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Abstract: In this study, it is proposed that coarsening austenitic grains is a key criterion for achieving giant 

recovery strains in polycrystalline Fe-Mn-Si based shape memory alloys. In order to verify the hypothesis, 

the relationship between recovery strains and austenitic grain-sizes in cast and processed Fe-Mn-Si based 

shape memory alloys was investigated. The recovery strain of cast Fe-19Mn-5.5Si-9Cr-4.5Ni alloy with the 

coarse austenitic grains of 652 μm reached 7.7% while the recovery strain of one with the relatively small 

austenitic grains of 382 μm was only 5.4%. Moreover, a recovery strain of 5.9%, which is the highest 

previously published value for solution-treated processed Fe-Mn-Si based shape memory alloys, was 

obtained by coarsening the austenitic grains through only solution treatment at 1483 K for 360 min in a 

processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy. However, its recovery strain was still 5.9% after 

thermo-mechanical treatment consisting of 10% tensile strain at room temperature and annealing at 1073 K 

for 30 min. This happens because annealing twins play a negative role, refining the austenitic grains, 

limiting the recovery strains to below 6%. In summary, coarse austenitic grains enable the achievement 

large recovery strains by two mechanisms. Firstly, the grains are bigger, and consequently there are fewer 

grain boundaries, and thus their suppressive effects of grain boundaries on stress-induced ε martensitic 

transformation is reduced. Secondly, coarse austenitic grains are advantageous to introduce  martensite 

with single orientation and reduce the collisions of different martensite colonies, especially when the 

deformation strain is large. As such, the ceiling of recovery strains is dependent on the austenitic 

grain-sizes. 
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1. Introduction 

Shape memory alloys (SMAs) exhibit the shape memory effect (SME) and super-elasticity, and thus 

are a kind of intelligent functional material combining perception and driving functions [1-6]. As such, the 

SMAs are promising for a wide range of applications in biomedicine, actuation, energy conversion, 

aerospace, robotics, civil construction, damping, and micro-electromechanical systems (MEMS), among 

other fields [1, 7-12]. Ni-Ti based SMAs possess an excellent SME, i.e. a large recovery strain of around 

8% [13]. However, they suffer from high processing cost due to low cold workability [1, 11]. As an 

alternative, Fe-Mn-Si based SMAs seem to be more favorable for many applications due to their low cost, 

good workability, good machinability, and good weldability [14-16]. This field has emerged since Sato et al. 

discovered a giant recovery strain of 9% in a monocrystalline Fe-30Mn-1Si alloy [17]. For the purpose of 

practical applications, polycrystalline Fe-Mn-Si based SMAs have to be manufactured and are generally 

subjected to processing techniques, such as forging [18], rolling [19-21], and drawing [22]. Unfortunately, 

the processed polycrystalline Fe-Mn-Si based SMAs only achieve a low recovery strain of 2-3% after 

solution treatments at temperatures from 1273 K to 1473 K [18, 23-25]. A range of studies have, however, 

showed that the recovery strains could be improved up to around 5% using training, that is, several cycles 

of straining at room temperature (RT) and subsequent annealing at 873-923 K [25-28]. In addition to the 

training, the recovery strains can be enhanced significantly by thermo-mechanical treatments (TMTs), 

consisting of cold-rolling/deformation at RT and subsequent annealing/aging, and the aus-forming at 973 K 

[24-25, 29-33]. To our knowledge, however, there are no published reports of recovery strains exceeding 

6% for processed polycrystalline Fe-Mn-Si based SMAs after treatments such as the training, TMTs and 

aus-forming. 

Recently, Wen et al. [34] demonstrated a bending recovery strain of 8.4% and a tensile recovery strain 

of 7.6% in a cast and annealed polycrystalline Fe-20.2Mn-5.6Si-8.9Cr-5.0Ni alloy with coarse austenitic 

grains of about 1100 μm. This result was a breakthrough in attaining the large recovery strains of above 6% 

for polycrystalline Fe-Mn-Si based SMAs. There are two key reasons why the giant recovery strain was 

produced by the simple synthesis-processing of casting and annealing. One reason is that strong 

interactions occur between annealing twins and stress-induced ε martensite during deformation, but the 

formation of annealing twins is heavily suppressed by casting followed by annealing. The other is that this 

cast alloy primarily consisted of coarse austenitic grains. However, it is important to note that a cast 
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Fe-17.5Mn-5.29Si-9.68Cr-4.2Ni-0.09Ti alloy with small austenitic grains reached a recovery strain of just 

4.5% [35]. Thus, the above results raise the question of whether coarse austenitic grains play a more crucial 

role than annealing twins in achieving the large recovery strains of > 6% for polycrystalline Fe-Mn-Si 

based SMAs. 

In this paper, we test the hypothesis that coarsening austenitic grains is a key criterion for achieving a 

giant recovery strain in Fe-Mn-Si based SMAs. In order to do so, we produced cast Fe-Mn-Si based SMAs 

alloys with different sized austenitic grains by controlling the solidification rates, and then investigated the 

effect of austenitic grain-sizes on the stress-induced ε martensitic transformation and the recovery strains. 

Specifically, we investigated these effects in a processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy and 

demonstrated clearly that austenitic grain-sizes determine the recovery strains but that the key parameter is 

the effective grain-size once the spacing of annealing twins has been taken into account. 

2. Criteria of achieving giant recovery strains in polycrystalline Fe-Mn-Si based SMAs 

It is beyond doubt that the SME in Fe-Mn-Si based SMAs originates from the stress-induced 

transformation of γ austenite to ε martensite and its reverse transformation [1]. Therefore, the basic rules 

for obtaining a good SME are to facilitate the stress-induced ε martensitic transformation and suppress 

dislocation-mediated plastic slip during deformation, as well as to promote the crystallographic reversibility 

of the reverse transformation on subsequent heating. To our knowledge, there are four criteria following the 

basic rules in published literature. 

Firstly, composition design or deformation-temperature selection should be done to ensure that the 

stacking fault energy is as low as possible, in order to facilitate the stress-induced ε martensitic 

transformation. Generally, deformation mechanisms, including dislocation glide, mechanical twinning and 

the ε martensitic transformation, depend on the stacking fault energy in austenitic high-Mn alloys [36-37]. 

