
Materials Science and Engineering A273–275 (1999) 533–537

Relationship between thermomechanical treatment, microstructure
and a% martensite in stainless Fe-based shape memory alloys
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Abstract

This work presents some preliminary results relating training treatment, training temperature and the formation of a% martensite
to the shape recovery effect of stainless shape memory alloys. For the composition tested, the sample shows some mechanical
memory (constant tensile stress at 4% strain and constant yield stress throughout the training cycles) with a very good shape
recovery (95% after 4% tensile strain) at a training temperature of 873 K. Its residual strain is related to the generation of perfect
dislocations only. For the sample trained at 723 K, the residual strain could be attributed to incomplete reversion of stress-induced
o martensite, in part due to the blocking effect of a% martensite and also to the generation of perfect dislocations. The influence
of a% martensite on shape recovery is relative and is dependent on training temperature, and the preferential growth of a%
martensite is shown to occur for large grain size. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

In the 1990s, it was observed that
Fe�Mn�Si�Cr�Ni�(Co)-type stainless alloys [1–6] have
a shape memory effect (SME) associated with the non
thermoelastic g(fcc) to o(hcp) martensitic transforma-
tion, and that near the MS (martensitic transformation
starting temperature) temperature martensite could also
be stress-induced. Reversion of this stress-induced o
martensite by heating promotes shape recovery. In ad-
dition to the factors such as high mechanical resistance
and the low stacking fault energy of the austenitic
phase, the training technique also enhances the SME
[3,4,6,7]. It consists of deformation of the sample (e.g.
by tensile stress at room temperature), heating to a
temperature above AF (the reverse martensitic transfor-
mation temperature) to recover the shape and final
cooling to the temperature of the initial deformation.
When repeated several times this operation can increase
the total shape recovery up to 50%. However, this
training technique can also induce the formation of a
second a% martensite that according to some authors

[5,8,10–12] can decrease the degree of shape recovery.
a% Martensite can hinder the reversion of the stress-in-
duced o martensite to the g austenite and can also
revert directly to the g phase, i.e. skipping the phase.
This work will show some results for thermomechanical
treatment (training), the degree of shape recovery, the
appearance of a% martensite and the microstructure for
a stainless shape memory alloy.

2. Experimental procedures

The material used in this work was melted in an
vacuum induction furnace (VIM), hot forged at 1550 K
in bar shape, solution treated at 1323 K for 1 h and
then quenched in water at room temperature (300 K).
The alloy presents the following composition: Fe (bal-
ance), 0.039% C, 13.41% Mn, 5.07% Si, 8.83% Cr and
4.54% Ni (in wt.%). The material was analyzed as: (a)
solution treated; (b) solution treated and 4% tensile
strained and (c) trained at 723 or 873 K (strained 4% in
tension at room temperature, load released to zero,
heated to 723 or 873 K, kept at this temperature for
600 s and then furnace cooled to room temperature).
The recorded parameters of the tensile test were tensile
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stress at 4% strain (s4%); yield stress at 0.2% strain
(s0.2%); shape recovery after unloading, Re; shape recov-
ery upon heating and cooling, Rsm; and total shape
recovery, Rt (=Re+RSM). The effects of thermome-
chanical treatment were analyzed in terms of shape
recovery and variation in tensile stress as a function of
number of cycles. Complementary analyses were per-
formed using optical metallography, hardness measure-
ment and X-ray diffraction.

