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Description

[0001] The present invention relates to a thermome-
chanical treatment method for a Fe-Mn-Si-based shape
memory alloy with Nb, C addition. More particularly, the
present invention relates to a thermomechanical treat-
ment method for a Fe-Mn-Si-based shape memory alloy
with Nb, C addition which exhibits a satisfactory shape
memory effect without undergoing so-called training, pro-
viding improved performance.

[0002] It has been a long time since the Fe-Mn-Si-
based shape memory alloys had been proposed and in-
vented. However, unfortunately, the alloys of Fe-Mn-Si
system may be currently in a situation that the alloys are
not sufficiently used yet and not yet put to practical use.
The main cause is that the alloys can not exhibit satis-
factory shape memory effect without undergoing a spe-
cial thermomechanical treatment called training.

[0003] Here, the training means a process sequence
of repeating the following treatment several times to im-
prove shape memory effect. The treatment consists of
deforming an alloy by 2-3% at room temperature and
then heating it to around 600°C higher than the reverse
transformation temperature of the alloy.

[0004] In the face of the situation of prior art in which
the aforementioned troublesome training is indispensa-
ble, inventors of this invention have earnestly studied
aiming at developing a treatment with simple process,
especially not requiring the training. As a result, the in-
ventors have found a fact that if a small amount of Nb
and C elements is applied to a particular shape memory
alloy i.e. a Fe-Mn-Si-based shape memory alloy and a
suitable aging heating treatment is subjected to the alloy
to generate fine NbC carbides in structure of the alloy, a
sufficiently satisfactory shape memory effect is obtained
without undergoing the troublesome treatment called
training, and thus previously filed a patent application
(see Patent Document 1 = JP-Patent 3 542 754). The
inventors have studied also about the thermomechanical
treatments for the alloy with Nb, C addition, and they
found a fact that pre-deformation in a temperature range
of from 500°C to 800°C and a subsequent aging treat-
ment lead to a further improved shape memory effect
and thus also filed patent applications about this (see
Patent Document 2 = JP-A-2001-296901; Patent Docu-
ment 3 = JP-A-2002-79295).

[0005] We believe that the inventions proposed in the
aforementioned prior applications facilitate astonishing
progress in the shape memory alloy technology, contrib-
ute to put the shape memory alloy to practical use for the
future, and greatly contribute to the development of in-
dustry. However, there are still some points to be im-
proved in proposed inventions. As for the two latter prior
applications (Patent Document 2, Patent Document 3),
the inventions proposed in these applications are signif-
icantly meaningful because the necessary thermome-
chanical treatments are quite easy compared with the
training and yet well improved shape memory perform-
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ance of the alloy is obtained. Thus, the degree of practical
use is dramatically increased. That is, the works and ef-
fects of the inventions of these applications are quite no-
ticeable. However, there still remains a problem that the
treatment process requires a heating treatment in a high
temperature range of from 500°C to 800°C, which causes
difficulties in most cases. It is undeniable that this point
makes it difficult to put the shape memory alloys to prac-
tical use.

[0006] EP-A-1123 983 discloses a shape memory al-
loy of Fe-Mn-Si system containing at least Fe, Mn and
Si, wherein the alloy contains niobium carbides in the
structure and the alloy is subjected to a heat treatment
for homogenization at a temperature ranging from
1000°C to 1300°C and subsequently an ageing at a tem-
perature ranging from 400°C to 1000°C to precipitate nio-
bium carbides.

[0007] "Materials Transactions, Vol. 43, No. 3 (2002),
pp. 585-588" discloses a shape memory alloy of Fe-Mn-
Si system containing Nb and C which is rolled at 870K
by 6% and 14% after the solution treatment and then
subjected to an ageing treatment.

[0008] "Materials Science and Engineering, A273-275
(1999), pp. 67-68" discloses a shape memory alloy of
Fe-14Mn-6Si-9Cr-5Ni which is subjected to the thermo-
mechanical treatment consisting of 10% rolling at room
temperature and subsequent heating to 970 K for 10 min.
[0009] US-A-5,032,195 discloses a Fe-based shape
memory alloy which is hot-rolled in the thickness of 0.8
mm and 4 mm after homogenization, and the hot-rolled
plate of 4 mm is annealed at room temperature several
times and then cold-rolled into a plate having 0.8 mm in
thickness and the cold-rolled plate is annealed at 600°C
for 2 hours.