Studies indicate that the ε martensitic transformation can occur if the stacking fault energy is below 18 

mJ/m2; mechanical twinning can take place if the stacking fault energy is in the range of 12-35 mJ/m2; and 

therefore both ε martensitic transformation and mechanical twinning can occur simultaneously when the 

stacking fault energy is in the range of 12-18 mJ/m2; dislocation glide becomes the dominant deformation 

mechanism when the stacking fault energy is above 35 mJ/m2 [37-41]. Therefore, for the best SME, it is 

necessary to ensure that the stacking fault energy is below 12 mJ/m2 for Fe-Mn-Si based SMAs. 

Secondly, a high density of stacking faults should be distributed uniformly inside the austenitic matrix 
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[20, 24, 31-30, 42-47]. The atomic arrangement of a stacking fault in the austenite is equivalent to a thin ε 

martensite with two atomic layers. As such, the stacking faults can act as embryos for the growth of ε 

martensite [48-49]. Therefore, the stress-induced ε martensite preferentially nucleates and grows at these 

pre-existing stacking faults during deformation. In this case, the critical stress inducing martensitic 

transformation is significantly reduced and the ability to suppress the plastic slip during stress-induced  

martensitic transformation is also enhanced. Some ways of improving the SME of Fe-Mn-Si based SMAs 

involve introducing a high density of uniform stacking faults via training, TMTs and aus-forming [24-28, 

30-31, 42-47]. It should, however, be noted that reported recovery strains of processed polycrystalline 

Fe-Mn-Si based SMAs are still below 6%, even after the use of these methods.  

Thirdly, the austenitic matrix may be strengthened through solid solution hardening with interstitial 

atoms such as carbon and nitrogen, or by dispersion hardening with second-phase precipitates. However, 

the effectiveness of carbon and nitrogen on the SME seems to be limited [50-57]. It is well known that the 

starting temperature of the thermally-induced martensitic transformation (Ms) can be significantly reduced 

by adding a small amount of carbon or nitrogen into Fe-Mn-Si based SMAs [53-54, 57]. The deformation 

temperature is, in most cases, at around room temperature [50-57]. Note that a good SME is generally 

obtained as the deformation temperature is close to the Ms [58]. As such, the strengthening effect of carbon 

and nitrogen on the austenitic matrix is blinded by the improper selection of deformation temperatures. As 

a result, the improvement of the SME is limited, and the SME may even deteriorate after the addition of 

carbon and nitrogen. Recently, it was found that the shape recovery ratio increased from 42% at a 

deformation temperature of 293 K to 81% at a deformation temperature of 77 K when the deformation 

strain was 3.7% in the processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy subjected to solution treatment at 

1373 K for 30 min [59]. This result clearly revealed that the addition of interstitial atoms can improve the 

SME of Fe-Mn-Si based SMAs radically, since the proper deformation temperature is selected. In addition 

to the addition of interstitial atoms, the precipitation of second-phase particles, such as NbC [25, 31, 60], 

VN [61-62], VC [63-64], TiC [65], and Cr23C6 [22], can also effectively strengthen the austenite and 

markedly improve the SME in Fe-Mn-Si based SMAs. Furthermore, it was reported that the precipitation of 

second-phase particles during the training or the TMTs is beneficial for further improving the recovery 

strain [66-67]. Unfortunately, polycrystalline Fe-Mn-Si based SMAs treated as above still cannot achieve 

the stated aim of a recovery strain more than 6%.  
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Fourthly, the formation of annealing twins should be suppressed in Fe-Mn-Si based SMAs [34, 68-69]. 

Our previous research indicated that the interactions between annealing twins and stress-induced ε 

martensite not only distort the twin boundaries heavily, but also significantly inhibit the stress-induced ε 

martensitic transformation [34]. Consequently, processed polycrystalline Fe-Mn-Si based SMAs show low 

recovery strains without special treatments. The number of annealing twin boundaries can be significantly 

reduced by training, TMTs, and aus-forming [34]. However, even then, the recovery strains cannot exceed 

6% in processed polycrystalline Fe-Mn-Si based SMAs. 

As summarized above, training and TMTs do not just introduce a uniformly high density of stacking 

faults, but also significantly reduce the amount of annealing twins. Furthermore, second-phase particles 

could be precipitated in the austenitic matrix after the training or the TMTs when a certain amount of 

carbon is added in Fe-Mn-Si based SMAs, which are beneficial for the SME. However, their recovery 

strains are still below 6%. In other words, it has not been possible hitherto to produce a large recovery 

strain of above 6% only based on the above four criteria. The reason for this may be associated with the 

austenitic grain-size. In general, it is easy to reach austenitic grain-sizes of about 500 μm, even 

millimeter-scale, by casting. However, the austenitic grain-sizes are generally below about 200 μm in 

processed Fe-Mn-Si based SMAs. In this case, a large recovery strain of above 6% can be obtained in cast 

Fe-Mn-Si based SMAs, whereas, the processed Fe-Mn-Si based SMAs cannot achieve such a high level of 

recovery strains. It may, therefore, be hypothesized that the maximum recovery strain is dependent on the 

austenitic grain-size for polycrystalline Fe-Mn-Si based SMAs. Consequently, we propose that austenitic 

grain growth is a key step towards achieving giant recovery strains in Fe-Mn-Si based SMAs, in addition to 

the above four criteria. 

3. Materials and methods 

The chemical compositions of the cast and processed Fe-Mn-Si-Cr-Ni SMAs investigated in this work 

are listed in Table 1. In an induction furnace with an argon atmosphere, the cast alloys were melted and 

then poured into a mould of sodium silicate sand. Generally, cast Fe-based alloys with different grain-sizes 

can be obtained by two ways: controlling solidification rate and adding grain refining elements. In the 

present paper, we cast 20×130×150 mm3 and 5×130×150 mm3 plates simultaneously to achieve two 

different solidification rates, and thus two cast Fe-Mn-Si-Cr-Ni SMAs with identical chemical 

compositions but different initial grain-sizes were attained. In order to distinguish the two cast plates with 5 
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mm and 20 mm thickness, they are denoted the 19Mn-5 alloy and 19Mn-20 alloys, respectively. The 

processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy was also melted in a vacuum induction furnace under an 

argon atmosphere. The ingot was hot rolled at 1423 K into plates after homogenization treatment at 1373 K 

for 12 h. Then, the plates were cold rolled with a thickness reduction of 20% to 2.2 mm. All specimens 

were prepared by wire electrical discharge machining. 

