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On Bending Creep BehaviOur Of a pOwder Metallurgy feMnSiCrni Shape MeMOry allOy

FeMnSicrni alloys represent a promising class of FeMnSi-based shape memory alloys (SMAs) characterized by excellent 
characteristics of formability and corrosion resistance. The present paper is focused on a 68Fe-18Mn-3Si-7cr-4ni (mass. %) SMA, 
produced by powder metallurgy routine, which was tested to creep, using a dual cantilever specimen holder, and analyzed by means 
of the dedicated software of a dynamic mechanical analyzer. The specimens were tested at five temperatures by applying, at each 
of them, four bending force values, during 2000 s. The variation of bending creep deflection with time, temperature and force 
was discussed both from the point of instant value and 1000 s-value. These results enabled plotting a space diagram of stabilized 
creep rate variation with both applied force and test temperature. in such context, a theoretical model in a multifractal paradigm of 
motion was built, considering that FeMnSicrni shape memory alloy can be assimilated, both structurally and functionally, with 
a multifractal object. Finally, this model was validated by means of experimental data. 
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1. introduction

FeMnSicrni shape memory alloys (SMAs) have been 
developed since 1990, after otsuka et al. added cr, to FeMnSi 
system, in order to enhance corrosion resistance [1] and Moriya 
et al. put in ni to suppress the formation of σ phase which re-
duces workability [2]. Besides corrosion resistance, FeMnSicrni 
SMAs have been characterized by relatively high recovery de-
formations. Thus, Wen et al. reported a recovery strain of 7.6% 
in Fe-20.2Mn-5.6Si-8.9cr-5.0ni steel (weight %) annealed for 
12.5 h at 1,373 K and subjected to four training cycles in bending 
[3]. Similarly, Peng et al. obtained a recovery strain of 7.7% in 
cast Fe-19Mn-5.5Si-9cr-4.5ni alloy with the coarse austenitic 
grains of 652 μm [4]. 

These features enhanced the development of pipe couplings 
made from Fe-15Mn-5Si-9cr-5ni (wt. %) SMA and even of 
2-tons earthquake-resistant dampers made of Fe-15Mn-4Si-
10cr-8ni (mass. %) alloy for the seismic protection of “jP Tower 
nagoya” [5]. 

on the other hand, Pricop et al. argued that powder metal-
lurgy (PM) routine could be an useful alternative for FeMnSi-
crni SMA processing [6]. From Fe-14Mn-6Si-9cr-5ni SMA, 
containing mechanically alloyed powder particles, two types of 
potential applications could be manufactured: (i) actuator type, 

based on storage modulus-increase on heating that exceeded 
1 gPa [7] and (ii) couplings, for the safe connection of pipes 
that vibrate during transportation of turbulent fluids [8]. in 
this sense, the present authors tested an  Fe-18Mn-3Si-7cr-4ni 
(mass. %) SMA produced from commercial powders with zinc 
stearate binder, and determined second order polynomials, 
that modelled the saturation tendencies of total and permanent 
strains during 100 tensile loading-unloading cycles performed 
up to 600 MPa [9].

common models used to describe the creep phenomena 
in material science, have been based either on a combination 
of basic theories, derived especially from physics or on com-
puter simulations [10-15]. in such a context, their description 
has implied both computational simulations based on specific 
algorithms [13-15], as well as developments on standard theo-
ries. With respect to models developed on standard theories, the 
following classes can be distinguished:
i) A class of models developed on spaces with integer dimen-

sion – i.e. differentiable models (for example, developments 
based on generalized Hooke Laws etc.) [10-12]. 

ii) Another class of models developed on spaces with non–
integer dimensions, which are explicitly written through 
fractional derivatives [14,15] – i.e. non – differentiable 
models, with examples including the fractal models. 
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iii) expanding the previous class of models, new developments 
have been made, based on Scale relativity Theory, either in 
the monofractal dynamics as in the case of nottale [16], or 
in the multifractal dynamics as in the case of the Multifractal 
Theory of Motion [17,18].

