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In the current work, XRD, SEM, EBSD and TEM techniques were used to evaluate the microstructure 
of stainless Fe-Mn-Si-Cr-Ni-Co shape memory steel processed by ECAE and annealed for one hour at 
temperatures ranging from 650ºC to 950ºC. The results were then correlated with the mechanical and 
shape-memory properties of the steel. It was observed that the samples containing large grains and a 
microstructure free of defects or precipitates presented a high volume fraction of multi-variant thermal 
martensite and stress-induced martensite, resulting in good shape recovery, owing to the memory 
effect. The grain refinement and precipitation of second-phase particles decreased the volume fraction 
and number of martensite variants and considerably increased the mechanical resistance, enhancing 
the elastic shape recovery. It was shown that shape memory properties were essentially related to the 
mechanical resistance of the matrix, which in turn was related to the microstructure.
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1. Introduction
Fe-based stainless shape memory steels exhibit a strain-

induced γ (fcc) ↔ ε (hcp) martensitic transformation, which is 
reversed by heating, promoting shape recovery1. They present 
promising characteristics, such as low fabrication costs and 
good mechanical and corrosion resistance. Therefore, many 
efforts have been made to create practical applications for 
them as smart materials2,3.

According to Otsuka and Wayman1, two important 
conditions need to be satisfied in order to obtain good 
shape-memory properties in Fe-based alloys. First, the 
deformation should occur only by stress-induced martensitic 
transformation (SIMT), without the occurrence of permanent 
slip, and second, the martensite-martensite and martensite-
austenite interfaces must be mobile, which means that the 
same Shockley partial dislocations must act in the direct 
and reverse martensitic transformations.

Based on these considerations, it was proposed that 
strengthening the austenite parent phase by solid solution4,5 
and/or precipitation hardening6-11 could be an efficient 
mechanism to suppress the occurrence of permanent slip, 
thereby improving the shape memory properties. Accordingly, 
apart from preventing permanent slip, matrix strengthening 
could result in a back stress at the tip of the martensite plates, 
assisting the reverse movement of the Shockley partial 

dislocations during heating5,6. Moreover, second-phase 
particles uniformly distributed in the matrix would act as 
preferential nucleation sites for domains of thin ε martensite 
plates, increasing phase reversibility6,7,8.

However, the results of our previous work12 indicated a 
different interpretation for the effect of matrix strengthening 
on the shape memory effect. It was observed that the Equal 
Channel Angular Extrusion (ECAE), followed by annealing 
treatments in temperatures ranging from 650ºC to 850ºC, 
significantly increased the mechanical resistance of the stainless 
Fe-Mn-Si-Cr-Ni-Co-Ti shape memory steel, owing to grain 
refinement and the precipitation of second-phase particles. 
These microstructural characteristics led to an increase in 
the total shape recovery compared to the solution treated 
condition, reaching their highest values at maximum hardness. 
Nevertheless, on separating the total shape recovery as an 
elastic shape recovery (upon unloading) and shape recovery 
owing to the memory effect (upon heating), it was noticeable 
that such improvement was related to a remarkable increase 
in the elastic shape recovery. Moreover, as the annealing 
temperature was increased, elastic shape recovery decreased 
and the shape memory effect increased, thus reversing the 
above-mentioned behaviour. Eventually, the maximum shape 
recovery might coincide with maximum strength, leading 
to the conclusion that high strength would result in high 
shape memory effect.
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These results suggest that, for a better understanding, the 
total shape recovery should be separated into elastic shape 
recovery and shape recovery owing to memory effect and 
the contribution of each component should be correlated 
with the microstructure and mechanical resistance of the 
matrix. The aim of the current work is to further explore the 
above idea, evaluating the effect of mechanical strengthening 
due to grain refinement and second phase particles on the 
shape memory properties. The alloy used in this study 
was a stainless Fe-Mn-Si-Cr-Ni-Co shape memory steel, 
which showed an improvement in the shape memory effect 
as the grain size decreased from 80 µm to 35 µm13. The 
microstructures were handled by ECAE thermomechanical 
processing in order to produce fine grains, and techniques 
such as XRD, SEM, EBSD, TEM and compression tests 
were used to characterise the microstructural features and 
mechanical and shape memory properties.