[0010] The object of the present invention is to funda-
mentally solve the aforementioned problems.

[0011] The inventors of this invention has earnestly
studied aiming at developing and ensuring good shape
memory properties for a shape memory alloy of specified
components even with deformation at low temperatures.
As a result, they found that the satisfactory shape mem-
ory properties can be sufficiently ensured even with de-
formation atroom temperature so as to achieve the afore-
mentioned object.

[0012] Thatis, they found amazing fact that the excel-
lentshape memory property of alloy can be developed
just by applying a basic operation comprising deforming
a Fe-Mn-Si-based shape memory alloy with Nb, C addi-
tion at room temperature and then subjecting the de-
formed alloy to aging heating treatment to precipitate
NbC carbides. In brief, the aforementioned object is
achieved by the present invention.

[0013] The present invention was made on the basis
of the aforementioned knowledge and success. The ob-
ject of the present invention can be achieved by the fea-
tures specified in the claims.

[0014] As athermomechanical treatment for a Fe-Mn-
Si-based shape memory alloy having specified compo-
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nents with Nb, C addition, the deformation prior to aging
is carried out in a temperature range of from 500°C to
800°C in case of the prior applications. According to the
present invention, however, the deformation prior to the
aging treatment can be successfully carried out not at
high temperature but at room temperature, by setting the
deformation ratio in a specified range.

[0015] The technical meaning of the presentinvention
must be clearly understood as compared to the prior art
and the inventions of the prior applications on which the
present invention is based because there are obvious
difference therebetween. That is, according to the
present invention, the remarkable improvement in shape
memory property is achieved first time by a combination
of specified alloy components, specified deformation ra-
tio at room temperature, and setting of aging condition
to a certain range. Amazingly by run-of-the-mill thermo-
mechanical treatment comprising a deformation at room
temperature and then aging, the shape recovery ratio
equivalent to that of the sample subjected to the training
can be obtained and, in addition, the shape recovery
stress significantly larger than that of the sample subject-
ed to the training can be obtained. With development of
the present invention, it is expected that the use of shape
memory alloys will be accelerated toward the practical
use in a wide variety of fields. The invention is described
in detail in conjunction with the drawings, in which

Fig. 1 is a diagram showing relations between the
amount of initial deformation and the shape recovery
ratio depending on the thermomechanical treatment
of Fe-Mn-Si-based shape memory alloys with Nb, C
addition of the present invention; and

Fig. 2 is a diagram showing the relation between the
recovered shape strain and shape recovery stress
depending on the thermomechanical treatment of
Fe-Mn-Si-based shape memory alloys with Nb, C
addition of the present invention.

[0016] The reason why the deformation ratio at room
temperature is specified to be from 5% to 40% comes
from the fact that the deformation ratio lower than 5%
does not effectively contribute to improvement in shape
memory property while the deformation ratio over 40%
makes a sample too hard so that it is extremely difficult
to deform the sample after subjected to an aging treat-
ment.

[0017] An alloy as to be subjected to the thermome-
chanical treatment method for a Fe-Mn-Si-based shape
memory alloy with Nb, C addition of the presentinvention
has the following chemical compositions, just as speci-
fied in the prior applications, 1) Mn: 15% to 40% by
weight, Si: 3% to 15% by weight, Nb: 0.1% to 1.5% by
weight, C: 0.01% to 0.2% by weight, and Fe and inevita-
ble impurities: residual amount, wherein the atomic ratio
Nb/C between Nb and C is 1 or more;

2) The Fe-Mn-Si-based shape memory alloy with Nb, C
addition has the following compositions Mn: 15% to 40%
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by weight, Si: 3% to 15% by weight, Cr: 1% to 20% by
weight, Nb: 0.1% to 1.5% by weight, C: 0.01% to 0.2%
by weight, and Fe and inevitable impurities: residual
amount, wherein the atomic ratio Nb/C between Nb and
C is 1 or more; 3) The Fe-Mn-Si-based shape memory
alloy with Nb, C addition has the following compositions
Mn: 15% to 40% by weight, Si: 3% to 15% by weight, Cr:
1% to 20% by weight, Ni: 0.1% to 20% by weight, Nb:
0.1% to 1.5% by weight, C: 0.01% to 0.2% by weight,
and Fe and inevitable impurities: residual amount, where-
in the atomic ratio Nb/C between Nb and C is 1 or more.
[0018] In either of the Fe-Mn-Si-based shape memory
alloys with Nb, C addition, the atomic ratio Nb/C between
Nb and C in the alloy is preferably from 1.0 to 1.2.
[0019] Further, the alloy as to be subjected to a ther-
momechanical treatment method for the Fe-Mn-Si-based
shape memory alloy of the present invention is permitted
to contain, as impurities, one or more of a group consist-
ing of Cu of 3% by weight or less, Mo of 2% by weight or
less, Al of 10% by weight or less, Co of 30% by weight
or less, and N of 5000 ppm or less.