Both in the context of Scale relativity Theory in the sense 
of nottale [16], as well as in the one of Multifractal Theory of 
Motion [17,18], the fundamental hypothesis have been the fol-
lowing: supposing that any type of matter (for example alloys, 
biocomposites etc.) was assimilated both structurally and func-
tionally to a multifractal object, said dynamics can be described 
through motions of any matter’s structural units, dependent on 
the chosen scale resolution, on continuous and non – differenti-
able curves (multifractal curves). 

Such a hypothesis may be illustrated by considering the 
following scenario: between two successive interactions of 
the structural units belonging to any matter, the trajectory of 
the matter’s structural unit is a straight line that became non-
differentiable in the impact point. considering that all interaction 
points formed an uncountable set of points, it results that the 
trajectories of the matter’s structural units became continuous 
and non-differentiable (i.e. fractal curves). clearly, the reality 
has been much more complicated, taking into account both the 
diversity of the structural units which compose any matter and 
the various interactions between them in the form of double 
interactions etc. extrapolating the previous reasoning for any 
type of matter, including the FeMnSicrni SMA, it results that 
it can be assimilated to a multifractal. 

All these considerations implied that, in the description 
of the FeMnSicrni SMA dynamics, instead of “working” with 
a single variable (regardless of its nature, i.e., velocity, den-
sity, etc.) described by a strict non – differentiable function, it 
has been possible to “work” only with approximations of this 
mathematical function, obtained by averaging them on different 
scale resolutions. As a consequence, any variable purposed to 
describe the FeMnSicrni SMA dynamics will perform as the 
limit of a family of mathematical functions, this being non – dif-
ferentiable for null scale resolutions and differentiable otherwise 
[16-18]. To put it differently, from a mathematical point of view, 
these variables could be explained through multifractal func-
tions, i.e. functions dependent not only on spatial and temporal 
coordinates, but also on the scale resolution. 

Since for a large temporal scale resolution with respect 
to the inverse of the highest Lyapunov exponent [19,20], the 
deterministic trajectories of any structural unit belonging to the 
FeMnSicrni SMA, can be replaced by a collection of potential 
(“virtual”) trajectories. Thus, the concept of definite trajectory 
can be substituted by the one of probability density. 

With all of the above considerations taken into account, the 
multifractality expressed through stochasticity, in the description 
of the dynamics of any FeMnSicrni SMA, became operational 
in the multifractal paradigm through the Multifractal Theory of 
Motion. it was noticed that various applications of this model 
have been described in [21-33]. 

in this context, the present study was directed to the 
experimental study of creep phenomena occurring in a PM 
 Fe-18Mn-3Si-7cr-4ni (mass. %) SMA subjected to three-point-
bending and to the modelling of its behavior. A mathematical 
model was created considering the FeMnSicrni SMA as a mul-
tifractal object, and analyzing its dynamics in the framework of 
Scale relativity Theory, using various operational procedures 
(riccati-type gauges and invariance groups). Finally, the theo-
retical model was validated by means of the experimental data.

2. experimental procedure

rectangular (1×4×50 mm) specimens were cut by wire 
spark erosion from an Fe-18Mn-3Si-7cr-4ni (mass. %) SMA 
which was pressed, sintered, homogenized and hot-rolled as 
previously pointed out [9].

The specimens were investigated by dynamic mechanical 
analysis (dMA), comprising temperature scans (Ts) and creep 
tests (CT), performed by means of a neTZsCh dMA 242 
Artemis device, using a dual cantilever specimen holder and 
ProTeuS software both for thermal analysis and for creep 
and relaxation. 

For temperature scans, the specimens were heated from 
room temperature to 400°c with a heating rate of 5°c /min and 
a frequency of 1 hz. dMA-Ts diagrams present the variation, 
with temperature, of both storage modulus (E' ) and the ratio of 
loss modulus (E'' ) and storage modulus designated as internal 
friction, tand = E'' /E'. one representative example is shown 
in Fig. 1.

fig. 1. dMA temperature scan thermogram illustrating the variation 
of storage modulus (E' ) and internal friction (tand) with temperature, 
during heating of a PM Fe-18Mn-3Si-7cr-4ni (mass. %) SMA

