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The influence of the addition of C to the Fe-Mn-Si-Cr-Ni base material is investigated at room temperature.
Steel samples were deformed during a tensile experiment up to a strain of 17%. Light optical microscopy
(OM) and x-ray diffraction (XRD) gave information about the different micro-structural phases that exist
in the deformed and the undeformed alloys. The evolution of the defect structure is followed by positron
annihilation techniques such as Doppler broadening of annihilation radiation spectroscopy (DBAR) and the
positron annihilation lifetime spectroscopy (PALS). During deformation a martensitic e-phase is induced.
The size of the martensite plates increases with increasing deformation.
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1. Introduction

Fe-Mn alloys with 10-30% Mn are characterized by the
reversible and self-accommodating face centred cubic (fcc) c
austenite to hexagonal close packed (hcp) e martensite
transformation (Ref 1). Ferrous shape memory alloys (SMA)
based on Fe-Mn alloy system have received much attention
since the eighties of the last century and there are definite
signals from the shape memory materials research community
that they may become a new class of one-way SMAs of great
technical importance due to their cost-effectiveness (Ref 2).
The shape memory effect (SME) in FeMnSi alloys was first
reported by Sato et al. (Ref 3). They have found that a single
crystal of a Fe-30%Mn-1%Si alloy exhibited a complete SME
when deformed in the Æ414æ direction. Sato et al. (Ref 4) and
Murakami et al. (Ref 5) also succeeded in developing poly-
crystalline FeMnSi SMAs. Moriya et al. (Ref 6) and Otsuka
et al. (Ref 2) developed FeCrNiMnSi and FeCrNiMnSiCo
SMAs, which are characterized by their corrosion resistance.

The large hysteresis and a poor shape recovery in the Fe-Mn
binary system was addressed by making specific alloying
additions of Si, C, Co, Ni, and Cr. The SME in FeMnSi alloys
strongly depends on the alloy composition. The addition of C
strengthens the austenite and increases the stacking fault energy
(Ref 7, 8), while it decreases the Ms temperature (Ref 9, 10).
Tian et al. (Ref 11) determined the effect of carbon on the Ms of
FeMnAlCr alloy and suggested that C strongly depresses the
c fi e martensitic transformation. Tsuzaki et al. (Ref 9)
examined the effect of carbon in the FeMnSi alloy. They
reported that the SME is improved by the addition of carbon.

In order to reach a complete SME, three conditions must be
fulfilled. First, the deformation must result in the stress-induced
e martensite formation only. Second, the yield stress of the c
matrix should be as high as possible to avoid an initial
deformation by slip. Finally, the shape strain of stress-induced
martensite should be completely reversible, which means that
the martensite interface must remain mobile at all times. The
forward and reverse transformations occur by the movement of
planar martensite interfaces, which contain the transformation
dislocations. The required martensite morphology for ferrous
SMA is of the thin plate type.

Because the SMAs posses low stacking faults energy, the
nucleation of the martensite may occur by means of the
stacking fault mechanism (Ref 12). The transformation results
in thin e martensite plates, which have specific crystallographic
orientations with respect to each other. This is due to the fact
that the martensitic c fi e transformation is obtained by the
glide of isolated Shockley partial dislocations on every second
{111}c plane. There is no macroscopic deformation of the
single crystal when the c fi e transformation is induced
thermally. The deformation results in the dominance of e
martensite variants, which are suitably oriented with respect to
the applied stresses, and a decrease of the volume fraction of
the other e variants in each original c grain. It must be
mentioned that FeMnSi-type ferrous SMAs always contain
retained austenite at room temperature. The e martensite forms
dense regions of transformed regions, which still contain the
parent c phase. At the intersection of two variants of e
martensite, a¢ martensite was often observed (Ref 13). It is
very likely that the formation of a¢ martensite is the main
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cause for relatively low recovery of the ferrous SMAs. The a¢
regions impede the reverse motion of the Shockley partial
dislocations. One of the challenging problems of the Fe-Mn-
based alloys is the relatively low, fully reversible pre-strain,
usually less than 2% in contrast to over 6% in the Ni-Ti and
Cu-based alloys.

During the last few years, the positron annihilation tech-
nique has been widely used to study defects and phase
transition in SMAs. Most of the work had been done on the
Ni-Ti and Cu-based alloys (Ref 14-16). Very few publications
have been published about the Fe-Mn-based alloys (Ref 17, 18).

