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1. Introduction

Austenitic Fe–Mn–Si–Cr–Ni alloys com-
bine the properties of austenitic stainless
steel, such as good formability and
enhanced wear and corrosion resistance,
with the ability to recovery its original
shape when deformed under certain condi-
tions, a phenomenon known as the shape
memory effect (SME).[1] This effect results
from the reverse transformation of the
nonthermoelastic ε-martensite hexagonal
close-packed (HCP) to the parent γ-austenite
face-centered cubic (FCC) phase by
Shockley partial dislocation motions.[2,3]

To achieve higher SME values, the most
common and effective method is to impose
repeated cycles of γ ↔ ε transformation,
known as training, which reduces the criti-
cal stress for martensite formation[4] and
introduces a degree of uniformity in distri-
bution of the pre-existing stacking faults

(SFs) in austenite.[5] However, this series of thermomechanical
processes increases the complexity and the cost of production.
Since many metallurgical aspects (such as grain refinement,
presence of precipitates, occurrence of α’-martensite body-
centered cubic [BCC] and stacking fault energy [SFE]) are
involved in the outcome of total shape recovery (TSR) and are
controlled by alloy design and processing, the understanding
of SME mechanisms has enabled other ways to achieve higher
shape recovery. Previous studies[6–11] have shown that additions
of certain alloying elements (Si, Ce, Nb, Ti, C, V, N etc.) can pro-
mote strengthening of the austenitic phase by solid solution,
grain refinement, and/or second-phase hardening. It has been
suggested that austenite phase strengthening may allow higher
stresses to be applied, facilitating stress-induced ε-martensite
transformation without causing permanent slip.

In this context, the Ce addition has been studied over the past
decades and has been shown to be a relatively low-cost alternative
to improve the TSR of Fe–Mn–Si–Cr–(Ni) shape memory alloy
(SMAs). TSR is the sum of the components involved in shape
recovery, elastic shape recovery (ESR), and shape memory recov-
ery (SMR) due to SME. However, the main role of Ce addition in
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The addition of rare earth elements, such as cerium, to austenitic Fe–Mn–Si-
based shape memory alloys has been shown to improve both corrosion resis-
tance and shape recovery. However, the mechanisms underlying the effect of Ce
on shape recovery are still unclear. This study investigates the influence of the
addition of small amounts of Ce (0.18, 0.42, and 0.96 wt%) on the microstructure
and shape recovery of an austenitic Fe–13.50Mn–3.98Si–9.54Cr–4.51Ni alloy. Ce
additions induce the formation of a large number of Ce-rich particles, which act
as austenitic grain refiners. Both grain refinement and the formation of Ce-rich
particles contribute to the strengthening of the matrix at 0.42 wt% Ce addition. In
addition, Ce additions alter the MS temperature, which increases with Ce
additions. Total shape recovery improves with 0.18 and 0.42 wt% Ce additions,
but decreases with 0.96 wt% Ce addition. The beneficial effect of Ce addition in
improving the shape recovery of the austenitic Fe–Mn–Si–Cr–Ni alloy is related
to the enhancement of the elastic shape recovery component of the total shape
recovery. However, the shape memory recovery due to the shape memory effect
always decreases with the increase of the Ce content.

RESEARCH ARTICLE
www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2301513 2301513 (1 of 11) © 2023 Wiley-VCH GmbH

mailto:rsilva@ufscar.br
mailto:rovere@ufscar.br
https://doi.org/10.1002/adem.202301513
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202301513&domain=pdf&date_stamp=2023-12-22


improving shape recovery is unclear in the literature. It has been
proposed that Ce additions can promote beneficial changes for
SME such as SFE reduction and austenitic phase strengthen-
ing.[6,12,13] The reduction in SFE with Ce additions is due to a
chemical interaction that promotes the segregation of Ce atoms
in the SFs, significantly reducing the SFE (the so-called Suzuki
effect).[14,15] However, since Ce solubility in Fe-based systems is
extremely low,[16] its contribution to the reduction of SFE is
limited. Thus, the strengthening of the austenitic phase appears
to be the main factor acting on the TSR improvement. This is the
result of the formation of Ce-rich particles leading to grain
refinement and/or second-phase hardening.