[0020] Hereinafter, the invention will be specifically de-
scribed on the basis of Fig. 1 and Fig. 2. It should be
noted that examples shown in the drawings are for the
purpose of disclosure for helping the easy understanding
of the present invention and are not intended to limit the
scope of the present invention.

EXAMPLES

[0021] First, a Fe-28Mn-6Si-5Cr-0.53Nb-0.06C alloy
(% by weight) with Nb, C addition of the present invention
was prepared by melting. How the shape memory prop-
erty is improved by rolling at room temperature and then
subjecting it to an aging treatmentin a temperature range
of 400°C to 1000°C for a time period from 1 minute to 2
hours, is shown below.

[0022] FIG. 1is a graph showing differences in shape
recovery ratio among a case in which only aging was
conducted (0% rolling) and cases in which aging was
conducted after rolling by 10%, 20% and 30% at room
temperature. In all of the cases, the aging treatment was
conducted at 800°C for 10 minutes. For comparison, re-
sults of samples of the Fe-28Mn-6Si-5Cr alloy with no
Nb, C addition prepared only by annealing and samples
of the alloy prepared after subjected to the training five
times are shown. The abscissa shows the initial strain
(%) by tensile deformation at room temperature, and the
ordinate shows the recovery ratio of strain when the sam-
ple is heated to 600°C. When heated to 400°C, approx-
imately the same shape recovery ratio is also obtained.
The samples used in tests were test pieces having a
thickness of 0.6 mm, a width of 1 to 4 mm, and a length
(gage length) of 15 mm.

[0023] As is known from this figure, the sample rolled
by 10% has shape memory recovery ratios nearly equiv-
alent to or slightly lower than those of the alloy with no
Nb, C addition which was subjected to training five times.
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Practically the necessary initial strain is believed to be
about 4%. A shape memory recovery ratio of about 90%
shown at this strain strongly suggests that it is used as
apractically applicable alloy. Training of atleast five times
is necessary for obtaining the same shape recovery ratio
as this sample, with a conventional Fe-Mn-Si-based
shape memory alloy with no Nb, C addition. As is under-
stood from this, the present invention exhibits shape
memory properties with a simple method.

[0024] The sample with a higher rolling ratio of 20%
has shape memory recovery ratios nearly equivalent to
or slightly higher than those of the case without rolling
(only aged). However, the sample with a further higher
rolling ratio of 30% has shape memory recovery ratios
lower than those of the case which was only aged in a
range with large initial strain.

[0025] Onthe other hand, as for shape recovery stress
which is one of the important shape memory properties
for practical use, the shape recovery stresses of samples
aged after rolling by 20% and 30% are remarkably im-
proved. Fig. 2 is a graph showing the degrees of improve-
ment in shape recovery stress of these samples, in com-
parison with the case in which only aging was conducted
(0% rolling) and a case in which the aging was conducted
afterrolling by 10%. The recovery stress when recovered
strain on the abscissais zero means the stress generated
when a sample is tensile-deformed at room temperature,
then, heated to the reverse transformation temperature
or more in a state that the both ends of the sample are
fixed without any recovery, and returned to room tem-
perature again. The recovery stress at recovered strain
of 2%, for example, means the stress generated in case
that the both ends of the sample are fixed after arecovery
of strain by 2%. Tests were conducted with the initial
strain given at room temperature of from 4% to 6%.
[0026] The test pieces used were the same as those
used for obtaining the results shown in Fig. 1. The recov-
ered strain on the abscissa in Fig. 2 is explained, taking
acase where a shape memory alloy is used as a coupling
for examples. Itis equivalent to the ratio (%) of clearance
between the pipes and the coupling part (shape memory
alloy) to the diameter. Remarkable increase in shape re-
covery stress is observed in a range of high rolling ratio:
a shape recovery stress of 310MPa is obtained at the
recovered strain of 0% when the rolling ratio is from 20%
to 30% at room temperature and a shape recovery stress
of 200 MPa is obtained even at the recovered strain of
2% for the same rolling ratio. Itis also found that the same
shape recovery stress as the case subjected to training
is obtained even in a case that the rolling ratio is 10%.
[0027] Thatis, asis knownfromthe results of this figure
(Fig. 2), remarkable increase in shape recovery stress is
observed in cases of high rolling ratios (20%, 30%) as
compared to the cases of arolling ratio of 0% and arolling
ratio of 10%. For the sake of comparison, Fig. 2 shows
shape recovery stresss of the sample with no Nb, C ad-
dition and the sample subjected to the training five times.
It is seem from this figure that the recovery stresses of
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these samples are much smaller than those of the
present invention.

