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Characteristics and applications of Fe-Mn-Si-based shape memory alloys 
AWAJI MATERIA CO., LTD. 

(1) Introduction 
Fe-Mn-Si-based shape memory alloys 

(Fe-SMAs) are known as a practicable iron-based 
SMA. With Mn, Si and Fe as basic constituent 
elements, Cr and Ni are frequently added to 
develop high corrosive-resistant Fe-SMAs (Table 
1). In particular, Fe-28Mn-6Si-5Cr alloys are 
used in many practical applications. 

The Fe-SMAs were discovered and developed in 
Japan1). These alloys have advantages in commercial production due to their inexpensive 
constituent elements and availability of the mass-production facilities that are readily used 
for the production of stainless steels. Nevertheless, the production cost may not be lowered in 
practice unless the amount of the needs reaches that of the usual steels. 

However, the shape memory effect (SME) in these alloys is 4% at most, which is smaller 
than the Ni-Ti alloys. Two way operations using bias spring is not expected in these alloys 
because there is little difference between strength before and after phase transformation. The 
shape recovery starts at higher temperature and gradually proceeds compared with the Ni-Ti 
alloys. Applications, therefore, are mainly considered as relatively-large components to take 
advantage of such characteristics. 

 
(2) Mechanisms of shape memory 

Fig. 12) shows the dependence of yield stress (0.2% proof-stress) on temperature. Two 
different slopes in each curve are caused by two kinds of deformation modes in the Fe-SMAs: 
one of them is slip deformation and the other is ε－martensitic transformation (FCC→HCP 
transformation). The critical stress for slip decreases with the increase of temperature as 
shown by the broken line in Fig. 1. On the other hand, the critical stress for ε－martensitic 
transformation increases with the 
increase of temperature. That is to say, the 
two slopes in Fig. 1 indicate that ε－
martensitic transformation preferentially 
occurs at low temperatures (including the 
room temperature) and slip deformation 
occurs at high temperatures. Theε－
martensitic transformation is 
accompanied by little volume change and 
it causes up to approx. 20% strain in a 
specific direction. A schematic illustration 
of the directional relationship between 

 Table 1. Main compositions of  
Fe-Mn-Si-based SMAs (mass%)

 Fe-32Mn-6Si       
Fe-28Mn-6Si-5Cr 
Fe-20Mn-5Si-8Cr-5Ni 
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austenite and martensite is shown in Fig. 2. Theε－martensitic transformation extends OA 
to OB in Fig. 2. (OB/OA=1.22)). Namely, the stress inducedε－martensitic transformation 
yields the shape change without slip deformation. The SME is obtained through reversible 
transformation from HCP martensite to FCC parent phase2). 

Slip deformation occurs with 
martensitic transformation in 
the regions of large strain.  
If there is a comparatively high 
percentage of HCP martensitic 
transformation, the shape 
recovery strain increases with 
the increase of initial strain. 
However, slip deformation 
remarkably reduces shape 
recovery ratio (recovery strain÷initial strain). Because of the induced slip, the recovery 
strain is usually considered as half of the 4~8% initial strain.  

 
(3) Shape memory properties 
① Shape recovery strain 

One of the most important 
parameters is the shape recovery 
strain that depends on initial 
strain and the number of cycles of 
training. Fig. 3 shows the relation 
between initial strain and recovery 
strain3). Training treatment 
consists of repetitive processing of 
proper deformation and heating2). 
The results in Fig. 3 are obtained 
after only one cycle of training. 
Although multicycle training 
treatment increases the recovery 
strain, its effect is saturated 
rapidly.  

The recovery strain shows a maximum value with 5~8% initial strain and higher strain 
deteriorates its value. On the other hand, the results of the shape recovery ratio show that 
training treatment is imperative to obtain perfect shape recovery, not to mention that the 
initial strain is restricted to the region of low strain (less than 2%). 
② Shape recovery stress 

Fe-SMAs are usually applied as jointing goods. Such application using the Fe-SMAs is more 

○:Atoms on the bottom plane ●:Atoms on the one level higher plane from the bottom ○:Atoms on the bottom plane ●:Atoms on the one level higher plane from the bottom 

Fig.2 Schematic illustration of theε－martensitic  
transformation 
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in need of the recovery stress rather than 
the recovery strain. For example, the 
material is shape memory treated by 
deformation and subsequent heating (as 
will be described in detail hereinafter). 
After that, the SME appears as a recovery 
strain corresponding to the initial strain. 
However, if both edges are constrained, 
recovery stress occurs instead of the 
recovery strain at the holding parts. The 
behavior of the recovery stress is shown in Fig. 4. Solid line and broken lines indicate the 
behavior of the recovery stress with and without training, respectively4). In this section, 
behavior of the trained material is explained as an example. 