However, the improvement of SME through austenitic phase
strengthening promoted by grain refinement is currently being
questioned. Recent studies reported by Wang et al.[17] and Yong
et al.[18] have shown that grain refinement increases the con-
straining effects of grain boundaries and annealing twins on
the stress-induced martensitic transformation and supports plas-
tic deformation, thereby reducing SME. In addition, Käfer
et al.[19,20] showed that the improvement in TSR with austenitic
phase strengthening due to grain refinement and precipitate for-
mation primarily comes from ESR instead of SMR. These find-
ings cast doubt on the role of Ce in improving the shape recovery
of Fe–Mn–Si–Cr–(Ni) SMAs, and further studies are needed to
clarify its influence.

Therefore, this study aims to understand the effect of Ce on
the microstructure and SME of austenitic Fe–13.50Mn–4Si–
9.5Cr–4.5Ni SMA. The composition chosen for Ce additions
showed a significant improvement in aqueous and high-
temperature corrosion resistance with the addition of this ele-
ment.[21,22] These improvements make this material a potential
candidate for pipe couplings that can be used in engineering
applications requiring corrosion-resistant materials. Since previ-
ous studies[12,13,23] have reported an improvement in the SME of
Fe–Mn–Si–Cr–(Ni) SMAs with additions of up to 0.64 wt% of
rare earth elements (REE), Ce additions of 0.18, 0.42, and
0.96 wt% were made to evaluate the microstructural changes
as a function of Ce content and its influence on the SME. In order
to distinguish the phenomena involved in the TSR, the contribu-
tions of ESR and SMR leading to TSR were analyzed separately.

1.1. Experimental Section

Fe–13.50Mn–4Si–9.5Cr–4.5Ni SMA was cast in a vacuum induc-
tion melting furnace with a saturated argon atmosphere, using
AISI 304L stainless steel bars as the raw material and the chemi-
cal composition adjusted with additions of high-purity Fe, Mn,
Si, and Ni. Small amounts of Ce were then added to the Ce-free
alloy by casting in a Bühler model arc-melter (AM) electric arc
furnace. Table 1 shows the chemical compositions determined
by inductively coupled plasma–optical emission spectrometry.
Carbon (C) and sulfur (S) contents were quantified by combus-
tion using a LECO CS-844 analyzer. These alloys are hereafter
referred to as SMA-1, SMA-2, SMA-3, and SMA-4. The buttons
were hot rolled at 1000 °C and then solution treated (ST) at
1050 °C for 1 h followed by water quenching.

ST samples were embedded in polyester resin, ground to
#1200-grit silicon carbide sandpaper and electrolytically polished

in a solution of 95% CH3COOHþ 5% HClO4. Electrolytic pol-
ishing was used to remove mechanically induced ε-martensite
on the surface during metallographic preparation. The samples
were then chemically etched with Villela’s reagent (5 mL
HClþ 1mL picric acidþ 100mL ethanol), and the resulting
microstructures were analyzed using an Olympus BX41M-
LED optical microscope (OM). Electron backscatter diffraction
(EBSD) analyses were performed to complement the microstruc-
tural observations. EBSD was performed using an FEI Inspect
S50 scanning electron microscope (SEM) coupled to an
energy-dispersive X-ray spectroscopy (EDS) and EBSD detectors.
Samples were scanned with a 0.8 μm step size for EBSD and
average grain sizes were determined from the EBSD maps.
Mechanical strength as a function of Ce content in the alloy
was determined using the Vickers hardness test applying a load
of 2 kgf and a dwell time of 15 s in a Future-tech FM500 micro-
hardness tester. Means and standard deviations were calculated
based on 10 indentations in each sample.

The martensitic and austenitic transition temperatures were
determined using differential scanning calorimetry (DSC - TA
Instruments model Q100). Thermal cycling was performed from
�20 to 200 °C with a rate of 10 °Cmin�1 and the mean values and
standard deviation were based on three measurements of each
alloy. The phases constituting the microstructure were identified
by X-ray diffraction (XRD) using a Shimadzu model XRD-6100
diffractometer, operating with Cu Kα radiation at 40 kV and
30mA in the 2θ sweep angle range from 40° to 100° with a count-
ing time of 6 s for each 0.02° step at room temperature.
Quantitative phase analysis of the XRD results was performed
by the Rietveld method using the GSAS-II software.[24]

Bending tests using 1mm diameter wires extracted by electri-
cal discharge machining in the hot rolling direction were used to
assess the shape recovery (TSR= SMEþ ESR), this procedure
has been adopted elsewhere.[11] Figure 1 shows a schematic view
of the bending test. The wires were bent by applying a prestrain

Table 1. Chemical composition of the studied alloys (wt%).