2. Experimental Procedure

The stainless Fe-8.26Mn-5.25Si-12.80Cr-5.81Ni-11.84Co 
(in wt %) shape memory steel ingot was produced by vacuum 
induction melting (VIM) in an argon atmosphere. The ingot 
was hot-forged and hot-rolled as described elsewhere12,13. 
For the ECAE processing, samples with 7 mm x 7 mm x 
70 mm were machined from the bars, solution treated (ST) 
at 1050ºC for one hour and then quenched in water at room 
temperature. The samples were mounted in an ECAE die with 
a square cross-section of 7 mm x 7 mm (Φ = 120º, ψ = 0º) and 
extruded at 250ºC and strain rate of 5 mm/min in an Instron 
Testing Machine (5500R), coupled with an environment 
chamber. For the second pass, the samples were rotated 90º 
along the longitudinal axis and then extruded once more, 
using the same processing conditions (Route Bc)14. After 
two ECAE passes the samples were annealed for one hour 
at temperatures ranging from 650ºC to 950ºC. The samples 
were identified as: ST (Solution Treated); ST + 2ECAE; and 
ST + 2ECAE + Annealing Temperature.

For the microstructural observations, the samples were 
prepared using conventional metallographic procedures and 
etched using a glyceregia solution (3 ml HCl + 2 ml glycerine 
+ 1 ml HNO3). The grain size was estimated according 
to ASTM E112-13 standard15. IMAGE J image analysis 
software was used to quantify the area fraction and average 
size of second-phase particles16. In preparation for EBSD 
analysis, the polishing procedure was extended to include 
final polishing in a solution of colloidal silica for 30 minutes. 
The observations were performed using an FEI - Quanta 
650F field-emission electron microscope, equipped with a 
high-resolution EBSD detector, on the surface normal to the 
extrusion direction. EBSD results were analysed using Oxford 
Channel 5 software. X-Ray Diffraction (XRD) analyses were 
done in a Rigaku Multiflex X-ray diffractometer, using Cu 
Kα radiation, scanning from 20º to 100º at 0.5º/min. The 

Materials Analysis Using Diffraction Software (MAUD) was 
used to estimate the volume fraction of thermal and stress-
induced martensite17. Transmission electron microscopy 
(TEM) samples were prepared using a Gatan PIPS ion-beam 
milling, with an incidence angle of 10º, a beam energy of 
5 keV and the rotation speed of 3 rpm. The observations 
were carried out in a JEOL JEM 2100 transmission electron 
microscope, operating at 200 kV.

Mechanical and shape memory properties were evaluated 
by compression tests performed in a 5500R Instron Testing 
Machine. Samples with 7 mm x 7 mm x 17 mm were subjected 
to 4 % compressive strain at room temperature. Elastic shape 
recovery (ER) was obtained using Equation 1 and the shape 
recovery owing to memory effect (SR) was calculated using 
Equation 2. The total shape recovery (TR) is referred to as 
the sum of the two contributions (ER + SR).

            (1)

            (2)

Where: L0 is the initial length of the sample; Lε4% is the 
length of the sample after 4 % compressive strain; LER is 
the length of the sample after unloading; LSR is the length 
of the sample after annealing at 600ºC/30 min, followed 
by water cooling.

3. Results and discussions

3.1 Microstructural evolution

In order to evaluate the effect of microstructural features 
like grain size and second-phase particles on the martensitic 
transformation, a detailed characterisation of samples under 
different processing conditions was conducted as follows: ST; 
ST + 2ECAE passes; ST + 2ECAE + annealing temperatures.

Fig. 1 exhibits electron micrographs of the ST sample. 
As seen in Fig. 1a, the microstructure is composed of large 
austenitic grains (~80µm), presenting a 35 % volume fraction 
of thermally induced martensite measured by XRD.

Under this condition (large grains), the martensite plates 
exhibited multi-variant orientation inside the grains, as seen 
at the centre grain in Fig. 1b. In stainless Fe-Mn-Si based 
shape memory steels, the γ (fcc) ↔ ε (hcp) martensitic 
transformation occurs through the movement of Shockley 
partial dislocations along every second (111)γ plane, toward 
the [112]γ direction, resulting in shear stress in the austenitic 
parent phase18. According to13,19, in coarse grains the Shockley 
partial dislocations need to travel long distances between grain 
boundaries in order to form martensite plates, accumulating 
large elastic strain energy. Depending upon the energetic 
balance, the shear stress can be relieved by the nucleation 
of new martensite variants (energetically favoured) instead 
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of traveling all the way from one grain boundary to another. 
This mechanism could explain the high volume fraction of 
multivariant martensite observed in the ST samples since 
new martensite plates would be continuously nucleated in 
order to relieve the stress generated by the growth of the pre-
existing plates. Furthermore, a closer look also revealed a large 
quantity of stacking faults distributed in the microstructure, 
especially at the grain boundaries (Fig. 1c), which act as 
embryos for the growth of the new martensite plates20.