For further improving the SME, the cast alloys were annealed at 873 K for 30 min. In order to obtain 

different austenitic grain-sizes, the processed alloy was solution-treated at 1373 K for 30 min, 1473 K for 

120 min and 1483 K for 360 min, respectively. In addition, the solution-treated specimens were further 

subjected to a TMT consisting of 10% tensile strain at RT and annealing at 1073 K for 30 min. 

The SME was tested by a conventional bending technique, and the details of this technique were 

shown in our previous paper [28]. Specimens with 1.5 mm thickness were used for the bending tests. 

Moreover, the specimens were deformed at a temperature of Ms + 10 K. Additionally, solution-treated 

Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C samples were deformed in bending at 77 K because their Ms did not 

appear after cooling to 77 K. 

Specimens were mechanically ground and then electro-polished in an electrolyte consisting of 10% 

perchloric acid and 90% ethanol before metallographic and EBSD observation. A conventional etchant, 

consisting of 1 g oxalic acid, 15 ml hydrogen peroxide, 1 ml hydrogen fluoride, and 15 ml distilled water, 

was used to reveal solidification structures [70]. For the purpose of characterizing morphology of austenitic 

grains, a tint etchant was selected and composed of 0.5 g potassium metabisulfite, 20 g ammonium 

bifluoride and 100 ml distilled water [71]. In addition, another tint etchant, 1.2% potassium metabisulfite 

and 0.5% ammonium bifluoride in distilled water, was used to determine different phases. In the color 

optical micrographs, austenite appears brown and ε martensite appears white after etching with this etchant, 

except that thin plates appear as dark lines [72]. We used Analysis Five software (Olympus, Japan) to 

montage the optical micrographs to create high-resolution large-area images of the coarse-grained cast 

alloys. The mean grain-size was determined by using a linear intercept method on three lines [73], and the 

observed area was 16 mm2 at least. The volume fraction of stress-induced ε martensite was determined by a 

manual point count: an array of one thousand points formed by a grid, which consists of equally spaced 

points formed by the intersection of fine lines, is superimposed upon a large color optical micrograph. The 

volume fraction of stress-induced ε martensite equals that the number of points falling on the ε martensite is 
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divided by the total number of points in the array. Specimens were also characterized using JEOL 6500F 

and FEI F50 scanning electron microscopes (SEMs) equipped with electronic backscatter diffraction 

(EBSD) systems. Step sizes of 0.9 μm and 5 μm were used for EBSD scans of the processed and cast 

samples, respectively. Resistivity-temperature curves were measured to obtain phase transformation 

temperatures. In order to determine the temperature dependence of 0.2% proof-stress, tensile tests were 

carried out at different temperatures. 

4. Verifying the key criterion of achieving giant recovery strains 

4.1 Effect of solidification rates on grain-sizes 

The famous Chvorinov rule [74] is a powerful method describing the freezing time of a casting with 

simple shape according to the expression 

 

2
V

t B
A

   
 

 [1] 

where t is the total freezing time, B is a constant for given metal and mold conditions, V is the volume of 

the casting, and A is the area of the metal-mold interface. For as-cast 19Mn-5 and 19Mn-20 alloys, B is 

same, and the values of V and A are known. Thus, the ratio of the freezing time of the 19Mn-20 alloy to that 

of the 19Mn-5 alloy is about eleven because the two cast alloys were cast at the same time. In other words, 

the solidification rate of the 19Mn-5 alloy is about eleven times than that of the 19Mn-20 alloy. 

Fig. 1 shows the solidification microstructures of as-cast 19Mn-5 and 19Mn-20 alloys. Our previous 

results showed that the 19Mn-20 alloy solidified as ferritic mode, and thus its as-cast microstructure is the 

typical Widmanstätten morphology [70]. The as-cast microstructure also displays an Widmanstätten 

morphology for the 19Mn-5 alloy, and its solidification mode is therefore also ferritic mode. If the 

solidification mode of cast Fe-Mn-Si based SMAs is ferritic mode, the liquid phase will first transform into 

primary δ ferrite completely, and the austenite will subsequently grow into the primary δ ferrite from its 

grain boundaries by Widmanstätten mechanism during cooling [70, 75-76]. In this case, the grain 

boundaries of primary δ ferrite can be revealed clearly in the ordinary optical micrographs (dotted lines), as 

seen in Fig. 1. The mean grain-size of primary δ ferrite is 727 μm in the as-cast 19Mn-5 alloy, and it is 

1242 μm for the as-cast 19Mn-20 alloy. The grains of primary δ ferrite in the as-cast 19Mn-5 alloy are 

smaller than those in the as-cast 19Mn-20 alloy because the former solidification rate is higher than the 

latter one during the solidification process.  
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Fig. 2 reveals the austenitic grain morphology of as-cast 19Mn-5 and 19Mn-20 alloys. The 

morphology of austenitic grains is irregular rather than regular polygonal in the as-cast 19Mn-5 and 

19Mn-20 alloys. In Fe-Mn-Si based SMAs with the ferritic mode, a majority of the primary δ ferrite will 

transform into the austenite after the liquid phase completely transforms into the primary δ ferrite [70, 

75-76]. Thus, these irregular austenitic grains result from δ → γ phase transformation. Furthermore, the 

austenitic grains are smaller in the as-cast 19Mn-5 alloy than in the as-cast 19Mn-20 alloy. The reason for 

this result is that the grains of primary δ ferrite for the as-cast 19Mn-5 alloy were refined due to higher 

solidification rate as compared with the as-cast 19Mn-20 alloy.  