Material Mn Si Cr Ni Ce C S Fe

SMA-1 13.50 3.98 9.54 4.51 – 0.029 0.006 Balance

SMA-2 13.47 3.99 9.46 4.57 0.18 0.023 0.007 Balance

SMA-3 13.54 4.01 9.50 4.53 0.42 0.019 0.005 Balance

SMA-4 13.56 3.95 9.57 4.56 0.96 0.022 0.004 Balance

Figure 1. Schematic view of the bending test for assessment of SME.
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(PS) load (δ) of 4%, resulting from a 180° bend around a 24mm-
diameter rod (d), as shown in Equation (1).[25,26] Bending was
performed in a universal testing machine (Instron 5500R) at
room temperature. The shape recovery ratio was determined
by measuring the return angles after heating at 600 °C for
10min based on three measurements of each alloy. TSR was cal-
culated as the sum of ESR and SMR, given by Equation (2)[19]

and (3),[1,27] respectively.

δ ¼ t
d

(1)

ESR ¼ θe
180°

(2)

SMR ¼ θm
ð180°� θeÞ

(3)

where δ is the amount of PS, t is the wire diameter (in mm), d is
the rod diameter (in mm), θe is the angle of ESR upon unloading
(in degrees), and θm is the angle of SME after austenitic reverse
transformation (in degrees) at heating.

Finally, to evaluate the resulting microstructures of the SMAs
after deformation, cylindrical samples 6mm in diameter and
6mm in length were subjected to 4% compressive strain at room
temperature using an Instron 5500R. After the compression
tests, the samples were subjected to the same metallographic
preparations as above and the constituent phases were character-
ized by XRD. In addition, light metallographic etching was
performed using the Villela reagent and the microstructures
were analyzed by SEM.

2. Results

2.1. Microstructural Characterization and Mechanical Strength

Figure 2 shows representative micrographs of the alloys exhibit-
ing microstructures composed of γ-austenite (characterized by
annealing twins) and thermal ε-martensite plates formed during
water quenching. In SMA-1 (Figure 2a), the microstructure
consists of heterogeneous grains with multivariant thermal
ε-martensite plates within coarse austenitic grains. In SMA-2
(Figure 2b), the microstructure is finer than that in SMA-1
and consists of both multivariant and monovariant thermal
ε-martensite plates within austenitic grains. In SMA-3
(Figure 2c) and SMA-4 (Figure 2d), the austenitic grains are
smaller, and some of them contain monovariant ε-martensite
plates. However, it is difficult to discern the proportion of grains
containing monovariant ε-martensite plates due to the increase
in annealing twins with Ce content. In addition, elongated
particles are observed at grain boundaries showing a dark
contrast due to chemical etching.

For details of the morphology and chemical composition of
these particles, backscattered electron (BSE)–SEM images of
the polished surfaces of the Ce-containing alloys are shown in
Figure 3. It is observed that the addition of Ce promotes the for-
mation of particles in the microstructure. The morphology of
these particles changes from globular to elongated as the Ce con-
tent is increased. EDS spot analysis (results are presented as inset
tables) shows that the particles formed in the microstructure of
SMA-2, in addition to having high Ce contents, are composed of
a mixture of alloying elements, oxygen, and sulfur, with wide

Figure 2. OM images of the resulting microstructure as a function of the Ce addition: a) SMA-1, b) SMA-2, c) SMA-3, and d) SMA-4.
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variations in chemical composition. In SMAs 3 and 4, the
particles formed are Ce rich with high Si and Ni contents and
no measurable O and S contents, suggesting that they are
intermetallic compounds.

Figure 4 shows grain boundary maps of the SMAs from the
EBSD analyses. The mean grain size values, grain boundary den-
sity (total high-angle grain boundary length over the analyzed
area), and annealing twin density (total twin boundary length
over the analyzed area) for all alloys are given in Table 2. It is
observed that the addition of Ce leads to a decrease in grain size
accompanied by a significant increase in grain boundary densi-
ties and annealing twins. From Figure 4, it can also be seen that
the ε-martensite regions (highlighted in black) are more homo-
geneous and finely distributed in alloy SMA-3 compared to SMAs
1, 2, and 4. Regarding the strengthening of the austenite phase
promoted by grain refinement and second-phase hardening, the
hardness remained unchanged with the addition of 0.18 wt%
Ce, retaining about 216HV, and increased to 230HV with the
addition of 0.42 wt% Ce, followed by a slight decrease with
the addition of 0.96 wt% Ce (about 225 HV), as shown in
Figure 5.