Fig. 2 presents the micrograph of ST + 2ECAE sample. 
The microstructure is composed of elongated grains (Fig. 
2a), presenting deformation heterogeneities and mechanical 
twins (Fig. 2b). TEM observations also showed dislocations 
(Fig. 2c) and mechanical micro twins (Fig. 2d), generated by 
ECAE processing. According to21,22, mechanical twins are 
formed as an alternative deformation mechanism in alloys 
with low stacking fault energy, where the low mobility of 
Shockley partial dislocations prevents mechanisms such as 
dislocation cross-slip and climbing. As shown in Fig. 2d, 
the mechanical twins are usually formed in different {111} 
austenitic planes, intercepting one another, owing to different 
orientations. This is a common feature of ECAE processed 
stainless steels by route Bc, since alternate shear planes are 
activated during the subsequent passes22,23. The intersection 
between mechanical twins promotes the formation of twin 
boundaries, which, like grain boundaries, increase the 
mechanical resistance21. These microstructural constituents 
(dislocations, mechanical twins) probably decrease the 
mobility of Shockley partial dislocations, preventing the 
martensitic transformation, since no martensitic peaks were 
detected in the XRD analysis, Fig. 2e.

The ECAE processed samples were annealed for one 
hour at temperatures ranging from 650ºC to 950ºC in 
100ºC steps. As observed in Fig. 3a, the annealing at 650ºC 
promoted the nucleation of fine second-phase particles 
(diameter ~ 0.20µm), mainly along the original austenite grain 
boundaries and at prior deformation bands (area fraction of 
approximately 4 %). The subsequent annealing treatment, 
conducted at 750ºC, resulted in nucleation of small new 

grains of approximately 8µm (partial recrystallisation), as 
well as the increase in area fraction (10 %) and diameter of 
the second-phase particles (0.26µm), Fig. 3b. The complete 
recrystallisation was observed after the annealing treatment 
performed at 850ºC, Fig. 3c, resulting in an average grain 
size of 5µm and concomitant coarsening of the second-phase 
particles (diameter = 0.7 µm and area fraction of 8 %). Fig. 
3d shows the selected area diffraction patterns (SADP) 
taken from the precipitates in the [123]bcc and [112]bcc zone 
axis. As can be seen, the second-phase particles exhibited 
a bcc crystal structure with a lattice parameter of 0.875nm 
and they were identified as χ phase, in agreement with24,25. 
The EDS analysis indicated that the χ phase particles were 
enriched in Cr and Si, compared to the surrounding matrix 
and to the ST starting condition, as shown in Table 1. It is 
important to note that in these circumstances, small grain 
size and second-phase particles, the volume fraction of 
martensite estimated by XRD is around 5 %.

Fig. 4 presents SEM and EBSD micrographs of the 
ST + 2 ECAE + 950ºC sample. As can be seen in Fig. 4a, 
the microstructure is still heterogeneous, composed of 
regions containing coarse grains and regions containing 
small grains and second-phase particles. Compared to the 
previous sample annealed at 850ºC, the increase in the 
annealing temperature to 950ºC promoted the coarsening 
(diameter = 1.3 µm) and partial dissolution of the χ phase 
particles (area fraction = 2.5 %) and those that remained 
were located mainly at grain boundaries in the fine grains 
region, hindering the grain growth. An increase in the volume 
fraction of ε martensite to 21 % was also observed, which 
exhibited multivariant morphology and was mainly formed 
in the region of coarse grains, Fig. 4b. Although in a small 
quantity, some monovariant martensite plates were observed 
within the finer grains region. However, according to previous 
works13,26, the decrease in the grain size would improve shape 
recovery owing to the shape memory effect and, therefore, 
a pronounced monovariant γ to ε phase transformation at 
the small grain sizes region was expected, but this did not 
happen. This behaviour could be explained considering that 

Figure 1. Micrographs of the ST sample: (a) SEM-SE, (b) Pattern Quality Map overlaid with a Martensite IPF Map (EBSD), (c) TEM-BF.
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Figure 2. Micrographs of the ST + 2ECAE sample: (a) and (b) SEM-BSE; (c) and (d) TEM-BF, (e) X-Ray Diffraction 
Pattern.