[0028] As described above, the present invention was
made by finding that the deformation treatment prior to
the aging treatment to a Fe-Mn-Si-based shape memory
alloy having specified components with Nb, C addition
can be successfully carried out at room temperature if
the deformation ratio is in a specified range. The technical
meaning of the present invention must be clearly under-
stood because there are obvious advantages as com-
pared to a conventional one which requires the training
accompanied by troublesome operation and the inven-
tions of the prior applications which still require high-tem-
perature deformation in a range of from 500°C to 800°C.
[0029] That s, according to the present invention, the
remarkable improvement in shape memory property is
achieved first time by a combination of specified alloy
components, specified deformation ratio at room temper-
ature, and setting of aging condition to a certain range.
Amazingly by run-of-the-mill thermomechanical treat-
ment comprising a deformation at room temperature and
then aging, the shape recovery ratio equivalent to that of
the sample subjected to the training can be obtained and,
in addition, the shape recovery stress significantly larger
than that of the sample subjected to the training can be
obtained. Anyway, the meaning of the present invention
is significant. The shape memory alloy according to the
present invention can be used as tightening materials for
various applications, for example, for tightening water
pipes, tightening oil pipes, etc., which will produce great
economic effects.

[0030] Itshould be noted that the applications as tight-
ening materials mentioned above are just examples and
the present invention is not limited to such applications.
With the development of the present invention, it is ex-
pected that the shape memory alloy will be put to practical
use for various applications in a wide variety of fields.
[0031] The present invention provides a thermome-
chanical treatment means for a Fe-Mn-Si-based shape
memory alloy having specified components with Nb, C
addition with simple processing treatment prior to aging.
In case of the prior applications, the deformation treat-
ment prior to aging is carried out in a temperature range
of from 500°C to 800°C. According to the present inven-
tion, however, the deformation treatment prior to the ag-
ing treatment can be successfully carried out not at high
temperature but at room temperature, if the deformation
ratio in a specified range.

[0032] The technical meaning of the present invention
must be clearly understood as compared to the prior art
and the inventions of the prior applications because there
are obvious difference therebetween. That is, according
to the present invention, the remarkable improvement in
shape memory property is achieved first time by a com-
bination of specified alloy components, specified
processing ratio at room temperature, and setting of ag-
ing condition into a certain range.

[0033] The technical meaning of the present invention
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must be clearly understood as compared to the prior art
and the inventions of the prior applications because there
are obvious difference therebetween. That is, according
to the present invention, the remarkable improvement in
shape memory property is achieved first time by a com-
bination of specified alloy components, specified defor-
mation ratio at room temperature, and setting of aging
condition to a certain range. Amazingly by run-of-the-mill
thermomechanical treatment comprising a deformation
atroom temperature and then aging, the shape recovery
ratio equivalent to that of the sample subjected to the
training can be obtained and, in addition, the shape re-
covery stress significantly larger than that of the sample
subjected to the training can be obtained. With develop-
ment of the present invention, it is expected that the use
of shape memory alloys will be accelerated toward the
practical use in a wide variety of fields.

Claims

1. Athermomechanical treatment method for a Fe-Mn-
Si-based shape memory alloy with Nb, C addition,
the Fe-Mn-Si-based shape memory alloy with Nb, C
addition comprising, as alloy components, Mn: 15%
to 40% by weight, Si: 3% to 15% by weight, Nb: 0.1%
to 1.5% by weight, C: 0.01% to 0.2% by weight, op-
tionally one or two of Cr: 1% to 20% by weight and
Ni: 0.1% to 20% by weight and the balance of Fe
and inevitable impurities, wherein the atomic ratio
Nb/C between Nb and Cis 1 or more, characterized
in that the method comprises the steps of
deforming a Fe-Mn-Si-based shape memory alloy
with Nb, C addition by a deformation ratio of from
5% to 40% at room temperature, and
subjecting the deformed alloy to aging heating treat-
ment to precipitate NbC carbides.

