructural changes during (d) the recovery strain test

and (e) the recovery stress test.
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e Cold rolling and recrystallization refined the grain size from 14 to 5
pm and introduced a high density of annealing twins. The second
aging treatment at 485 °C further increased the density of nano-sized
VC precipitates.

Cyclic tensile testing showed an improved pseudoelasticity in the
recrystallized and double aged condition, with minimal cumulative
residual strain over 50 cycles. This was attributed to the strong
precipitation strengthening and interactions between martensite and
the refined microstructural features.

The recrystallized and double aged specimen displayed the highest
recovery stress of 450 MPa upon heating after pre-straining. This was
attributed to the highest e-martensite phase fraction after the load-
unload test and the high yield strength suppressing new martensite
formation during the cooling process.

HR-TEM revealed a non-Shoji-Nishiyama orientation relationship
between the new e-martensite which forms after the recovery stress
formation and austenite matrix, which differs from conventional
loading conditions. This contributes to an additional irrecoverable
strain and increases the recovery stress.

Appendix A

Journal of Materials Research and Technology 29 (2024) 1887-1900

In summary, optimization of the thermo-mechanical processing pa-
rameters can enable tailoring the functional properties of FeMnSi shape
memory alloys according to the desired applications. The recrystalliza-
tion and double aging treatment can produce an alloy with excellent
cyclic stability and the highest recovery stress.
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