As previously pointed out, there are two tan d maxima. 
The low-intensity maximum, located at lower temperatures 
corresponds to antiferromagnetic ⇒ paramagnetic transition, 
overlapped with the reversion of α' -body centered cubic (bcc) 
martensite to γ-face centered cubic (fcc) austenite and the higher 
intensity one to ε-hexagonal close packed (hcp) ⇒ γ (fcc) reverse 
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martensitic transformation [6,8]. Based on these considerations, 
five temperatures were selected for creep tests: 60°c, 233°c, 
248°c, 270°c and 300°c. These temperatures correspond 
to five different states, numbered from 1 to 5 in Fig. 1. State 
1 – fully antiferromagnetic martensite, at 60°c; state 2 – half 
antiferromagnetic martensite-half paramagnetic martensite, cor-
responding to temperature 50

(tan )NA  , tand peak at 233°c; state 
3 – full paramagnetic martensite, E' minimum at 248°c; state 
4 – half paramagnetic martensite-half austenite, corresponding 
to temperature  

50
EA   and state 5 – fully austenitic.

during experimental creep investigations, the approach used 
by Leinenbach et al. for the study of low-temperature creep and 
stress relaxation behavior of an  Fe-17Mn-5Si-10cr-4ni-1(V,c) 
(mass.%) was applied [34]. 

The experiments were performed by using the creep end 
relaxation variant of ProTeuS software. Four specimens were 
fastened in the dual cantilever specimen holder that fixes the 
specimen both at its ends and its middle. on turn, each specimen 
was bent by four different applied forces, 1 n, 3 n, 6 n and 9 n, 
respectively. After 2000 s of deformation, at a given force and 
temperature, the device’s pushrod unloads the specimen and 
brings it back to zero deflection. Then, the specimen is heated to 
the next temperature from the above listed values and the same 
force is applied for 2000 s. The same procedure applies from 
60°c to 300°c, with a given force. Then, next specimen is used 

and the procedure is repeated for the next bending force. Force 
values were adopted below 12 n, which represents the blocking 
force of the analyzer, due to self-protection reasons. in each case, 
the dMA device measured the variation of bending deflection 
with time and, based on specimens’ dimensions, ProTeuS 
software determined the rest of the parameters.

3. experimental results and discussion

3.1. Creep tests

The first set of experimental results comprises the variation 
of bending deflection during the application of the four experi-
mental forces, for a period of 2000 s, at each of the five above-
mentioned temperatures. The results are summarized in Fig. 2.

obviously, each diagram displays a two-stage creep behav-
ior: (i) initial/primary creep, with sudden high rate deformation 
and (ii) stabilized/secondary creep, which developed at almost 
constant reduced rate, up to the end of testing time. in each case, 
according to [34] the creep strain reached after 1000 s creep time 
was listed μm, under the form 1000

iTd , where Ti are the values of 
the five above-mentioned test temperatures.

it is obvious that creep deformation increased both with 
applied force and test temperature. At low applied forces, 1 and 

Fig. 2. Variation of bending deflection in time, at five testing temperatures, under the effect of different bending forces: (a) 1 n; (b) 3 n; (c) 6 n 
and (d) 9 n. The values listed as 1000

iTd  correspond to the creep strain reached after 1000 s creep time (μm) at each respective test temperature, Ti
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3 n, creep deformation increased almost monotonically with 
test temperature, in Figs 2(a) (excepting for the values obtained 
at 248°C, which are about 0.5 μm larger than those obtained at 
270°c) and 2(b). At higher forces, 6 and 9 n, Figs 2(c) and (d) 
show that creep deformations at 270°c, in half paramagnetic 
martensitic-half austenitic state, were superior with about 3 
μm to those measured at 300°C, in fully austenitic state. This 
could be an effect of cumulating the increase in high tem-
perature atomic vibration amplitudes with the destabilization 
of paramagnetic martensite. in each of the four diagrams from 
Fig. 2, bending deflection markedly increased while passing 
from fully antiferromagnetic martensite (at 60°c), to half an-
tiferromagnetic -half paramagnetic martensite (at 233°c) and 
finally to fully paramagnetic martensite (at 248°c). it is obvi-
ous that the increases in bending deflection, between the three 
states, are almost equal. on the other hand, bending deformation 
seems to be less sensitive to further temperature increase from 
fully paramagnetic martensite (at 248°c), to half paramagnetic 
martensite-half austenite (at 270°c) and finally to fully austenitic  
state (at 300°c).