2.2. Transformation Temperatures and Phase Volume Fraction

DSC thermograms are shown in Figure 6, where the peaks of
maximum values represent exothermic reactions, (i.e.,
γ-austenite! ε-martensite on cooling) and the minima repre-
sent endothermic reactions (in this case the reverse
ε-martensite! γ-austenite occurring on heating). As shown in
Table 3, the mean temperatures of AS, AF, and MF are close
to the experimental error observed for each of the alloys and
show no tendency to increase or decrease with the addition of
Ce. This indicates that these temperatures are not affected by
the Ce addition. On the other hand, the MS temperature
increases with Ce additions. From Table 3, it can be seen that
the mean MS temperature value for the SMA-1 is above room
temperature (≈36 °C) and increases by about 6 °C with the
0.18 wt% Ce addition (SMA-2). For SMA-3, an increase in MS

temperature of about 24 °C is observed compared to SMA-1,
which remains unchanged with the addition of 0.96 wt% Ce
(SMA-4). The increase in MS temperature with Ce additions
indicates that the amount of thermal ε-martensite in the micro-
structure tends to increase with Ce additions.

Figure 3. BSE–SEM images showing the distribution and morphology of Ce-rich particles in the alloys: a) SMA-2, b) SMA-3, and c) SMA-4.
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Figure 7 shows the XRD patterns of the SMAs as a function of
Ce content after solution treatment and water quenching.
Crystalline peaks of γ-austenite and ε-martensite are observed in
all samples. Other peaks that are related to the inclusion of Ce-rich
oxysulfide, and/or intermetallic phases are not detected in the XRD
patterns. As shown in Table 4, the volume fractions of the phases
estimated by quantitative Rietveld phase analysis indicate that the
volume fraction of thermal ε-martensite increases with Ce addition,
which is related to the increase in MS temperature.

2.3. Shape Memory Behavior

Figure 8 shows the results of the bending tests with the contri-
butions of the ESR and SMR components that result in the TSR.

A significant increase in TSR is observed with 0.18 and 0.42 wt%
Ce additions compared to SMA-1. On the other hand, the addi-
tion of 0.96 wt% Ce promotes a significant reduction in the shape
recovery to a lower value (about 67%) than that observed for
SMA-1 (about 72%). Comparing the beneficial effect of the addi-
tion of Ce on the improvement of the TSR, it is observed that
0.42 wt% gives the highest TSR (about 92%), that is, a return

Figure 4. Grain boundary maps from SEM–EBSD analyses of: a) SMA-1, b) SMA-2, c) SMA-3, and d) SMA-4. High-angle grain boundaries (austenite) are
black lines (15–62°) and annealing twin boundaries are blue lines (62–65°). ε-martensite regions are in black.

Table 2. Mean austenitic grain size and density of grain boundaries and
annealing twins obtained from EBSD analysis.

Material Average grain
size [μm]

Density of grain
boundaries [cm�1]

Density of annealing
twins [cm�1]

SMA-1 92� 19 377 193

SMA-2 38� 13 644 374

SMA-3 23� 13 956 453

SMA-4 23� 9 1079 534

Figure 5. Average hardness as a function of Ce content.
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of 3.7% with respect to the 4% PS. Figure 8 also shows that the
observed TSR of about 72% for SMA-1 is mainly due to the SME,
with the contribution of the SMR and ESR components to the
TSR being about 83% and 17%, respectively. For the alloys with
0.18 and 0.42 wt% Ce additions, the contribution of SMR
decreases while that of ESR increases significantly. The 83%

TSR observed for SMA-2 is composed of 70% SMR and 30%
ESR, whereas the 92% TSR obtained for SMA-3 is composed
of 61% SMR and 39% ESR. For SMA-4, the lower TSR obtained
(≈67%) is the result of 70% SMR and 30% ESR contributions.

Figure 6. Change in transformation temperatures with the Ce addition: a) γ-austenite! ε-martensite on cooling and b) reverse ε-martensite!
γ-austenite transformation on heating.

Table 3. Phase transformation temperatures determined from DSC
curves.

Material Phase transformation temperature [°C]

MS MF AS AF

SMA-1 36� 1 16� 2 136� 2 159� 2

SMA-2 42� 1 23� 3 129� 4 154� 1

SMA-3 60� 1 17� 1 133� 2 168� 1

SMA-4 57� 3 20� 3 135� 3 165� 3

Figure 7. XRD patterns of the microstructure of SMA 1, SMA 2, SMA 3,
and SMA 4.