Fig. 3 compares austenitic crystallographic orientation maps and corresponding grain maps for as-cast 

19Mn-5 and 19Mn-20 alloys after annealing at 873 K for 30 min. The crystallographic texture is weak for 

both cast alloys. The austenitic grain morphology is same before and after annealing, i.e. irregular grain 

boundaries. According to the results of EBSD, the mean austenitic grain-size of the 19Mn-5 alloy is 382 

μm while that of the 19Mn-20 alloy is 652 μm. The former austenitic grain-size is still smaller for the faster 

cooled 19Mn-5 alloy than for the 19Mn-20 alloy after annealing. 

4.2 Effect of grain-sizes on stress-induced martensitic transformation 

When the deformation temperature is close to Ms, it is easy for stress-induced ε martensite to be 

induced while it is difficult for permanent slip to be introduced [58]. As a result, a good SME can be 

obtained if the deformation temperature is at around the Ms. Accordingly, we deformed as-cast 19Mn-5 and 

19Mn-20 alloys annealed at 873 K for 30 min at Ms + 10 K and investigated the effect of grain-sizes on the 

stress-induced ε martensitic transformation. Table 2 gives their phase transformation temperatures. 

Fig. 4 shows the color optical micrographs of as-cast 19Mn-5 and 19Mn-20 alloys annealed at 873 K 

for 30 min after 5% deformation at Ms + 10 K. For the 19Mn-5 alloy, the stress-induced ε martensitic 

transformation occurred uniformly in almost every austenitic grain, and two orientations of stress-induced  

martensite were induced at least in one austenitic grain, as shown in the Region Ⅰ of Fig. 4. However, the 

ε martensite was induced unevenly for the 19Mn-20 alloy. One dominant orientation of  martensite was 

induced in some austenitic grains, such as Regions Ⅱ and Ⅳ. On the contrary, there were two or more 

orientations of  martensite in some austenitic grains, especially in the relatively small austenitic grains, as 

seen in the Regions Ⅱ and Ⅲ. Different amount of  martensite were induced in different austenitic grains, 
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and more  martensite was induced in the bigger austenitic grains, as shown in the Regions Ⅱ and Ⅳ. In 

addition, there is more stress-induced  martensite in the Region Ⅳ than in the Region Ⅲ for the same 

austenitic grain. On the whole, the amount of stress-induced  martensite is more for the 19Mn-20 alloy 

than for the 19Mn-5 alloy after 5% deformation. 

Figs. 5 and 6 show the color optical micrographs of as-cast 19Mn-5 and 19Mn-20 alloys annealed at 

873 K for 30 min after 10% deformation at Ms + 10 K, respectively. For the 19Mn-5 alloy, just one 

dominant orientation of  martensite was induced in some austenitic grains (Region A), but two or more 

orientations of  martensite were appeared in other austenitic grains. In some junctional corners of 

austenitic grains, two orientations of  martensite collided with each other, such as Region B. For the 

19Mn-20 alloy, one dominant orientation of  martensite was induced in a majority of austenitic grains, 

especially coarse austenitic grains (Regions C and D). Furthermore, the single orientation of  martensite 

was induced in the junctional corner, as indicated by the loop in the Region C. Note that the volume 

fraction of stress-induced  martensite is also more for the 19Mn-20 alloy than for the19Mn-5 alloy after 

10% deformation. 

4.3 Effect of grain-sizes on temperature dependence of 0.2% proof-stress 

Fig. 7 shows the temperature dependence curves of 0.2% proof-stress for as-cast 19Mn-5 and 

19Mn-20 alloys annealed at 873 K for 30 min. These curves are composed of a straight dashed line with 

positive slope and a straight full line with negative slope. Similar results have also been reported by many 

researchers [26, 55-56, 77-82]. The dashed line with positive slope represents the critical stress to induce 

martensitic transformation, and the full line with negative slope indicates the critical stress for plasticity 

with irrecoverable slip. Since the stress is within the area between the straight full and dashed lines, the 

stress-induced martensitic transformation can occur preferentially. When the stress is above the full line, the 

plasticity with irrecoverable slip must be activated. For polycrystalline materials, the classical Hall-Petch 

relationship [83] can be used to describe the effect of grain-size on the yield stress via slip of dislocations in 

the well-known equation: 

 0.5
0 kd     [2] 

where σ is the yield stress, σ0 is often identified with “friction stress” needed to move individual 

dislocations during deformation, k is a constant often referred to as the Hall-Petch slope and is material 
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dependent, and d is the average grain-size. Based on the Hall-Petch relationship, the yield strength of 

materials can be significantly improved by grain refinement. Therefore, the yield stress is higher in the 

19Mn-5 alloy than in the 19Mn-20 alloy (full lines with positive slope) because the austenitic grains are 

much smaller in the former alloy than in the latter one. Furthermore, the slope of the dashed line is smaller 

for the 19Mn-5 alloy than for the 19Mn-20 alloy. That is, the critical stress to induce martensitic 

transformation declines more quickly with decreasing temperature for the 19Mn-20 alloy than for the 

19Mn-5 alloy. This result reveals that grain refinement increases the critical stress to induce the martensitic 

transformation and suppresses the stress-induced martensitic transformation. In addition, Δσ is the 

difference between the extrapolated yield stress and the critical stress to induce martensitic transformation 

at a certain temperature (which in this paper is taken as Ms + 10 K). It is regarded as a measure of the 

degree of plastic slip suppression during stress-induced  martensitic transformation. If Δσ is larger, then 

the plastic slip is less likely under deformation [26, 55-56, 78]. Δσ at Ms + 10 K for the 19Mn-5 alloy is 

smaller than that for the 19Mn-20 alloy. Thus, plastic slip suppression during stress-induced  martensitic 

transformation is weaker for the 19Mn-5 alloy than for the 19Mn-20 alloy at Ms + 10 K, even if grain 

refinement strengthens the austenite for the 19Mn-5 alloy. The result indicates that the ability to suppress 

the plastic slip during stress-induced  martensitic transformation could be enhanced by coarsening the 

austenitic grains for cast Fe-Mn-Si based SMAs. 