In the present study, the influence of deformation and carbon
addition on Fe-Mn-Si-Cr-Ni alloys is studied by a combination
of optical microscopy (OM), x-ray diffraction (XRD), and
positron annihilation spectroscopy (PAS) techniques. OM and
XRD give accurate information on the different phases present
in the material. PAS techniques were used to study the defect
behavior in the samples and to see if any effect of the phase
transformation during deformation could be detected.

The positron annihilation technique is known to be a highly
sensitive method for open volume defects (Ref 19). The defect
structure after plastic deformation of metallic samples can also
be investigated with the positron annihilation technique
(Ref 20). It is expected that PAS can help in understanding
more about the stress-induced martensitic transformation in
FeMn-based alloys. Two basic techniques are used: positron
annihilation lifetime spectroscopy (PALS) and Doppler broad-
ening of annihilation radiation spectroscopy (DBAR).

Positrons from a radioactive source are injected into the
sample. After thermalization, the positron diffuses through the
solid and gets trapped by defects present in the sample. Defects
capable of localizing the positron are vacancies, vacancy
agglomerates, voids and dislocations. PAS has proven to be a
uniquely sensitive probe for nanometre defects. The high
sensitivity of positrons to defects stems from two facts: their
attraction to atomic-size defects and their long diffusion length,
which is about a few hundred nanometres in most materials
(Ref 21). PALS can quantify the size of open volume defects as
well as the defect concentration and is based on the precise
measurement of the lifetime of a positron in a solid. The
concentration can be deduced from the fraction of positrons that
annihilate from a trapped state. The defect size is directly
related to the position lifetime; the larger the defect, the lower
the local electron density is and consequently the longer the
positron lifetime will be (Ref 22).

DBAR is based on the measurement of the linear momen-
tum of the annihilating electron-positron pair. The photons
created during the electron-positron annihilation are detected by
a germanium detector. The shape of the resulting photo-peak
reflects the momentum distribution of the original electron-
positron pair. This distribution is determined by the size and the
nature of the defects. Measurements of the Doppler broadening
of positron-electron annihilation radiation are generally char-
acterized by the S (shape) parameter, defined as the ratio
between the central part of the annihilation spectra and the total
spectra. This parameter reflects the positron annihilation with
valence electrons (low momentum). In general, a high value of
S indicates positron annihilation in open volume defects. A
second useful parameter for the analysis of DBAR is the W
(wing) parameter, which reflects the positron annihilation with
high momentum electrons (core electrons). It is defined as the
ratio of counts in two side windows and the total number of
counts.

The plastic deformation of metals and alloys produces
changes in the density and distribution of defects. In plastic
deformed metals and alloys, the positrons are captured by
dislocations and vacancies. In polycrystalline samples, the
deformation becomes complex due to the various interactions
between dislocations and the grain boundaries (Ref 23). The
interaction of dislocations during the deformation can lead to
a raise of the formation of jogs and point defects. Some
measurements of positron annihilation have been made for
martensitic transformations in metals and alloys (Ref 24-27).
Dislocations produced during the transformation must be
considered when martensitic transformation is studied by
positron annihilation. Segers et al. studied together different
types of SMAs (Ref 17, 28, 29).

2. Experimental

Two different Fe-Mn-Si-Cr-Ni alloys were prepared for this
study. Their chemical composition is given in Table 1. They
were cast in an air furnace, air cooled, reheated to 1200 �C and
hot rolled on a laboratory mill from 20 to 2 mm and air cooled.
In order to austenitize the samples; they were heated to 1100 �C
for 15 min and water quenched to room temperature. The
specimens examined by optical microscopy were first mechan-
ically polished and then electrolytically polished in a solution
of 20% perchloric acid and 80% butylcellosolve. Afterwards,
the specimens were color etched in an aqueous solution of 1.2%
K2S2O5 and 0.5% NH4HF2. Each phase could clearly be
distinguished on the basis of its color and morphology.

Positron lifetime measurements were performed at room
temperature using a fast-fast lifetime spectrometer. Each
spectrum contained at least 106 counts and was analyzed with
the program LT by Kansy (Ref 30). As a positron source
22NaCl of about 10 lCi was sealed between two kapton foils
with a thickness of 7.5 lm, which had to be surrounded by two
identical samples in the so-called sandwich configuration
(Ref 31). The resolution of the setup is 200 ps, while the
source contribution was 14% with a single lifetime of 384 ps.