Stress begins to occur at approx. 50℃ (in case of without training, at approx. 100℃) and 
gradually increases until above 300℃. After heating until approx. 330℃ (b2) at which the 
increase of the stress is saturated, the stress further increases by cooling. In this 
measurement, the value of the recovery stress includes stress by heat expansion and 
shrinkage. The stress increment is attributed to the shrinkage. The stress decreases after 
showing a maximum value and the residual stress depicted at d2 continues to work at room 
temperature. The residual stress corresponds to the actual values for practical application.  

In spite of the continuous shrinkage during the cooling process, the stress decreases below 
the c2. This comes from the fact that the temperature at c2 corresponds to the upper limit of 
the temperature range forε－martensitic transformation shown in Fig. 1. Therefore, the 
stress induced ε－martensitic transformation can occur in the reverse direction by the 
accumulated stress at c2 or lower, which 
reduces the internal stress. As the result, Fig. 4 
indicates that the available recovery stress is 
approx. 200MPa with training and 130MPa 
without training. However, these values are 
ideal ones that do not allow any existence of 
recovery strain in the process. 
In fact, it is difficult to prevent the occurrence 
of recovery strain completely. The actual stress 
is less than the ideal value because of the 
occurrence of strain in general process of 
joining. A schematic illustration for pipe joining 
is shown in Fig. 55). The inside diameter of SMA 
rings before expansion must be smaller than 
the outside diameter of the subject pipes (Fig. 
5A). The SMA ring is expanded to a proper 

 

Fig. 4 Recovery stress-Temperature curve in the 
Fe-Mn-Si based SMA4) 
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inside diameter to insert into the pipes at room temperature (Fig. 5B).  The SMA ring 
recovers inward by heating and couples the two pipes (Fig. 5C and D). 

If the difference between the inside diameter of SMA ring and the outside diameter of pipes 
is insufficient in Fig. 5B, the pipes cannot be inserted into the SMA ring. Alternatively, a too 
large gap leads to a loose grip. Strictly speaking, setting the proper gap is quite important. A 
SMA ring freely recovers its shape within the gap until its inside contacts the outside of the 
pipes. Thus, the gap should be as small as possible to retain the grip.  

The above mentioned behavior of SME is 
shown in Fig. 6. Fe-SMAs are strained along 
[O→a→b]. After unloading, 2.5~4% recovery 
strain corresponding to [b→e] is obtained by 
subsequent heating. If there is an obstacle in 
the direction of the shape recovery at b, 
recovery stress corresponding to [b→b’] can be 
attained by heating (130～200 MPa). If some 
interval is present between an obstacle and a 
SMA, the available recovery stress decreases 
with the increase of the interval. This is 
because if the obstacle is at c or d, the shape 
recovery occurs along [b→c→c’] or [b→d→d’]. These routes are the result of combination of 
recovery stress and strain. 

 
(4) Other fundamental properties 

From a practical point of view, 
fundamental properties are also 
important to consider. Table 26) 
shows the physical properties of the 
as solution treated Fe-SMAs after 
hot working. The strength, proof 
stress, the shape of stress-strain 
curves, and other properties are 
similar to the SUS304 stainless 
steels. 