4.4 Effect of grain-sizes on shape memory effect 

Fig. 8 shows the effect of deformation strains on the recovery strains of as-cast 19Mn-5 and 19Mn-20 

alloys after annealed at 873 K for 30 min. The recovery strain of the 19Mn-5 alloy increases with 

increasing the deformation strains but reaches a maximum value of 5.4% at around 8.7%, beyond which its 

recovery strain decreases. In contrast to this, the recovery strain of the 19Mn-20 alloy continues to increase 

with increasing deformation strains up to the highest strains used in the test such that, when the 

deformation strain reaches 13%, its recovery strain reaches 7.7%. Consequently, the 19Mn-20 alloy is 

increasingly superior to the 19Mn-5 alloy in this respect with increasing deformation strain.  

4.5 Discussion 

The volume fractions of stress-induced  martensite are lower in 19Mn-5 alloy with small austenitic 

grains than in 19Mn-20 alloy with coarse austenitic grains after 5% or 10% deformation at Ms + 10 K (Figs. 
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4-6). Furthermore, the volume fraction difference of stress-induced  martensite between the 19Mn-5 and 

19Mn-20 alloys increases from 13% to 22% when the deformation strain increases from 5% to 10%. From 

these results, it is demonstrated that coarse austenitic grains are more beneficial for the stress-induced ε 

martensitic transformation as compared with small austenitic grains during deformation, especially when 

the deformation strains are large. In addition, the result of the temperature dependence of 0.2% proof-stress 

in Fig. 7 further reveals that the ability to suppress the plastic slip during stress-induced  martensitic 

transformation is weaker in the 19Mn-5 alloy than in the 19Mn-20 alloy when deformed at Ms + 10 K. Thus, 

there is no doubt that coarse austenitic grains are more conducive to the stress-induced ε martensitic 

transformation than small austenitic grains. An increase in austenitic grain-sizes would result in decreasing 

the density of grain boundaries. Obviously, the density of grain boundaries has a significant effect on the 

stress-induced ε martensitic transformation. 

On the one hand, Ueland and Schuh [84] reported that grain boundaries have a strong effect on the 

stress-induced martensitic transformation in Cu-Zn-Al SMA, by use of experiments on microwires 

containing a small amount of grains and grain junctions. In the regions away from grain boundaries, the 

austenite was fully transformed into martensite. In the regions around grain boundaries, however, 

untransformed austenite appeared and the stress-induced martensitic transformation was partial. Therefore, 

grain boundaries have an inhibiting effect on the martensitic transformation. In the present case, the regions 

near grain boundaries would be expected to show reduced transformation into ε martensite. As such, if the 

grains are bigger, there is a larger proportion of the sample available for stress-induced ε martensitic 

transformation.  

Prior studies have also indicated that grain-size influences the martensitic transformation temperature 

in SMAs. Takaki et al. [85] reported that the Ms increased with increasing the austenitic grain-sizes from 4 

μm to 130 μm in a Fe-15Mn alloy. Jun and Choi [86] obtained a similar result in a Fe-18Mn alloy with the 

austenitic grain-sizes from 13 μm to 185 μm. In addition to Fe-Mn alloys, Ms also decreased with the 

grain-sizes for grain-sizes below 100 μm in polycrystalline Fe-Ni-C [87-89], Fe-Pd [90], Cu-Zn-Al [91], 

Cu-Al-Ni [92] and Cu-Al-Mn [93] SMAs. Even more seriously, Waitz et al. [94] found that the martensitic 

transformation is no longer observed in Ni-Ti alloy below a critical grain size around 50 nm. In the present 

paper, it is also found that the Ms of 19Mn-5 alloy with small austenitic grains is also lower than that of 

19Mn-20 alloy with coarse austenitic grains (Table 2). Thus, the thermally-induced martensitic 
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transformation is suppressed after grain refinement. Additionally, the stress-induced martensitic 

transformation is also inhibited due to grain refinement. In Fe-Mn-Si based [95-96], Cu based [73, 97-99] 

and Ni-Ti based [100] alloys, the critical stress to induce martensitic transformation increases with 

decreasing the grain-sizes. Our present results also reveal that the critical stress to induce martensitic 

transformation is also higher in 19Mn-5 alloy than in 19Mn-20 alloy (Fig. 7). From all these cases, it is 

concluded that the refinement of the grain-sizes inhibits the growth of martensite from the austenite matrix. 

Sinclair et al. [101-102] built the correlation between role of back-stress (σB) provided by dislocations 

and grain-size (d) for copper alloys via the following equation 

 B

Gb
M n

d
   [3] 

where M is the Taylor factor, G is the shear modulus, b is the magnitude of the Burgers vector, and n is the 

number of dislocations present at a grain boundary on a given slip system. According to this equation, the 

back-stress decreases with increasing the grain-sizes. In the case of Fe-Mn-Si based SMAs, a decrease in 

austenitic grain-sizes would result in severely limiting the growth of  martensite in the regions around 

grain boundaries via the resulting increase of back-stress from grain boundaries. In other words, the 

decrement of the grain-size enhances the suppressive effect of grain boundaries on the stress-induced ε 

martensitic transformation.  

In addition, in order to overcome the increased back-stress from grain boundaries with decreasing the 

grain-size described by Eq. [3], a larger driving force is required for the martensitic transformations. As a 

result, the Ms decreases and the critical stress to induce the martensitic transformation increases with 

decreasing the austenitic grain-sizes. Furthermore, the critical stress to induce the martensitic 

transformation declines more quickly with decreasing temperature in 19Mn-5 alloy than in 19Mn-20 alloy, 

while the yield stress difference between these two alloys is almost constant over a range of temperature. 

That is, the increment of the critical stress to induce martensitic transformation is bigger than the increment 

of the yield stress after grain refinement. This indicates that the austenitic grain-sizes exhibit a more drastic 

effect on the critical stress to induce martensitic transformation than the yield stress. Therefore, during 

stress-induced  martensitic transformation, the ability to suppress the plastic slip declines owing to grain 

refinement for the 19Mn-5 and 19Mn-20 alloys.  

The transformation from austenite to  martensite is realized by the motion of one a/6<112> Shockley 
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partial dislocation on every second (111) austenite plane in Fe-Mn-Si based SMAs [1]. In this case, twelve 

martensite variants correspond to twelve shear systems. However, only four groups of martensite 

corresponding to the {111}γ with four planes could be observed because variants with a common basal 

plane generally look like a parallel band. Thus, four orientations of  martensite could be seen in Fe-Mn-Si 

based SMAs. In polycrystalline metals, five independent shear systems exist during deformation [103]. It is 

important to note that in order to satisfy the requirement of boundary compatibility, these shear systems 

may be fully or partly activated, which is associated with the grain-size [103]. If the grain is coarse enough, 

only one shear system may be activated because the areas affected by grain boundaries are much less. 