Maximum creep deformation reached 100 μm, after apply-
ing the 9 n force for 2000 s at 270°c.

Both initial and stabilized creep regions of the curves dis-
played in Fig. 2 were fitted with first degree functions. The slopes 
of these linear fits represent creep rates and are plotted in Fig. 3.

The creep rates of primary creep, shown in Fig. 3(a), varied 
between 0.05 and 6.135 μm/s and are typically three orders of 
magnitude larger than the rates of secondary creep, illustrated 
in Fig. 3(b). conversely, the creep rates of secondary creep 
varied between 0.51 and 2.55 nm/s. These extremely low creep 
rates prove that the phenomenon is stabilized. nevertheless, 
Fig. 3(b) illustrates an obvious creep rate increase with increas-
ing temperature. Moreover, the variation is almost linear, which 
suggested the idea of a new linear fit, as shown with dotted line. 
The results are summarized in TABLe 1. 

The coefficient a of the linear function represents the theo-
retical creep rate at °0c. Since the applied forces are rather low, 
this coefficient is very vague and its value has no real physical 
signification. on the other hand, the coefficient b of the linear 
function represents the average value of bending deflection rate 
as a function of time and temperature, expressed in μm/(s×°C). its 
values vary between 4.77×10–6 and 9.35×10–6 μm/(s×°C). These 
values are extremely small, 4.77-9.35 pm, and sustain the idea that 
secondary creep has been fully stabilized and its rate is almost in-
sensitive to time, in the first 2000 s and temperature, up to 300°c.

For a better visualization of the effects of applied force 
and testing temperature on the deflection rate variation during 
secondary creep, a space diagram is shown in Fig. 4.

The diagram enables to observe the highest creep rates 
obtained for test temperatures between 270 and 300°c.

Fig. 3. creep rate variation with temperature, under four different applied forces: (a) during initial creep; (b) during stabilized creep, with linear fits

TABLe 1

results of linear fits of the variation of secondary creep rate (y, in μm/s) with temperature (x, in °c), according to Fig. 3(b)

applied bending force 1 n 3 n 6 n 9 n
equation y = a + b * x

intercept, a (μm/s) 1.8276×10–4  
± 9.23469×10–5

3.09084×10–5 

± 2.25434×10–4
5.00388×10–5 

± 2.96418×10–4
1.28809×10–4 

± 5.14306×10–4

Slope, b [μm/(s×°C)] 6.22471×10–6 

± 3.88649×10–7
8.07077×10–6 

± 9.48755×10–7
8.10344×10–6 

± 1.2475×10–6
6.93074×10–6 

± 2.16449×10–6

residual Sum of Squares 1.60543×10–8 9.56722×10–8 1.65408×10–7 4.97955×10–7

Pearson’s r 0.9942 0.97989 0.96624 0.87956
r-square (Cod) 0.98844 0.96019 0.93362 0.77363

Adj. r-Square 0.98459 0.94692 0.91149 0.69818



905

3.2. Mathematical model

3.2.1. Stresses – strains correlations of multifractal type 

According with the Multifractal Theory of Motion in the 
form of multifractal hydrodynamic model [17,18], the specific 
multifractal potential Q,

    
4 222 lf x

l
Q dt






 
 

  
 

   (1)

induces the multifractal stress tensor σ̂il,

      
4 22  ˆ 2 lnfil i ldt    

 
 

       (2)

the divergence of which is equal to the multifractal force density 
associated with Q:

 0ˆi
il lQ      (3)

where

    , l Fl f f D
X

       
 (4)

in equations (1)-(3) ρ is the density of states, t is the non-
multifractal time with the role of affine parameter of the motion 
curves, X l are the multifractal spatial coordinates, dt is the scale 
resolution, λ is a constant coefficient associated to differential-
non- differential transition, f (α) is the singularity spectrum of the 
order α, α is the singularity index and DF is the fractal dimension 
of the “movement curves” [19,20].