    In case of using the Fe-SMAs, a 
deformation to provide initial 
strain is indispensable. In 
particular, it is required in the 
training treatment to repeat the 
deformation more than twice. 
These treatments certainly affect 
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Fig. 6 Schematic diagram of the SME 

Table 2. Fundamental properties of Fe-Mn-Si based 
SMAs6）   

Term Unit Values 
Proof stress MPa 200～300 

UTS MPa 680～1,000 
Ductility ％ 16～30 

Hardness (Hv)  190～220 
Density (25℃) g/cm3 7.2～7.5(7.454)
Melting point ℃ 1,320～1,350 

Thermal expansion 
(0～500℃) 

℃-1 16.5×10-6 

Thermal conductivity cal/cm･deg･sec 0.02 
Specific heat cal/g･deg 0.13 

Specific resistance Ω･cm 100～130×10-6

Young’s modulus GPa 170.0 
Shear modulus GPa 65.0 
Poisson ratio  0.359 

Ms ℃ -20～25 
Af ℃ 130～185 

Recovery strain ％ 2.5～4.5 
Recovery stress MPa 150～200 

Magnetic property  Paramagnetism
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the fundamental properties. Changes in 
strength by training treatment are shown 
in Fig. 7. Note that the difference in the 
0.2% proof stress after training is more 
than 50% higher compared with the as 
solution treated samples. 
  Tungsten inert gas (TIG) or plasma 
welding are applicable to the Fe-SMAs. 
Further heat treatment after the welding 
gives shape memory properties comparable 
to the parent materials. Processes such as 
shape forming and welding applied to the 
plate materials are manifested in the pipe production as well7). In recent years, improvements 
in SME by addition of small amounts of V or Nb are also investigated8,9). 
 
(5) Utilizing the SMAs 

Fe-SMA goods are produced by combinations of hot rolling, cold rolling, forging, drawing, 
etc. Table 3 shows basic processes for utilizing the Fe-SMAs.  

 

Table 3. Processes for using Fe-Mn-Si based SMA 

process abstract detail 
Shape 
memory  
treatment 

Fe-SMAs memorize the 
user’s shape of interest by 
this treatment. 

Heating at 950℃ or higher under constraint 
after working at room temperature (working 
at 950℃ or higher is also effective) 

Training  
treatment 

Training enhances recovery 
strain and recovery stress. 

Repeating alternative 4 ～ 8% strain and 
heating at 600℃. Several cycles of training 
are not necessary.  

Deformation 
for 
initial strain 

Fe-SMAs are strained after 
above processes. 

Some kinds of deformation are performed 
(tension, compression, twist, bending, etc.) 
*shape changes by cutting work are not 
recoverable. 

Shape 
recovery 
treatment 

Shape recovery strain or 
recovery stress occurs. 

Uniformly heating at 350℃  when possible 
(thermal difference in a material is one of the 
reasons of deteriorating the SME) 

The above processes are standard ones for the Fe-SMAs. Fe-SMAs are normally constrained 
to prevent shape recovery during the shape memory treatment. However, in some cases, the 
shape memory treatment is performed by heating without constraining (e.g. the case in which 
a ring is produced from a rod by cutting work). 

 
(6) Applications of Fe-Mn-Si SMAs 
① Pipe joint for steel pipes 

Pipe joint has been considered as the most important application of the Fe-SMAs. While the 
Ni-Ti SMAs had already had good records of application in military-related fields, it has been 
considered promising if the cheaper Fe-SMAs can substitute the Ni-Ti SMAs as consumer 
pipe joints.  
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However, steel pipes have variations in outside diameter which is allowed in official 
standard. This variation is not negligible compared with the magnitude of the shape recovery 
strain in Fe-SMAs. Moreover, tensile strength and sealing properties are also required. Even 
if the constituent elements have a high cost performance, it is still necessary to spend some 
money to meet these requirements. As a result, the total cost performance was not a sufficient 
advantage to substitute the Fe-SMAs for conventional pipe joints. 

The solution to this problem was suggested as follow. For instance, proper resin coating on 
the inner surface of a joint is efficient to improve the sealing property and the strength of the 
joint10). Inserting C-rings11) or using screws4) at the interface of pipe and joint was developed 
as a method of enhancing the joint strength. Through these processes, the Fe-SMAs were put 
into practical use. Some other examples are introduced as below. 