3. Results and discussion

The influence of training (five or six cycles) and of
training temperature (723 or 873 K) on shape recovery
can be seen in Fig. 1. The two samples present a large
increase in total shape recovery in the first three cycles
then practically levels off in the following cycles. Total
shape recovery RT, is 70% (2.8% of 4% strain) and 78%
(3.1% of 4% strain) in the first cycle, 86% (3.4% of 4%
strain) and 95% (3.8% of 4% strain) in the final cycles
for training temperatures of 723 and 873 K, respec-
tively, (100% means 4% strain recovery). For both
temperatures, the largest contribution to the total shape
recovery, RT, comes from the term RSM (shape memory
effect). The contribution of shape recovery upon un-
loading, RE, is more pronounced at 723 K. It presents
an increase on the order of 4% throughout the cycles
while, for the sample trained at 873 K, the RE was
practically constant. As shown above, another aspect
that should be emphasized is the good total shape
recovery of almost 80% presented by both samples in
the first cycle, i.e. prior to the influence of the training
process (the most common data is around 50% shape
recovery after 4% strain). According to Ogawa and
Kajiwara [13], who were the first to obtain 80% shape
recovery after 4% strain in the first cycle, the sample
presents a band structure, with a mixture of hcp and fcc
phases of very fine thicknesses of 1–10 nm, which
makes the reverse martensitic transformation easier.

Fig. 2. Tensile stress as a function of number of cycles for the samples
trained at 723 and 873 K.

The influence of training treatment and training tem-
perature on the mechanical resistance can also be seen
as shown in Fig. 2. While the sample trained at 723 K
presents an increase in tensile stress at 4% strain, s4%,
and a decrease in tensile yield stress, s0.2%, mainly in the
initial cycles, these parameters remain almost constant
with the cycling for the sample trained at 873 K. The
improvement in shape recovery is very good and com-
parable to the best results published, especially in re-
gards to the training at the highest temperature
[3,4,6–9]. The improvement in the SME with training is
attributed to the introduction of stacking faults (of an
hcp structure) in the austenitic phase, which act as
nucleation sites for the o martensite and suppress defor-
mation leading to the work hardening of the austenitic
matrix. The consequence is a decrease in tensile yield
stress and an increase in tensile stress at 4% strain with
an increase in the number of cycles. This situation is
always supposed to occur, regardless of the training
temperature. However, this work showed that the as-
sumption is true for the sample trained at 723 K but
not for that one trained at 873 K, where both parame-
ters are practically constant throughout the cycles.
Therefore, complementary analyses should be per-
formed in order to reach a better understanding of the
shape recovery process in this alloy.

Table 1 summarizes some other results for the
trained sample, the solution-treated sample and the 4%
tensile-strained sample after solution treatment. The
volume fraction of o martensite for the solution-treated
sample and for the 4% strained sample are, 5 and 9%
and their hardnesses are 207HV and 249HV, respec-
tively. This means that a tensile strain of 4% induces
4% o martensite and an increase in hardness of about
40HV. At the end of five cycles at 723 K, the volume
fraction of o martensite is 20%; this means that 15% of
the stress-induced o martensite was retained, while the
reversion was complete for the sample trained at 873 K.
The presence of retained o martensite would partially

Fig. 1. Shape recovery as a function of number of cycles for the
samples trained at 723 and 873 K.
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Table 1
Volume fraction of o martensite, a% martensite and hardness as
functions of the thermomechanical treatment

a%Thermomechanical Co (%) Vickers Hardness
Appearancetreatment (HV)

No 5.091.01323 K/600 207.492.4
s/water

No4% Tensile 9.291.5 249.090
strained

20.691.9Yes 242.692.9Five cycles/723 K
4.790.8Six cycles/873 K 235.597.0Yes

attributed to the introduction of sessile lattice defects
that hinder the movement of partial dislocations.
Working with Fe�17Mn and Fe�25Mn (in wt.%) alloys,
Tsuzaki et al. [15] observed by TEM that the density of
dislocations as well as the hardness increased consider-
ably after some thermal cycles. These data corroborate
the results obtained in this work, partially justifying the
increase in hardness and the residual strain observed in
the samples. Another fact that should be taken into
account is the formation of a% martensite. As shown in
Table 1, a% martensite was not seen for the solution-
treated and the 4% strained samples. However, a%
martensite was present in the samples trained at 723 K
and at 873 K. Its formation occurred preferentially on
o martensite plates with a rod like morphology, as
shown in Fig. 3. Formation of a% martensite on the o
martensite plates suggests that the precipitation se-
quence is g�o�a%. According to Jang et al. [12], a
larger deformation strain leads to larger a% martensite
rods. This is in agreement with the results of this work,
where the sample trained at a lower temperature with a
higher residual strain presents larger a% martensite rods.
However, some points are controversial: The first point
refers to the influence of a% martensite on the SME.
According to some authors [8,12,16], a% martensite has
a blocking effect on the reversion of o martensite and in
addition reverts directly to the austenite, a%�g. This
causes a decrease in the SME. Tomota and Yamaguchi
[11] showed that a volume fraction of a% martensite
below about 4% does not interfere with the extent of
the SME. This is in agreement with the results of this
work for the sample trained at 873 K, where the shape
recovery is 95% and reversion of the stress-induced o