There are many modes, and thus a varied selection of defi-
nitions of fractal dimensions; for example the fractal dimension 
in the sense of Kolmogorov, the fractal dimension in the sense 
of Hausdorff-Besikovitch etc. [19,20]. Selecting one of these 
definitions and operating it in the context of FeMnSicrni SMA, 

the value of the fractal dimension must be constant and arbitrary 
for the entirety of the dynamical analysis. in the description 
of FeMnSicrni shape memory alloy it is regularly found that 
DF < 2 for correlative processes and DF > 2 for non-correlative 
processes etc.

in such a context, it is usually accepted the fact that stresses 
and strains at any point of any type of matter, are represented in 
a tensor form (σ̂ik for stress tensor and ε̂ik for the strain tensor, 
where i, k = 1,2,3) with the characteristic cubic equation for 
stress having the form:

 3 2
1 2 3 0I I I       (5)

and the corresponding characteristic cubic equation for strain 
having the form:

 3 2
1 2 3 0J J J       (6)

in relations (5) and (6), I1, I2 and I3 are the invariants related 
to the stress tensor and J1, J2 and J3 are the invariants related to 
the strain tensor. if it is supposed that stresses and strains are 
linked to the same material point, then from a physical point of 
view, it is necessary to describe a relationship between these 
stresses and strains. 

ideally speaking, the best course of action is to find the 
most general relationship which, when referring to the case of 
tensors, should be invariant when considering orthogonal groups. 
in such a context, said relationship should establish a correlation 
between I’s and J’s of equations (5) and (6). 

As such, this general relationship can be written in the shape 
of a homographical transformation [35]:

 ,  1, 2,3k
k

k
k

 


 


 


 (7)

where σk and εk are the roots of equations (5) and (6) and α, β,γ 
and δ are real constants.

Thus, if the relation described by equation (7) is taken to 
represent a constitutive law, then the parameters α, β,γ and δ must 
be material parameters. using equation (7) for a constitutive law, 
it is possible to describe the changes which occur in a material as 
a result of deformation using the material parameters α, β,γ and δ. 

As such, a unique state of stress related to a certain state of 
strain, even as the structure of the material is changing, can be 
described. This is in line with the usual definition for the stresses 
and strains, which do not depend on any material. consequently, 
only the constitutive law depends on the material.

Since every type of matter changes its structure when the 
deformation process takes place, said change can be reflected 
in the fact that the matter coefficients α, β,γ and δ, which make 
the constitutive law, vary with deformation. in these conditions, 
the matrix associated to the homographical transformation from 
(7) with the expression:

 ˆ  


 
 

  
 

 (8)

becomes fundamental in the generation of the constitutive laws 

Fig. 4. Space diagram illustrating the effects of applied force and testing 
temperature on deflection rate variation during stabilized creep
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for any type of matter – more precisely, in the differential ge-
ometry associated to this matrix.

in such a context, the FeMnSicrni SMA analysis in usual 
space, is reduced to the obtainment of a relation between the 
matrix ensemble α̂ and an ensemble of σ values through which 
σ' remains constant. geometrically, this implies the searching of 
the ensemble of points ( α, β,γ, δ), which univocally corresponds 
to the values of the parameter σ. using (7), the solution of the 
problem is reduced to a riccati type gauge in the form: 

 2
1 2 3 0d          (9)

where the following notations are used [36,37]:
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2

3
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,   
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d d d d
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with

      (11)

it is easy to verify the fact that the metric (ds2):
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 (12)

is in a direct relation with the discriminant from of the quadratic 
polynomial (9)

  2 2
2 1 3

1 4
4

ds      (13)

The three differentiable 1-forms from (10) completely 
define the coframe in every point of the absolute space. This 
coframe allows the translation of all geometric properties of the 
absolute space in the algebraic properties linked to (9) (36,37).

3.2.2. Stresses – strains behaviors of multifractal type

The simplest property refers to dynamics on the metric geo-
desics which can be correlated directly into statistical properties 
and from here the multi-fractalization through stochasticization 
(19,20). in this case, the 1-forms ω1,ω2,ω3 are differentiable in 
the same parameter, i.e. τ:

 1 1 2 2 3 3,  2 ,  a d a d a d         (14)

Along this geodesic, (9) becomes a riccati type equation 
(35-37):

 2
1 2 32d a a a

d
  

    (15)

a1,a2,a3 being constants that characterize certains geodesics 
from the family. 