Recently, a construction method for tunneling work co-called the “curved boring method12)” 
was newly developed. This method is noted as an important technology in tunnel construction 
in deep underground areas with unstable ground. Curved steel pipes are laid in the wellbore 
after boring outward from the ground, which constitutes a curved pipe roof. Digging of the 
main tunnel is conducted under this curved pipe roof. However, the curved steel pipes are too 
long for such a narrow 
work space. The curved 
pipes, therefore, must be 
cut into proper length and 
inserted into wellbore at 
one time. Each pipe is 
jointed with the preceding 
pipe. In this process, safety 
and efficiency are required. 
That is why the Fe-SMA is 
selected to ensure the 
bending and drawing 
strength of the joint. As 
schematically shown in Fig. 
8, the C-ring is inserted into a ditch formed on the SMA joint and curved pipe11). In this 
method, the strength at the joint part strongly depends on the number of C-rings. Table 4 

Fig. 8 The schematic illustration of a SMA joint with C-ring 
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Table 4. Relationship between the number of C-rings and the UTS (in 100A steel pipes）13） 
  

［Force（kN）］ ［Ratio respective to the 
steel pipe（％）］ 

 

2％strain Max 2％strain Max 
STPG370 pipe（114.3φ×6.0t） 580  (439) 789  (755) 100  (100)  100  (100)
without C-ring 110 110  19  ( 25) 14  ( 15) 
With a C-ring for each side    430 500  74  ( 98)   63  ( 66) 
With two C-ring for each side 520 580  90  (118) 74  ( 77) 
With three C-ring for each side 550 610  95  (125) 77  ( 81) 
（ ）:Force corresponding to UTS and yield stress as standard lower limit 
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shows the result of tensile tests for 100A SMA pipes. The strength with three C-rings on both 
sides is comparable to the case of welding13). 

Bending strength is also required to endure soil pressure. The results of three-point 
bending test (with C-ring attached on both sides) shown in Fig. 9 are almost the same as the 
pipe without joint13). 

Through the above mentioned 
experiments, the method was 
actually adopted on a trial basis in 
20035). In this work, the SMA joint 
was used for 250A curved pipes 
(outside diameter 267.3 ㎜φ , bend 
radius 6000mm in Photo 1). The SMA 
joints are produced by centrifugal 
casting14) with a composition of 
Fe-28%Mn-6Si-5Cr. The joint is 
heated by high-frequency induction 
heating. This method can be 
performed by fewer workers in less working hours compared with welding. 

  

    

 

 

Photo 1. Pipe coupling with SMA joint 
 
② Fishplate for crane rail 

Crane rails connected by the normal steel fishplates and bolts usually end up with a gap 
due to the vibrations caused by the heavy duty operation of the cranes. The gap results in the 
formation of dents and cracks, which negatively affect run of the cranes. The SMA fishplate 
was adopted as a substitute to resolve this problem.  

Initially tensile-deformed SMA fishplates are connected to the rails with bolts as shown in 
Fig. 10(1). The SME by subsequent heating clears the gap and the recovery stress works as a 
pre-stress to keep the rail ends joined15) 16)  (Fig. 10). 

SMA fishplates shown in Photo 2 have been used for actual crane rails on trial since the 
autumn of 2004. As for the fishplate, the product weight is approx. 10kg. The fishplate is 
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directly heated for shape recovery by a gas 
burner in about 10 minutes. The aftermath 
gap-free condition is maintained for a long 
time. 

The deterioration with time is under 
examination by using fishplates for 
routinely-used cranes. So far, there has been 
no report of problems at the operation site 
during the past 4 years. 
 
③ Other applications 

Employing the Fe-SMAs as joints for 
frame pipes of bicycle was actually the first 
practical application of these materials17). 
Grooves were formed inside of a receiving 
pipe and outside of an inserting pipe. 
Contracted SMA C-rings are set in the 
grooves of the inserted pipe. After inserting, 
the SMA C-ring expands toward the groove of 
the receiving pipe by heating, which connects 
the pipes. However, nowadays advanced 
adhesion bonds are used for this purpose 
instead of the Fe-SMAs. 

Composite materials of Fe-SMAs and 
plaster have also been developed. 
Tensile-deformed Fe-SMAs are infused with 
plaster dissolved in water. After desiccation, 
the plaster is given compressive stress by 
subsequent heating at 250℃. As a result, the bending strength increases up to 1.5 times18). 
Recently, the SMA wire rods are substituted by the SMA swarfs for cost reducing 
considerations19). 
 