Table 4. Volume fraction of the γ-austenite and thermal ε-martensite
phases after solution treating and water quenching.

Material Phase Volume fraction [%]

SMA-1 γ-austenite 63

ε-martensite 37

SMA-2 γ-austenite 57

ε-martensite 43

SMA-3 γ-austenite 58

ε-martensite 42

SMA-4 γ-austenite 52

ε-martensite 48

Figure 8. The TSR of the SMAs and the respective contributions of the ESR
and the SMR to the TSR as a function of the Ce content.
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These results show that the improvement in TSR obtained by the
addition of Ce is due to the increased contribution of ESR to TSR,
while that of SMR decreased.

3. Discussion

The Ce addition in the austenitic Fe–13.50Mn–3.98Si–9.54Cr–
4.51Ni SMA contributed to the improved TSR, resulting in
almost complete recovery after 4% PS with 0.42 wt% Ce addition.
The magnitudes of shape recovery achieved with Ce additions of
0.18 and 0.42 wt% are higher than those previously reported
under similar conditions of the processing route (casting,
annealing and rolling) without thermomechanical training.
Zhao et al.[6,13] reported values of 72% of TSR in an
Fe–16Mn–5Si–8Cr–5Ni–0.3Ce alloy with 2.1% PS at room tem-
perature and 1000 °C solution treatment and 91% with 700 °C
solution treatment. In both studies, the authors reported that
Ce played a more significant role in improving SME than N
and Ti. In another study of REE additions, Huang et al.[12]

who investigated the effect of adding a La and Ce blend (with
more La than Ce) in the range from 0.03 to 0.46 wt% on the
TSR of Fe–24.60Mn–6.44Si–5.34Cr alloy, observed a TSR value
of 80% after 4% PS with the addition of 0.16 wt% of the blend
and a subsequent decrease in TSR with the addition of 0.46 wt%.
However, higher values of TSR were achieved after performing
thermomechanical training cycles.

On the other hand, comparing the results with a conventional
SMAwithout any alloying element addition, Li et al.[28] reported a
low value of 60% of the TSR for Fe–13Mn–5Si–10Cr–6Ni
annealed at 1000 °C with about 4% PS at room temperature.
Other authors have published SME experiments with the forma-
tion of second-phase particles after aging treatment and also
showed lower TSR values than Ce (or other REE) addition, such
as Dong et al.[8] who reported 72% of TSR in Fe–17Mn–5Si–
10Cr–4Ni–1(V,C) after aging at 850 °C and 4% PS at room
temperature. These results indicate that, under the same experi-
mental conditions, the addition of Ce (or a mixture of Ce and La)
was responsible for a higher shape recovery ratio than the base
Fe–Mn–Si–Cr–Ni composition and higher than alloys with
second-phase precipitates, where aging treatment is required
to achieve maximum TSR. Two very common ways to increase
the shape recovery are thermomechanical training[26,29] and PS at
low temperatures,[6,8] achieving TSR values above 90%. In this
study, it is shown that it is possible to achieve similar values sim-
ply by adding Ce, without the need for complex and expensive
processing methods.

The discussion begins with an analysis of the changes in
microstructure, mechanical strength, and amount of thermal
ε-martensite promoted by the addition of Ce. Subsequently,
the effects of Ce on the SMR and ESR contributions to the
TSR are discussed. These effects are elucidated by analyzing
the microstructure of SMA-1, SMA-3, and SMA-4 after 4%
PS. The analysis of the microstructure of SMA-2 after 4% PS
was not considered because the increase in TSR with the addition
of 0.18 wt% Ce occurs in the same manner as that observed for
SMA-3.

3.1. Effect of Ce on Microstructure, Mechanical Strength, and
Thermal ε-Martensite

Ce has low solubility in Fe-based alloys, so the last liquid to solid-
ify between grains is enriched in Ce, leading to the formation of
Ce-rich particles, which are formed by peritectic reaction.[30,31]

These particles typically have significant O and S contents due
to the high affinity of Ce for these elements,[32] acting as scav-
engers for these elements and promoting the purity of the alloys.
As a result, much of the Ce added to the alloy becomes Ce-rich
particles, causing grain boundary pinning that promotes signifi-
cant austenitic grain size reduction (Table 2).[12] This grain
refinement resulted in an increase in grain boundary density
and annealing twins. Both grain refinement and the formation
of Ce-rich particles contributed to the strengthening of the
austenite phase at 0.42 wt% Ce addition (Figure 5). However,
the addition of 0.96 wt% Ce resulted in the formation of large
Ce-rich particles which caused softening of the metallic matrix
compared to SMA-3.