The tensile tests were carried out on LRX–PLUS (LLOYD
Instruments) tensile test machine with maximum force of 5 kN.
The shape and dimensions of the specimens are shown in
Fig. 1. Tensile test was performed to make elongation of
the sample. The elongation rate was 0.1 mm/min. During the
deformation of the sample, the Doppler broadening (DB) of the
511 keV annihilation line is measured using high-purity
germanium detector with a resolution of 1.2 keV at the
514 keV line of 85Sr. The results are analyzed in terms of the
so-called S- and W-parameter. The S parameter is obtained for
each sample from the measured 511-keV peak by dividing the
counts in the central region by the total counts in the peak after
subtracting background. The energy window of the central

Table 1 Chemical composition of Fe-Mn-Si-Cr-Ni-C
in wt.%

Element Fe Mn Si Cr Ni C

FeMnSiCrNi 67.34 12.6 6 9.27 4.74 0.05
FeMnSiCrNiC 66.84 12.56 6.09 9.44 4.89 0.18
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region was chosen so that S parameter equals to 0.5 in the well-
annealed Fe sample.

3. Results and Discussion

3.1 OM and XRD

Figure 2 shows the microstructure of the Fe-Mn-Si-Cr-Ni-C
alloys before and after deformation. The micro-structural

analysis for the undeformed samples revealed the presence of
large austenite grains (c phase), residual ferrite grains and e
phase. The amount of residual ferrite grains between the
austenite is less in the alloy without carbon.

This is also measured with the XRD (Fig. 3). The e
martensite is clearly visible in the alloy without carbon and is
less in the carbon alloyed one. It appears as thin parallel lines
with dark contrast inside the austenite grains. This small
quantity of e martensite before the deformation process is
probably induced during grinding or polishing or can be
induced thermally. By deformation, more e martensite is

Fig. 1 Shape and dimensions of the tensile test sample

Fig. 2 Light optical microstructures (OM) for the alloys: (a) Fe-Mn-Si-Cr-Ni undeformed, (b) deformed, (c) Fe-Mn-Si-Cr-Ni-C undeformed,
and (d) deformed
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transformed from the austenite. There is an increase in the
intensity of the (002)e peak. In the OM, the e phase appears as
broader white lines in the alloy without carbon and clearly
thinner black lines in the alloy with carbon. From the XRD
result we can also conclude that the alloy without carbon
contains more e martensite phase.

Comparing the deformed and the non-deformed samples
through the OM pictures, one can see that the stress induced

c fi e transformation proceeds by the growth and broadening
of the existing e martensite plates rather than the formation of
new plates (Ref 32, 33).

3.2 Positron Annihilation

Positron annihilation lifetime data are presented in Table 2.
For the undeformed samples of Fe-Mn-Si-Cr-Ni-C, the lifetime
for positrons was 107 ps which is the same in case of defect-
free Fe (Ref 34). In the widely used two-state trapping model
(Ref 35), it is assumed that positrons annihilate either in the
bulk portion or get trapped in defects before annihilation. In the
latter case, they survive for more time in the material, which is
given by the longer lifetime. This variation of the lifetime
values is relevant to defect type (dislocation, mono-vacancy,
cluster of vacancy, micro-void). In pure Fe, the lifetime value
for positrons trapped in dislocations is around 160 ps and for
positrons trapped in mono-vacancies, it is around 180 ps
(Ref 36-39).

For the deformed samples, the positron annihilation lifetime
spectra have two components for the lifetime. The shortest
lifetime components s1 for the two samples are 61 and 67 ps,
which are due to the annihilation of non-trapped positrons. The
second lifetime component for the two samples is 151 and
150 ps, which are related to the positron annihilation in
dislocations. The concentrations of dislocations in both
deformed samples are calculated using the same equations
and parameters used by Park et al. (Ref 40). One can conclude
that the alloy without carbon has more dislocations than the one
of carbon.