Otherwise for smaller grains, two or more shear systems must be activated because the volumes affected by 

grain boundaries are a higher fraction of the total. In the case of Fe-Mn-Si based SMAs, coarse austenitic 

grains are advantageous to introduce the  martensite with single orientation, whereas two or more 

orientations of  martensite have to be introduced in relatively small austenitic grains, owing to meet the 

requirement of boundary compatibility lying on the austenitic grain-sizes. It is indirectly demonstrated by 

the results reported by Ueland et al. [84] that single orientation martensite was induced in the regions near 

single grain boundary, while multiple-orientations of martensite were induced in the regions around a triple 

junction in Cu-Zn-Al shape memory microwires. For 19Mn-5 alloy with small austenitic grains, two 

orientations of stress-induced  martensite were induced at least in one austenitic grain after 5% 

deformation (Fig. 4). However, one dominant orientation of  martensite appears in some coarse austenitic 

grains, while two or more orientations of  martensite were introduced in some relatively small austenitic 

grains for 19Mn-20 alloy with coarse austenitic grains. Furthermore, in the 19Mn-20 alloy one dominant 

orientation of  martensite was induced in a majority of austenitic grains, especially coarse austenitic grains, 

when the deformation strain raised to 10% (Fig. 6). The above results further reveal that the number of 

orientations for stress-induced  martensite is dependent on the austenitic grain-sizes. That is, coarse 

austenitic grains are advantageous to induce single orientation  martensite. In some junctional corners, two 

orientations of  martensite collided with each other for the 19Mn-5 alloy after 10% deformation, while 

single orientation  martensite was introduced for the 19Mn-20 alloy (Figs. 5 and 6). This result indicates 

that the formation of two or more orientations of  martensite in junctional corners could be suppressed 

since the austenitic grains are big enough. Accordingly, there are more collisions in the 19Mn-5 alloy with 
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small austenitic grains than in the 19Mn-20 alloy with coarse austenitic grains after deformation, 

particularly when the deformation strain was 10%. Studies clearly revealed that the collisions between 

different orientation  martensite suppress the stress-induced ε martensitic transformation and lead to a poor 

SME for Fe-Mn-Si based SMAs [104-105]. Thus, as compared with small austenitic grains, coarse 

austenitic grains are more conducive to the stress-induced ε martensitic transformation because the single 

orientation  martensite is favorable to be induced, especially when the deformation strain is large. This is 

the reason why the recovery strains of the 19Mn-20 alloy are increasingly larger than those of the 19Mn-5 

alloy with increasing the deformation strains (Fig. 7). 

To sum up, there are two roles of coarse austenitic grains in facilitating the stress-induced ε 

martensitic transformation. Firstly, the grains are bigger, the amount of grain boundaries is less, and thus 

their regions suppressing stress-induced martensitic transformation are a smaller proportion of the total 

grain volume. Secondly, the collisions between different orientation  martensite suppress the 

stress-induced ε martensitic transformation, and coarse austenitic grains are therefore beneficial as these 

allow the formation of single orientation of  martensite and reduce the collisions from differently 

nucleated martensite orientations, especially when the deformation strain is large. Therefore, the key 

criterion of producing coarse austenitic grains has to be obeyed for the purpose of achieving giant recovery 

strains in Fe-Mn-Si based SMAs. To obtain cast Fe-Mn-Si based SMAs with giant recovery strains, the 

design of casting parameters and the addition of alloying elements must follow this key criterion. For 

example, the solidification rate should be as small as possible, and alloying elements that result in grain 

refinement should not be introduced. 

5. Attempt to obtain giant recovery strains by following the key criterion in processed Fe-Mn-Si 

based SMAs 

5.1 Coarsening austenitic grains 

A 20% cold-rolled Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy was chosen to further demonstrate our 

proposal that coarsening austenitic grains is a key criterion of achieving giant recovery strains in Fe-Mn-Si 

based SMAs. First, the austenitic grains should be coarsened as much as possible. It is well known that 

heating treatment is a simple way to adjust the grain-sizes of metals and alloys. The grain-sizes have a 

strong correlation with heating temperature and heating time, as shown in the following equation [106] 
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d d k t

RT
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where d is the final grain-size, d0 is the initial grain-size, m is the grain growth exponent and k0 is the fitting 

constant, t is the heating time, T is the heating temperature, Q is the activation energy for boundary mobility, 

and R is the gas constant. According to the Eq. [4], raising the heating temperature and extending the 

heating time are expected to coarsen the grain-size. For the purpose of obtaining the coarse austenitic grains, 

the processed alloy was solution-treated at 1473 for 120 min and 1483 K for 360 min, respectively. By way 

of contrast, some specimens of the processed alloy were solution-treated at 1373 K for 30 min to obtain 

smaller austenitic grains.  

Fe-Mn-Si based SMAs are face-centred cubic (FCC) metals with low SFE. As such, lots of annealing 

twins can be observed after cold working followed by annealing. Such twin boundaries may be considered 

as a barrier to dislocation motion just as for grain boundaries [83, 107]. In addition, previous studies 

revealed that the stress-induced  martensite collides with the twin boundaries during deformation 

preventing the propagation of the stress-induced  martensite [34]. In this case, an effective austenitic 

grain-size (Deff) should be introduced, taking into account the existence of twin boundaries. If a twin 

boundary is considered as a grain boundary, the Deff of the processed alloy subjected to solution treatment at 

1373 K for 30 min was 41.7 μm, whereas the austenitic grain-size without considering the twin boundaries 

(D) was 87.9 μm, as shown in Fig. 9 (a) and Table 3. Thus, the effective austenitic grain-size is hugely 

affected by the inclusion of the annealing twins in the calculation. After further TMT consisting of 10% 

tensile strain at RT and annealing at 1073 K for 30 min, a large number of interfaces appear similar to 

annealing twins but cannot be identified as twin boundaries since the tolerance value for the misorientation 

of the twin is set as 5° in the TSL OIM software, as seen in Fig. 9 (b). Our previous quasi in situ EBSD 

results indicated that the misorientation across many straight interfaces is ＞ 65°or ＜ 55° [34]. As such, 

they can be supposed to be the distorted twin boundaries which also exhibit the effect of grain refinement. 