The equation (15) admits a direct integration, with three 
possible results:

    2
0

1 1

Δ tan Δ  for Δ 0a
a a

           (16)

 
   for Δ 0a b

c d
 



 
  

 
   2

0
1 1

Δ coth Δ  for Δ 0a
a a

         
 

here, Δ and τ0 are defined by the equations:

  2
1 3 2 2 0Δ ,  Δ tan Δa a a a     (17)

For the first case (16) and a,b,c, d are constants, not all of 
them arbitrary. one of the equations (16), depending on what the 
case may be, describes a deformation process at constant strain 
(a relaxation process).

The main procedure can be applied for strain (ε) analysis 
as well. Then,

 2
1 2 32d a a a

d
  

    (18)

a1,a2,a3 being constants that characterize certains geodesics 
from the family. 

The equation (18) admits a direct integration, with three 
possible results:

    2
0

1 1

Δ tan Δ  for Δ 0a
a a

           (19)

 
   for Δ 0a b

c d
 



 
  

 
   2

0
1 1

Δ coth Δ  for Δ 0a
a a

         
 

here, Δ and τ0 (integration constant) are defined by the equations:

  2
1 3 2 2 0Δ ,  Δ tan Δa a a a     (20)

For the second case (19) and a,b,c, d are constants, not all 
of them arbitrary. one of the equations (18), depending on what 
the case may be, describes a deformation process at constant 
stress (a creep process).

now, if a particular case is admitted:

 1 2 3,   2 ,   0a f a f a     (21)

the riccati type equation (15) takes the form (i.e. a logistic type 
equation) [19, 20]:

  1d f
d
  

   (22)

Thus, the increase of σ is restricted by self-interaction ef-
fects of σ 2 (the “finite world/matrix” effect) (19,20). From (22) 
by integration, it results the solution:
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0

1
11 1 exp f







 

   
 

 (23)

where σ0 is an integration constant.
A similar mathematical procedure applied to the riccati 

type equation (18) implies the solution 

 
 

0

1
11 1 exp f







 

   
 

 (24)

where ε0 is an integration constant.
in Fig. 5 the non-dimensional dependences creep strain – 

time for various temperatures are given, while the non-dimen-
sional dependences creep strain rate-temperature for various 
forces is illustrated in Fig. 6. it results that the theoretical model 
is validated through the experimental date.
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Fig. 5. effects of fractal temperature on the variation of non-dimensional 
creep strain with time
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Fig. 6. effects of fractal force on the variation of non-dimensional creep 
rate with temperature

4. Conclusions

The main conclusions of the present paper can be drawn at 
experimental and theoretical levels.

From an experimental point of view:
• A two-stage creep phenomenon was observed at fe-18Mn-

3Si-7cr-4ni (mass. %) SMA subjected to bending. 
• due to the very low amount of applied force (max. 9 n) 

and limited time (2000 s) the average value of bending 
deflection rate as a function of time and temperature varied 
between 4.77×10–6 and 9.35×10–6 μm/(s×°C). These ex-
tremely small values demonstrate that secondary creep has 
been fully stabilized and its rate is almost insensitive to time, 
in the first 2000 s, even at temperatures as high as 300°c.

From a theoretical point of view, considering that the FeMnSi-
crni SMA can be assimilated, both structurally and function-
ally, with a multifractal object, various behaviors of this shape 
memory alloy using the Multifractal Theory of Motion in the 
form of the multifractal hydrodynamic model have been ana-
lyzed. The following conclusions can be drawn:
• The expected form of the multifractal stress tensor has been 

given.
• The general relationship stresses- strains using the differen-

tial geometry was associated to the matrix of 2×2 type with 
real elements, the solution of the problem being reduced to 
riccati type gauge.

• The dynamics on the metric geodesies could be directly 
correlated with stresses-strains constitutive laws which 
enabled to present creep phenomena in FeMnSicrni SMA, 
at various scale resolutions.

• The theoretical model was validated by means of experi-
mental data.
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