Figure 3. (a) sample ST + 2ECAE + 650ºC (SEM-SE), (b) sample ST + 2ECAE + 750ºC (SEM-SE), (c) sample ST 
+ 2ECAE + 850ºC (SEM-BSE) (d) TEM-BF and SADP of the χ phase particle in the [123]bcc and [112]bcc zone axis.
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Table 1. Chemical compositions of ST (starting material), austenite matrix and χ phase particles after ST + 2 ECAE + 750°C (in wt %) 
(TEM-EDS).

Condition Mn Si Cr Ni Co Fe

ST 8.26 5.25 12.80 5.81 11.84 56.04

ST + 2 ECAE 
+ 750°C

Matrix 9.44 4.42 13.58 5.34 11.46 55.76

χ phase 9.79 8.85 14.36 6.43 12.53 48.03

the γ → ε martensitic transformation presents a positive 
volume variation. Therefore, the strengthening of the austenite 
parent phase due to grain refinement and precipitation of 
second-phase particles, promoted an increase in the counter-
force preventing volume expansion, consequently resulting 
in suppression of the martensitic transformation27,28.

3.2 The relationship between microstructure, 
volume fraction of martensite and 
mechanical and shape-memory properties

As presented in section 2.1, severe plastic deformation 
followed by annealing causes remarkable changes in the 
microstructure, which in turn, influence the martensitic 
phase transformation. To correlate the microstructural 
characteristics with the volume fraction of martensite and 
shape memory properties, compression tests and XRD 
analyses were performed in three processing conditions: ST, 
ST + 2ECAE + 650ºC and ST + 2ECAE + 950ºC, Fig. 5.

The following parameters were recorded: compressive 
yield stress (σ0.2 %), elastic shape recovery upon unloading 
(ER), shape recovery owing to the shape memory effect upon 
heating at 600ºC (SR), total shape recovery (TR = ER + SR), 
volume fraction of thermally-induced martensite (VεT), volume 
fraction of martensite after 4 % strain (Vε4 %) and volume 
fraction of stress-induced martensite (Δε = Vε4 % - VεT), as 
summarised in Table 2.

As shown in Fig. 5a, in the ST condition, the compressive 
yield stress was 310 MPa and, in this case, the total shape 
recovery was 1.75 %, comprised of a shape recovery owing 
to memory effect of 1.45 % and an elastic shape recovery of 
0.30 %. The volume fraction of thermally induced martensite 
was approximately 35 %, which increased to 62 % after 4 
% compressive strain, that is, Δε = 27 % of stress-induced 

martensite, Fig 6. As can be seen in Table 2, the ST condition 
resulted in the highest volume fraction of thermally and 
stress induced martensite, as well as in the highest shape 
recovery owing to memory effect. Considering that the direct 
and reverse martensitic transformations (thermally or stress 
induced) are related to the mobility of the γ↔ε interfaces, 
the ST condition should be the most favourable condition 
for such movements. In the ST condition, as seen in Fig 1, 
the sample presented a clean, precipitate-free microstructure 
with no deformation defects that would hinder the forward 
and backward movement of Shockley partial dislocations, 
enhancing the reversibility of martensitic transformation. 
The easiness of inducing martensite was also corroborated 
by the lowest value of the yield stress, which is the stress 
necessary to mechanically induce the martensite.

For the sample ST + 2 ECAE + 650ºC, a considerable 
increase in mechanical resistance was noticed as compared to 
the ST condition, from 310MPa to 1080MPa, Fig. 5. The high 
value of yield stress indicated the difficulty of stress-inducing 
the martensite, which was corroborated by the significant 
decrease in the volume fractions of thermally-induced (5 
%) and stress-induced (8 %) martensite as compared to the 
ST condition, Fig. 7. Interestingly, this was the condition 
of highest total shape recovery (2.10 %), but the major 
contribution came from the elastic shape recovery (1.25 %). 
As can be seen in Fig 3a, the ECAE processing, followed by 
the annealing at 650ºC, resulted in a microstructure composed 
of deformation defects and second-phase particles, which 
acted as a pinning centre for the stress-induced martensite 
plates, generating the back stress necessary to promote the 
backward movement of Shockley partial dislocations and, 
consequently, the elastic shape recovery. In this case, one could 

Figure 4. Micrographs of the ST + 2ECAE + 950ºC sample: (a) 
SEM-SE, (b) Pattern Quality Map overlaid with a Martensite IPF 
Map - EBSD (ND-TD).