(7) Future prospects and summary 

The history of Fe-SMAs has already gone through 20-years. However, the practical 
applications of these alloys have just been started. The background is introduced in this 
section. 

The first objective for application was substitution for Ni-Ti alloys. The Fe-SMAs certainly 
have lower cost performance. But properties such as one-way operation and lower recovery 
strain make them unsuitable for small components in a same way as the NiTi SMAs are 
mainly used. Other Fe-based SMAs also have several problems, which revealed that the 

Photo 2. SMA fishplates for crane rails 

Photo 2. SMA fishplates for crane rails 

SMA 
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(1) connecting with bolts
(Gap is between rails)
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(2) After heating
(Gap disappeared)

 Fig. 10 rail coupling with SMA fishplates



 9

Fe-based SMAs cannot be utilized as a substitution for the Ni-Ti SMAs. 
In this background, only the Fe-SMAs have been investigated to find new application fields 

with a concept of “Structural materials with functional materials”. The Ni-Ti SMAs cannot be 
used for large goods because of the high cost. This is exactly where the future lies for the 
Fe-SMA industry. Although it took a long time to realize the practical application because of 
the modification of the whole manufacturing process, the efforts have just borne fruit.  

In recent years, the stress induces reverse martensitic transformation (HCP→FCC) was 
found without heating in this system20). The combination of stress induced forward and 
reverse martensitic transformation suggests the possibility of applications as 
maintenance-free damping materials21). Because the γ/ε interface reversely moves under 
the alternative tensile and compressive deformations, it absorbs vibrations without 
deterioration of the properties. Readers interested in this SMA are encouraged to read a new 
review paper of the Fe-SMAs that is published in Ref. 22.  

 
The unique potential of the Fe-SMAs gives the possibility of its development without 

competing with the Ni-Ti alloys. In this manner the Ni-Ti and Fe-alloys can coexist with each 
other. The Fe-SMAs are about to take an enterprising step in this direction. 
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Appendix (1) Comparison of the properties between Fe-Mn-Si system and Ni-Ti system 
      
 
 
 
 
 
 
 
 
 

Sort of properties  FeMnSi  TiNi 

Recovery strain（％） ～ 4 ～ 8 

Recovery stress（MPa） ～ 250 ～ 400 

Recovery temperature  （℃） ～ 350 ～ 100 

One-way operation ○ ○ 

Two-way operation － ○ 

Ni-Ti SMAs 
The SME is two-way operation. 
Super-elasticity also occurs in 
this system. Namely, the SMA 
is subjected to the change in 
environment such as 
temperature or strain. 

Fe-Mn-Si based SMAs 
The SME is one-way operation. 
Namely, in case of application as 
fishplate or pipe coupling, the role of 
the alloy shifts from SMA to a 
structural material after heating. The 
shape recovery stress continuously 
works. 
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Appendix (2) Main applications of the Fe-Mn-Si based SMA 

Fishplate for crane rail Pipe joint Damping materials (future prospect) 

A
pp

lic
at

io
n
s 

 

 

 

 

 

 

 

damping materials 

H
o
w

 t
o
 u

se
 The SME is used when rails are jointed. 

 

＊Fe-SMA fishplates shrink by heating, which 

causes that the gap between rails disappears. 

The SME is used when pipes are connected. 

 

＊Fe-SMA joint tightens pipes from outside by 

heating. 

Normal construction is conducted to use 

Fe-Mn-Si-based damping materials. 

 

＊SME is not used to this application. 

D
e
ta

il 

A
ft

e
r 

c
o
n
st

ru
c
ti
o
n
 Fe-SMAs maintain the above condition. 

（ The SMA merely works as structural 

materials.） 

 

＊The recovery stress continuously works, which 

maintains the condition. 

Fe-SMAs maintain the above condition. 
（ The Fe-SMA merely works as structural 

materials.） 

 

＊The recovery stress continuously works, which 

maintains the condition. 

Fe-Mn-Si-based damping materials 
automatically absorb vibrations 
caused by earthquake etc. 
 
＊ Stress induced ε － martensitic and 

deformation twins occur and disappear by 

cyclic tensile and compressive deformation, 

which absorbs vibrations. 
 

Fe-Mn-Si-based damping 

materials have an onset of 

the damping property with 

vibrations as needed. 
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