3.3 Doppler Broadening (DB) and Stress-Strain Relation

There are different stages of deformation of the SMAs,
which have different deformation mechanisms. The first stage
happens in the range of smaller strains, the self-accommodation
mechanism of martensite plates, not the dislocation slip
mechanism, is responsible for the deformation of the SMAs.
The orientations of martensite plates are adjusted or reoriented
in accordance with the direction of the applied stress, which
results in macroscopic deformation, but does not result in an
increase of micro defects. Even if defects as twin boundaries
and stacking faults may be created during deformation, they are
thought to be unable to attract positrons. Once the strain
increases beyond several percent, another deformation mech-
anism will take place. Dislocation slip produces many defects,
capable to trap the positrons. The S parameter can be written as

S ¼
X

i

PiSi þ
X

i

PdiSdi

where Pi is the probability of the annihilation of positrons in
phase i and Si is the respective line shape parameter. Sdi
counts for the part of positrons annihilated due to the defects
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Fig. 3 XRD for the alloys: (a) undeformed and deformed Fe-Mn-
Si-Cr-Ni; (b) undeformed and deformed Fe-Mn-Si-Cr-Ni-C

Table 2 Positron annihilation lifetime in Fe-Mn-Si-Cr-Ni-C samples

Sample s1, ps I1, % s2, ps I2, %
Concentration of

dislocations, 1014 m22

FeMnSiCrNi 107 100 … …
FeMnSiCrNi 15% deformed 61 21 151 79 1.287
FeMnSiCrNiC 107 100 … …
FeMnSiCrNiC 15% deformed 67 24 150 76 1.046
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of phase i with its respective probability Pdi (Ref 17). In
Fig. 4 as the degree of deformation is smaller than 5%, the
change in S parameter (normalized to the S values of the cor-
responding un-deformed samples) is very small to be recog-
nized and for deformations higher than 5% the S parameters
increase remarkably. An increase of defect density leads to an
increase of the S-parameter in both samples, which can be
recognized through the comparison of the data of the
deformed and the undeformed samples. For the common met-
als and alloys, the positron parameters increase markedly at
the early stage of increasing strain, and rapidly became satu-
rate when the samples are subjected to plastic deformation
(Ref 41-43).

3.3.1 Effect of Carbon on the S Parameter. In both
samples (low carbon, high C sample) the pattern of the S
parameter (normalized to the S values of the corresponding
un-deformed samples) versus the deformation gave the S-line
shape curve (Fig. 4e, g). At the first stage increasing the true
strain up to 7% (a fi b) and (a¢ fi b¢) respectively leads to a
slight increase in the value of the S parameter. The next stage is
starting from 7% up to 11% (b fi c) in case of the low C
sample and between 7% and 16% (b¢ fi c¢) of the high C

sample. The value of S parameter increases greatly with
increasing strain. This is also observed in CuZnAl SMAs
(Ref 16). The behavior of the S parameter in case of the high
carbon sample differs from that of the low carbon sample. The
S parameter increases with increasing strain but the change in
the S parameter is not that high as the one of the low carbon
sample. This means that the carbon content added to the alloy
has an effect in the change of the microstructure, the
concentration, and the type of defects created in the alloys.

During deformation the transformation c fi e proceeds and
a¢ martensite is formed at the intersections of the e plates,
which causes strain hardening. As shown by the XRD
measurement, the low carbon alloy forms much more e
martensite during deformation, which results in a higher strain
hardening compared to the high C alloy. The uniform
elongation is larger for low C alloy. This might be correlated
with the fact that due to the formation of the e phase or
twinning the microstructure is progressively subdivided in
much smaller sized units in the C-added alloy. Consequently,
the effective grain size is reduced. In such steels with a smaller
grain size, more stress is needed for the movement and
multiplication of dislocations. They are impeded by the grain
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Fig. 4 Plot of S parameter (normalized to the S values of the corresponding un-deformed samples) as function of strain for (e) FeMnSiCrNi
and (g) FeMnSiCrNiC alloys and the S-W relation for (f) FeMnSiCrNi and (h) for FeMnSiCrNiC alloys
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boundaries, which lead to a lower strain hardening and a
smaller uniform elongation. This can be recognized in the
behavior of the S parameter in both samples. The S parameter
increases with increasing deformation and in case of low
carbon steel, it is clear that the change in the S parameter is
more than the one of high C sample.

From the S-W plots (Fig. 4f, h), the relation is giving one
straight line (lines are drawn as a guide for the eyes). This can
be ascribed to the existence of one kind of defect. This defect
could be dislocations, which is correlated with lifetime results.

4. Conclusion

From the results of the positron annihilation, the Doppler
broadening parameter S increases as a result of the trapping of
positrons in defects. In the early stages of deformation, no
significant increases of the S parameters for both alloys are
observed. The increase of S is caused by an increasing number
of lattice defects (dislocations). The carbon content in the alloys
has a significant effect in the value of the S parameter, which
means the concentration of defects.
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