Figure 5. Stress x Strain curves: (a) ST, (b) ST + 2ECAE + 650ºC, 
(c) ST + 2ECAE + 950ºC.
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infer that if the volume fraction of stress-induced martensite 
was measured in situ as the compressive strain progressed, 
its values would be proportional to the imposed strain.

For the sample ST + 2ECAE + 950ºC, the yield stress 
(560MPa) was almost twice that of the ST condition 
(310MPa) and approximately half of that annealed at 650ºC 
(1080MPa). Coincidentally, the elastic shape recovery, ER 
(0.60 %), was also twice that of the ST condition (0.30 
%) and half that of the sample annealed at 650ºC (1.25 
%). On the other hand, the shape memory effect (1.38 %) 
was close to that of the ST condition (1.45 %), resulting 
in a total shape recovery of 2.00%. In this condition, an 
increase in the volume fractions of thermally-induced (21 
%) and stress-induced martensite (22 %) was observed, 
Fig 8, in comparison to the previous heat treatment. Thus, 
the sample annealed at 950ºC presented an intermediary 
behaviour between the ST and that annealed at 650ºC. As 
shown in Fig 4, its microstructure, although completely 
recrystallised, was still heterogeneous, presenting regions 

with coarse grains containing multivariant martensite plates 
and regions of fine grains with few monovariant martensite 
plates and χ phase particles. Therefore, during compressive 
strain, stress-induced martensite plates were formed in the 
regions of coarse grains, while the regions of fine grains 
provided the back-stress related to elastic shape recovery.

The above results showed that the shape memory properties 
are essentially related to the mechanical resistance of the 
austenitic parent phase. When the mechanical resistance 
(indicated by the yield stress (σ0.2 %)) is low, the major 
contribution to total shape recovery comes from the shape 
memory effect (ST sample). Therefore, in order to increase shape 
recovery due to the memory effect, a “clean” microstructure 
should be produced. This will facilitate the forward and 
backward movement of Shockley partial dislocations, that 
is, increase the reversibility of martensitic transformation. 
Inversely, the increase in the mechanical resistance promotes 
a proportional increase of the elastic shape recovery (γ ↔ ( 
transformation), since atoms in solid solution, deformation 
defects and precipitates prevent pseudo-plastic deformation. 
This behaviour has been observed in different stainless shape 
memory steel types, as shown in previous works developed 
by our research group12,29.

4. Conclusions

This work evaluated the influence of the microstructure 
and mechanical resistance on the shape memory properties 
of ECAE processed stainless Fe-Mn-Si-Cr-Ni-Co steel. The 
main remarks are:

• The solution treated samples exhibited a high volume 
fraction of thermally and stress-induced martensite, 
indicating that a microstructure composed of large 

Table 2. Compressive yield stress (σ0.2%), elastic shape recovery (ER), shape memory recovery (SR), total shape recovery (TR), volume 
fraction of thermally-induced martensite (VεT), martensite after 4% compressive strain (Vε4%) and stress-induced martensite (Δε).

Sample Condition σ0.2%(MPa) ER(%) SR(%) TR(%) VεT(%) Vε4%(%) Δε(%)

ST 310 0.30 1.45 1.75 35 62 27

ST + 2ECAE + 650°C 1080 1.25 0.85 2.10 5 13 8

ST + 2ECAE+ 950°C 560 0.60 1.38 1.98 21 43 22

Figure 6. X-Ray Diffraction Patterns: (a) ST, (b) ST + 4 % 
compressive strain.

Figure 7. X-Ray Diffraction Patterns: (a) ST + 2ECAE + 650ºC, 
(b) ST + 2ECAE + 650ºC + 4 % compressive strain.

Figure 8. X-Ray Diffraction Patterns: (a) ST + 2ECAE + 950ºC, 
(b) ST + 2ECAE+ 950º + 4 % compressive strain.
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grains, free of precipitates and deformation defects 
facilitate the forward and backward movements of 
the Shockley partial dislocations, and consequently 
leads to good shape memory effect.

• On the other hand, deformation defects and second 
phase particles act as pinning centres, preventing 
the growth of martensite plates. As a result, a 
back-stress is generated during deformation, which 
promotes the reverse transformation of martensite 
to austenite during unloading, resulting in high 
values of elastic shape recovery.

• In summary, the shape memory properties are 
essentially related to the mechanical resistance of the 
parent phase. Increasing the mechanical resistance 
due to grain refinement and precipitation of second 
phase particles promotes a proportional increase 
of the elastic shape recovery, and a concomitant 
reduction of the shape memory effect. Reversely, 
clean microstructure improves the shape recovery 
due to shape memory effect.
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