justify the residual strain or incomplete shape recovery
of the sample trained at 723 K. This can not be the
reason for the sample trained at 873 K, which presents
5% residual strain in spite of the complete reversion of
the stress-induced o martensite. Observing only the
tensile stress data, Fig. 2, one could conclude that the
sample trained at 873 K does not show any work
hardening, since the stress values of the 4% strain and
yield stress throughout the cycles are almost constant.
However, the hardness measurement indicates that the
sample trained at 873K as well as that trained at 723 K
presents a small increase in hardness, which is larger for
the latter. The increase in hardness means a work
hardening of the material and, therefore, the generation
of perfect dislocations, which implies permanent plastic
deformation. Working with a series of Fe�Mn�Si al-
loys, Sade et al. [14] showed that even thermal cycling
(without deformation) between temperatures below MS

and above AF resulted in an increase in hardness with
the number of cycles. This increase in hardness was

Fig. 3. Optical micrography of sample trained at 873 K showing a% martensite (rod shaped).
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Fig. 4. Optical micrography of the samples trained at 723 K showing precipitation of a% martensite on large grains

martensite is complete, in spite of the existence of a%
martensite. However, for the sample trained at 723 K,
the presence of a% martensite could be one of the
reasons for the incomplete reversion of stress-induced o
martensite. In any event, the volume fraction of a%
martensite for the samples tested must have been low
since it was not detected by X-ray diffraction analysis.
The second aspect that ought to be analyzed is the
relationship between training cycles and the appearance
of a% martensite. According to Gu et al. [8], the a%
martensite disappears with an increase in number of
training cycles. This is in disagreement with the obser-
vations in this work, where a% martensite was observed
only in the trained samples. Another aspect observed in
this work, regardless of training temperature, is the
precipitation of a% martensite in localized areas where
the grain size is large, as illustrated in Fig. 4. Areas
with a small grain size such as those on lower left side
of Fig. 4, do not show precipitation of a% martensite. It
seems probable that precipitation occurs in areas with a
large grain sizes, since in these areas stress concentra-
tion is greater and consequently, it can generate a larger
deformation, which is one of the conditions for precipi-
tation of a% martensite. In summary, the residual strain
or incomplete shape recovery for the sample trained at
723 K can be attributed to the incomplete reversion of
stress-induced o martensite, partly due to the blocking
effect of a% martensite and also partly to the generation
of perfect dislocations during cycling. For the sample
trained at 873 K, the reason for the residual strain
could be the generation of perfect dislocations.

These results are preliminary. More detailed studies
linking parameters such as chemical composition, de-
gree of deformation, volume fraction of a% martensite,
training temperature, grain size, etc. are in progress.

4. Conclusions

For the composition tested, the sample shows some
mechanical memory (constant tensile stress at 4% strain
and yield stress during the training cycles) with good
shape recovery (95% after 4% tensile strained) at a
training temperature of 873 K. Its residual strain is
related to the generation of perfect dislocations only.

The residual strain, detected in the sample trained at
723K, can be attributed to an incomplete reversion of
the stress-induced o martensite, in part due to the
blocking effect of a% martensite and also due to the
generation of perfect dislocations.

a% Martensite could be seen by optical microscopy
only in cycled samples, particularly in large grains and
in larger amounts at the lower training temperature of
723 K.
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