Considering a previous study[33] which reported that
MS temperature decreases with grain refinement due to austenite
stabilization promoted by matrix strengthening, the increase
in MS temperature with the addition of Ce to the alloy
(Table 2) can be an indication of the reduction in SFE.[34] This
facilitates overlapping SFs, which act as nucleation embryos
for ε-martensite, resulting in an increase in MS temperature
and consequently an increase in the amount of thermal
ε-martensite. The decrease in SFE with Ce additions may be
related to the increased amount of Si in the Ce-rich particles
(Figure 3), which is known to decrease SFE,[11,35,36] since the
contribution of Ce in reducing SFE is limited by its negligible
solubility in the alloy.

Recent studies have shown that precipitates can facilitate the
formation of numerous SFs in austenitic phase.[37] This phenom-
enon occurs due to dislocation dissociation at the matrix–
precipitate interface, which adjusts the elastic strain field.[38,39]

As a result, the newly formed dislocations may experience a
decrease in the local SFE in the presence of Ce-rich particles with
high Si content, leading to a reduction in the overall SFE of the
alloys with Ce addition. Khodaverd et al.[37] suggested that the
change in the local chemical composition of the austenite
surrounding the precipitates and the lattice strain during their
formation may play a key role in the formation of the SF and
the increase in the MS temperature.

To understand the effect of Ce content on phase transforma-
tion temperatures and SF mechanisms on ε-martensite nucle-
ation, SFE values for SMAs 1, 3 and 4 were estimated by
XRD line profile analysis. The SF probability (α) and the rms
microstrain in the <111> direction (ε250111) were used to
determine the relative SFE values. Since SFs occur on the
(111) close-packed planes in an FCC crystal, the results of
the shift of the diffraction lines can be used to estimate α. In this
case, a comparison between the XRD patterns of ST and 4% PS
samples, shown in Figure 9, gives a good estimate of α, which is
also related to the number of ε-martensite nuclei per volume of
austenite. According to the Schramm and Reed,[35] α can be cal-
culated from Equation (4):
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Δ2θ ¼ ð2θ200 � 2θ111Þ4%PS � ð2θ200 � 2θ111ÞST

¼ � 45
ffiffiffi

3
p

π2
tan θ200 þ

1
2
tan θ111

� �

α
(4)

where 2θs are the peak positions in degrees.
To determine the microstrain (ε) and crystallite size (D), the

Williamson-Hall (W–H) method was used,[40] as shown in
Equation (5).

βcosθ ¼ ε4senθ þ Kλ
D

(5)

β is the full width at half maximum (FMWH), K is a constant
equal to 0.9, and θ is the peak position.

Prior to W–H analysis, for all profiles, the instrumental peak
magnification was subtracted from the peak widths according to
Cagliotti’s equation[41] based on measurements of the diffraction
pattern of a high-purity Si standard powder sample. In addition,
the reflections of each diffraction peak were fitted with a
Gaussian function to obtain the peak position and FMWH
values. The microstrain values for each alloy were then converted
to (ε250111) values using the method described by Klug and
Alexander.[42]

The relative SFE (γ) can be calculated from Equation (6).[35]

γ ¼ K111ωoG111a0A�0.37ε250111
απ

ffiffiffi

3
p (6)

where K111ωo is a proportional constant equal to 6.6. G111 is the
shear modulus in the (111)α plane determined from the Young’s
modulus measured by nanoindentation (Figure S1, Supporting
information) using the Oliver–Pharr method,[43] and the values
obtained were converted to shear modulus values assuming that
the alloys are isotropic. Poisson’s coefficient is 0.25. a0 is the
lattice parameter of the ST sample. A is the Zener anisotropy
determined by the elastic stiffness coefficients C11, C12, and
C44: A= 2C44/(C11�C12). In this work, the following stiffness
coefficients were used C11= 218 GPa, C12= 129 GPa, and
C44= 79 GPa.[35] Table 5 shows the main XRD parameters for
SMAs 1, 3, and 4 and their relative SFE values.