In this case, the Deff was 53.1 μm while the D was 104.2 μm for the processed alloy subjected to the TMT. 

In addition, the corresponding Deff and D for solution-treated processed alloy at 1483 K for 360 min as well 

as one subjected to the TMT can be obtained, as seen in Table 3. The austenitic grains are much bigger in 

the solution treated alloy at 1483 K for 360 min than in that at 1373 K for 30 min before and after the TMT, 

as shown in Table 3 and Fig. 10. 
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5.2 Recovery strains before and after coarsening austenitic grains 

Ms temperatures did not appear after even cooling to 77 K for solution-treated 

Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C samples, while they were observed in the case of thermo-mechanically 

treated ones (Table 4). The maximum recovery strain of processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy 

subjected to solution treatment at 1373 K for 30 min reaches 4.2%. In the case of the processed alloy 

subjected to solution treatment at 1483 K for 360 min, it is worth noting that its maximum recovery strain 

further increased to 5.9%, which is bigger than the maximum recovery strain of 5.6% for the processed 

alloy subjected to the solution treatment at 1373 K for 30 min and TMT. The value of 5.9% is the highest 

recovery strain among solution-treated processed Fe-Mn-Si based SMAs published to date. As such, the 

above results further confirm that coarsening austenitic grains is the key criterion that must be fulfilled in 

order to achieve giant recovery strains in polycrystalline Fe-Mn-Si based SMAs. Additionally, the recovery 

strain was only improved by further TMT when the deformation strains were below 9% for the processed 

alloy subjected to the solution treatment at 1483 K for 360 min. However, the maximum recovery strain 

had no change and was 5.9% before and after TMT. This result indicates that the effectiveness of TMTs is 

dependent on the austenitic grain-size. In other words, the austenitic grain-size is the key factor determining 

the ceiling of recovery strains in polycrystalline Fe-Mn-Si based SMAs. In previous publications on 

processed Fe-Mn-Si based SMAs, the highest heating temperature was 1473 K, as reported by Kajiwara 

and co-workers in several Fe-Mn-Si SMAs containing Nb and C [25, 31, 46, 60, 79, 108]. However, Nb 

inhibits the growth of austenitic grains. In this case, although the heating temperature was as high as 1473 

K, the growth of austenitic grains is restricted owing to the effect of Nb (possibly either by Nb segregation 

on grain boundaries or grain refinement by NbC precipitation). Therefore, these Fe-Mn-Si SMAs 

containing Nb element cannot exhibit a large recovery strain of above 6% after TMTs accompanied by the 

precipitation of NbC particles [25, 60]. In the present paper, the maximum effective austenitic grain-size is 

only 185.5 μm. As such, data on the recovery strains of the processed polycrystalline Fe-Mn-Si based 

SMAs are not beyond 6%. However, it is expected that the recovery strain of above 6% may be obtained 

through further coarsening the austenitic grains in processed Fe-Mn-Si based SMAs. 

5.3 Limitation of coarsening austenitic grains by solution treatments 

As mentioned above, since a twin boundary is considered as a grain boundary, the relationship 

between Deff and D can be described by the following equation: 
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where N is the number of twin boundaries per grain. Furthermore, Pande et al. [83, 109] provided an 

equation to describe the relationship between n (the number of twins per grain) and D, as follows:  

 
0

ln( )t

D
n K

D
  [6] 

where Kt is a constant and D0 is the minimum grain-size below which no twin boundaries may exist. Note 

that four types of annealing twins are observed in FCC crystals [110], as shown in Fig. 11. Obviously, only 

C-type twins in Fig. 11 possess two independent twin boundaries and divides one grain into three parts. In 

this case, N = pn, where p is a correction factor which is dependent on the density of C-type twins, and 1 ≤ 

p ≤ 2. Therefore, according to Eqs. [5] and [6], the relationship between Deff and D can be given by 
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 [7] 

Fig. 12 gives Deff as a function of D, for the typical values of Kt and D0 (Kt = 0.2 and D0 = 1 μm) taken from 

Panda et al. [83]. The data in Table 3 fall within the region between the red and blue lines. That is, Eq. [7] 

may be suitable to describe the relationship between Deff and D in processed Fe-Mn-Si based SMAs. 

Moreover, it is important to note that the austenitic grains are significantly refined by the twin boundaries. 

In the case of the existence of twin boundaries, the effectiveness of increasing the heating temperature and 

extending the heating time is too limited to obtain the coarse austenitic grains, especially millimeter-scale 

ones. As such, it is necessary to explore the new approach coarsening the austenitic grains. Our research 

group is carrying out the related studies. 

6. Conclusions 

It is proposed that coarsening austenitic grains is the key prerequisite to achieving giant recovery 

strains in polycrystalline Fe-Mn-Si based SMAs. To verify this proposal, we carefully investigated the 

dependence of recovery strains on the austenitic grain-sizes in cast and processed Fe-Mn-Si based SMAs. 

The following conclusions are summarized below:  

(1) Coarse austenitic grains play two roles in achieving the large recovery strains in polycrystalline 

Fe-Mn-Si based SMAs. The first is that grain boundaries suppress the stress-induced ε martensitic 
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transformation in their vicinity and so the increment of grain-size leads to decrease of grain boundary 

density, and thus weakens the suppressive effect of the grain boundaries on the transformation. The second 

is that multiple orientations of  martensite nucleate in small grains, whereas a single orientation is 

dominant in larger grains. Thus coarse austenitic grains are advantageous to introduce single orientation  

martensite and reduce collisions between martensite plates and colonies, especially when the deformation 

strain is large. This is borne out in practice where the recovery strains of cast 19Mn-20 alloy with coarse 

austenitic grains of 652 μm were consistently larger than those of cast 19Mn-5 alloy with relatively small 

austenitic grains of 382 μm, and this advantage increased with increasing deformation strains. Furthermore, 

the large grained alloy showed a maximum recovery strain of 7.7% while the smaller grain one only 

reached 5.4%. 