From Table 5, it can be seen that the SFE value for SMA-1 is
about 26.4 mJm�2. This value is similar to that estimated by Maji
et al.[11] for the conventional Fe–14Mn–9Cr–5Si–5Ni SMA from
XRD line profile analysis, between 25 and 30mJm�2. With the
addition of 0.42 wt% Ce (SMA-3), the SFE value decreased to
10.2 mJm�2, indicating that the increase in MS temperature is

Figure 9. Comparison between the XRD patterns of the microstructure of the ST samples and the samples with 4% PS after solution treatment: a) SMA-1,
b) SMA-3, and c) SMA-4.

Table 5. Parameters used to determine SFE values and volume fractions
of phases estimated by quantitative Rietveld phase analysis for SMAs 1, 3,
and 4.

Material α γ/G111 γ [mJ m�2] G [Pa] γ [%] ε [%]

SMA-1 2.22� 10�4 2.82� 10�13 26.4 9.36� 1010 23 77

SMA-3 4.59� 10�5 1.04� 10�13 10.2 9.84� 1010 38 62

SMA-4 2.27� 10�4 2.52� 10�13 25.8 1.02� 1011 36 64

www.advancedsciencenews.com www.aem-journal.com
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related to the decrease in SFE, probably caused by the formation
of Ce-rich particles with high Si content. However, the SFE value
does not decrease significantly compared to SMA-1 with the addi-
tion of 0.96 wt% Ce (25.8 mJm�2). This result seems to be
related to a competition caused by the decrease of SFE in regions
where Ce-rich particles with high Si content were formed and
there was increase of SFE promoted by Si depletion in regions
adjacent to these particles. Since the number of Ce-rich particles
formed in SMA-4 is greater than that in SMA-3 (Figure 3), the
greater the Si depletion in the austenite. As a result, the SFE does
not decrease significantly with the addition of 0.96 wt% Ce.
Nevertheless, this small decrease in SFE was apparently suffi-
cient to increase the MS temperature of SMA-4 (Table 3). It is
important to mention that the increase in SFE in Si-depleted
regions may have reached values that activate twinning as a
deformation mechanism,[44] contributing to the higher density
of annealing twins observed in SMA-4 (Table 2).

3.2. Effect of Ce on SMR and ESR Contributions to TSR

In SMA-1, the TSR was almost entirely due to the contribution of
the SMR (Figure 8). The stress-induced martensite volume frac-
tion (Δε=Vε4%� VεT) estimated by quantitative Rietveld phase
analysis from the XRD pattern of SMA-1 after 4% PS (Figure 9)
was about 40%, leaving about 23% of the austenite phase that did
not undergo phase transformation. In this alloy, the low shape
return achieved (2.9%) can be attributed to two factors: 1) The
first factor is the high volume fraction of pre-existing thermal
ε-martensite in the microstructure of the material (37%), which
reduces the amount of austenite available to undergo phase
transformation during PS.[45] In addition, this thermal
ε-martensite does not cause a shape change of the sample (or
component) as it is self-accommodating; 2) The large number
of ε-martensite plates of different variants observed within the
coarse austenitic grains, intersecting each other (Figure 2a), pre-
venting the growth of ε-martensite plates during PS, as shown in
Figure 10a, is another factor. It has been mentioned[46] that such
a condition can cause the strains generated by different
ε-martensite variants to cancel each other out to a certain point,
resulting in a reduction in the total strain. This results in both
stress-induced ε-martensite and dislocation slip, the latter being
detrimental to SME.

For SMAs 2 and 3, the increase in the ESR contribution was
responsible for the improvement in TSR with Ce additions of

0.18 and 0.42 wt%. In these alloys, monovariant ε-martensite
plates were formed within austenitic grains, which could be
due to the formation of Ce-rich particles. It has been suggested[37]

that precipitates promote the formation of SFs grouped along the
same orientation within austenitic grains instead of randomly
oriented SFs, which favors the formation of monovariant
ε-martensite plates. Although the formation of monovariant
ε-martensite plates in combination with the strengthening of
the austenitic phase with 0.42 wt% Ce and a lower SFE of
12mJm�2 is considered the ideal approach to achieve better
SME,[8,44,46] the stress-induced martensite volume fraction was
half that observed for SMA-1 (about 20%). This can be attributed
to both grain refinement, which has increased the density of
grain boundaries and annealing twins, and the formation of
Ce-rich particles.

In Fe–Mn–Si-based SMAs, it has been reported[46] that during
PS, ε-martensite tips tend to interact with barriers such as other
ε-martensite variants, α 0-martensite, dislocations, grain bound-
aries, and annealing twins. As a result, the partials located in
the ε-martensite tips can become trapped in these barriers
and prevented from moving during heating. This in turn
requires the nucleation of new partials during heating to achieve
reverse martensitic transformation, and the Burgers vectors of
these newly formed partials can be primarily randomly oriented.
Consequently, the Burgers vectors of the newly formed partials
will not be antiparallel to those of their counterparts acting in the
martensitic transformation, promoting a reduction in SME.
Therefore, it is plausible that the decrease in the SMR contribu-
tion to the TSR with the addition of Ce is partly due to the
increased density of grain boundaries and annealing twins. In
this case, since SMA-4 has the highest density of grain bound-
aries and annealing twins, the contribution of SMR to the TSR is
lowest for this alloy, as evidenced by the lowest stress-induced
martensite volume fraction (about 16%).

It is worth noting that the highest volume fraction of
ε-martensite in SMA-4, about 48% (Table 4), may also have con-
tributed to the lowest volume fraction of strain-induced martens-
ite. It is well known that a high thermal ε-martensite volume
fraction can promote in the formation of α’-martensite during
PS.[11] This phase was visible in the XRD pattern of the micro-
structure of SMA-4 after 4% PS (Figure 9c). The formation of this
phase is related to the coalescence of the pre-existing thermal
ε-martensite with the reorientation process during PS, leading
to the formation of α’-martensite at the intersection of the

Figure 10. BSE–SEM images of the microstructures of SMAs 1, 3, and 4 after 4% PS: a) SMA-1, b) SMA-3, and c) SMA-4.
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ε-martensite plates, preventing the formation of further
ε-martensite on loading and its reversal on heating.[47,48]

Although the volume fraction of α’-martensite quantified by
the Rietveld phase analysis was very low (about 1%), the fact that
this phase is formed in the microstructure of SMA-4 during PS
also contributes to its lower SME.

As for the Ce-rich particles, they were obstacles to the growth
of ε-martensite plates within the grain, as shown for SMA-3 in
Figure 10b. It has been proposed[7,19,49] that the pinning effect
induced by precipitated particles over ε-martensite plates during
stress-induced martensitic transformation creates a local back-
stress effect, where the stress fields facilitate the reverse
movement of Shockley partial dislocations, leading to a ε! γ
transformation immediately after unloading, resulting in a mac-
roscopic volume change. Thus, the contribution of the ESR to the
TSR increases with the number of Ce-rich particles, which is con-
sistent with the highest ESR observed for SMA-3. In the case of
SMA-4, the effect of back stress was less pronounced due to the
fact that most of the Ce-rich particles are preferentially formed at
grain boundaries, as shown in Figure 10c. In addition, the
high added Ce content resulted in the formation of large
Ce-rich particles, leading to a decrease in the interfacial area
between the matrix and the precipitates.

4. Conclusion

Based on the results, the following conclusions can be drawn:
1) Ce additions promoted the formation of Ce-rich particles,
which caused grain refinement. At 0.42 wt% Ce addition, both
grain refinement and the formation of Ce-rich particles contrib-
uted to the strengthening of the austenitic phase; 2) the MS tem-
perature increased with Ce additions due to a reduction in SFE,
which was significantly reduced with the addition of 0.42 wt%
Ce. This reduction was promoted by the formation of Ce-rich
particles with high Si content in the microstructure. However,
no significant reduction in SFE was observed with the addition
of 0.96 wt% Ce. This seems to be related to a competition caused
by the decrease in SFE in regions where Ce-rich particles with
high Si content were formed and the increase in SFE promoted
by Si depletion in regions adjacent to these particles; 3) the SMR
component decreases with Ce addition, while the ESR compo-
nent follows the trend of the TSR, increasing with Ce additions
of 0.18 and 0.42 wt%, with a significant decrease at 0.96 wt% Ce
addition; 4) the increase in the ESR component with Ce additions
of 0.18 and 0.42 wt% is attributed to the formation of Ce-rich
particles within the grain that act as pinning sites over
ε-martensite plates and promote reverse transformation from
ε-martensite to γ-austenite upon unloading; and 5) the decrease
in SME with the addition of Ce is attributed to grain refinement,
promoting an increase in the density of grain boundaries and
annealing twins, which act as barriers to martensitic transformation.
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