(2) A recovery strain of 5.9%, which is the highest published value for solution-treated processed 

Fe-Mn-Si based SMAs, was obtained by coarsening the austenitic grains through only solution treatment at 

1483 K for 360 min in a processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy. However, the effective 

austenitic grains of 185.5 μm, taking into account the existence of twin boundaries, did not meet the 

requirement of austenitic grain-sizes for achieving the large recovery strain of above 6%. Thus, the 

recovery strain was still 5.9% after thermo-mechanical treatment consisting of 10% tensile strain at RT and 

annealing at 1073 K for 30 min. The above results confirmed that the ceiling of recovery strains is 

dependent on the austenitic grain-sizes for polycrystalline Fe-Mn-Si based SMAs.  

(3) During solution treatment, the effectiveness of increasing the heating temperature and extending 

the heating time is too limited to obtain the coarse austenitic grains, especially millimeter-scale ones, owing 

to that the austenitic grains are refined significantly by the introduction of annealing twins. Consequently, 

recovery strains of the processed polycrystalline Fe-Mn-Si based SMAs could not be raised above 6%. 

(4) It is clearly demonstrated that coarsening austenitic grains is key to achieving giant recovery 

strains in polycrystalline Fe-Mn-Si based SMAs. Therefore, to maximise the giant recovery strains in cast 

Fe-Mn-Si based SMAs, the casting parameters and the addition of alloying elements must be considered in 

order to enable such coarse grains to be realized in practice. 
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Fig. 1 Ordinary optical micrographs with different magnifications for as-cast 19Mn-5 and 19Mn-20 alloys. 

Red dotted lines indicate the grain boundaries (GBs) of primary δ ferrite. 

 

 

 

 

Fig. 2 Color optical micrographs of as-cast 19Mn-5 and 19Mn-20 alloys. Different austenitic grains exhibit 

different colors. 
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Fig. 3 EBSD austenitic inverse pole figures and corresponding grain maps of as-cast 19Mn-5 and 19Mn-20 

alloys after annealed at 873 K for 30 min. 
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Fig. 4 Color optical micrographs of as-cast 19Mn-5 and 19Mn-20 alloys annealed at 873 K for 30 min after 

5% tensile deformation at Ms + 10 K.  
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Fig. 5 Color optical micrographs of as-cast 19Mn-5 alloy annealed at 873 K for 30 min after 10% tensile 

deformation at Ms + 10 K. 
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Fig. 6 Color optical micrographs of as-cast 19Mn-20 alloy annealed at 873 K for 30 min after 10% tensile 

deformation at Ms +10 K.  
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Fig. 7 Temperature dependence of 0.2% proof-stress for as-cast 19Mn-5 and 19Mn-20 alloys annealed at 

873 K for 30 min. Solid lines represent the critical stress for plastic yielding associated with irreversible 

slip, and dashed lines represent the critical stress for inducing martensitic transformation. Δσ is plotted in 

blue for both alloys as the difference between the solid and dotted lines at Ms + 10 K. 
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Fig. 8 Recovery strains as a function of deformation strains for as-cast 19Mn-5 and 19Mn-20 alloys 

annealed at 873 K for 30 min when the deformation temperatures were Ms + 10 K. 

 

 

 

 

 

Fig. 9 Austenitic EBSD phase maps of processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy subjected to 

solution treatment at 1373 K for 30 min (a) and subsequent TMT (b). The blue lines correspond to 

high-angle boundaries with the misorientation larger than 15 degrees. The red lines correspond to annealing 

twin boundaries. 
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Fig. 10 Recovery strains as a function of deformation strains as well as color optical micrographs for 

solution treated Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy at 1373 K for 30 min and 1483 K for 360 min, 

respectively, as well as ones after TMT. 

 

 

 

 

 

Fig. 11 Schematic sketch for four types of annealing twins in FCC crystals. 
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Fig. 12 Relationship between the effective austenitic grain-size considering twin boundaries (Deff) and the 

austenitic grain-size without considering twin boundaries (D) according to Eq. [7]. The data indicated by 

black spheres are from Table 3. The red and blue lines are for two different values of p in Eq. [7]. 
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Table 1 Chemical compositions of cast and processed Fe-Mn-Si-Cr-Ni SMAs 
Chemical compositions (wt%) 

Shape memory alloys
Mn Si Cr Ni C Fe 

Cast 19Mn-5 alloy 
Cast 19Mn-20 alloy 

18.54 5.70 8.91 4.45 0.008 Bal. 

Processed alloy 16.99 5.59 9.28 5.67 0.116 Bal. 
 

 

 
Table 2 Phase transformation temperatures of as-cast 19Mn-5 and 19Mn-20 alloys before and after 
annealed at 873 K for 30 min 

Phase transformation temperatures (K) 
Alloys Heat treatment 

Ms As Af 
As-cast 262 343 388 19Mn-5 
Annealing at 873 K 275 359 400 
As-cast 263 355 405 

19Mn-20 
Annealing at 873 K 284 361 406 

 

 

 
Table 3 Austenitic grain-sizes of processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy subjected to different 
heat-treatments 

Solution treatments Thermo-mechanical treatment Deff
* (μm) D** (μm) 

1373 K×30 min / 41.7 87.9 
1373 K×30 min 10% + 1073 K×30 min 53.1 104.2 
1473 K×120 min / 107.8 205.6 
1483 K×360 min / 149.0 353.5 
1483 K×360 min 10% + 1073 K×30 min 185.5 415.8 

*Twin boundaries or distorted twin boundaries were considered as grain boundaries. 
**Twin boundaries or distorted twin boundaries were not considered as grain boundaries. 
 

 

 
Table 4 Phase transformation temperatures of processed Fe-17Mn-5.5Si-9Cr-5.5Ni-0.12C alloy subjected 
to TMT after solution treatments at 1373 K for 30 min and 1483 K for 360 min, respectively. 

Phase transformation temperatures (K) 
Heat treatments 

Ms As Af 
1373 K×30 min + TMT 217 358 408 
1483 K×360 min + TMT 219 343 385 

 
 