2. Athermomechanical treatment method for a Fe-Mn-
Si-based shape memory alloy with Nb, C addition as
claimed in claim 1, wherein the atomic ratio between
Nb and C is set in a range of from 1.0 to 1.2.

3. Athermomechanical treatment method for a Fe-Mn-
Si-based shape memory alloy with Nb, C addition as
claimed in claim 1 or 2, wherein the Fe-Mn-Si-based
shape memory alloy with Nb, C addition contains,
as impurities, Cu: 3% by weight or less, Mo: 2% by
weight or less, Al: 10% by weight or less, Co: 30%
by weight or less, and/or N: 5000 ppm or less.

4. Athermomechanical treatment method for a Fe-Mn-
Si-based shape memory alloy with Nb, C addition as
claimed in any one of claims 1 through 3, wherein
the conditions for the aging heating treatment are a
temperature range of 400°C to 1000°C and a time
period from 1 minute to 2 hours.
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Patentanspriiche

1. Thermomechanisches Behandlungsverfahren fir
eine Fe-Mn-Si-basierte Formgedachtnislegierung
mit Nb- und C-Zugabe, wobei die Fe-Mn-Si-basierte
Formgedachtnislegierung mit Nb- und C-Zugabe als
Legierungskomponenten aufweist: Mn: 15 bis 40
Gew.-%, Si: 3 bis 15 Gew.-%, Nb: 0,1 bis 1,5 Gew.-
%, C: 0,01 bis 0,2 Gew.-%, optional Cr: 1 bis 20
Gew.-% und/oder Ni: 0,1 bis 20 Gew.-% und als Rest
Eisen und unvermeidliche Verunreinigungen, wobei
das Atomverhaltnis Nb/C zwischen Nb und C min-
destens 1 betréagt,
dadurch gekennzeichnet, da? das Verfahren die
Schritte aufweist:

Verformen der Fe-Mn-Si-basierten Formge-
dachtnislegierung mit Nb- und C-Zugabe durch
ein Formanderungsverhaltnis von 5 % bis 40 %
bei Raumtemperatur, und

Unterziehen der verformten Legierung einer
Warmealterungsbehandlung, um NbC-Carbide
auszuscheiden.

2. Thermomechanisches Behandlungsverfahren fir
eine Fe-Mn-Si-basierte Formgedachtnislegierung
mit Nb- und C-Zugabe nach Anspruch 1, wobei das
Atomverhaltnis zwischen Nb und C in einem Bereich
von 1,0 bis 1,2 festgelegt ist.

3. Thermomechanisches Behandlungsverfahren fir
eine Fe-Mn-Si-basierte Formgedachtnislegierung
mit Nb- und C-Zugabe nach Anspruch 1 oder 2, wo-
bei die Fe-Mn-Si-basierte Formgedéachtnislegierung
mit Nb- und C-Zugabe als Verunreinigungen enthalt:
Cu: héchstens 3 Gew.-%, Mo: héchstens 2 Gew.-%,
Al: hochstens 10 Gew.-%, Co: hochstens 30 Gew.-
% und/oder N: hdchstens 5000 ppm.

4. Thermomechanisches Behandlungsverfahren fir

eine Fe-Mn-Si-basierte Formgedachtnislegierung
mit Nb- und C-Zugabe nach einem der Anspruche 1
bis 3, wobei die Bedingungen fir die Warmealte-
rungsbehandlung ein Temperaturbereich von 400
°C bis 1000 °C und eine Zeitdauer von 1 Minute bis
2 Stunden sind.

Revendications

1. Procédé de traitementthermomécanique pour un al-
liage & mémoire de forme a base Fe-Mn-Si avec ad-
dition de Nb, C, l'alliage & mémoire de forme a base
Fe-Mn-Si avec addition de Nb, C comprenant, a titre
de composants d'alliage, Mn a raison de 15 % a 40
% en poids, Si a raison de 3 % a 15 % en poids, Nb
a raison de 0,1 % a 1,5 % en poids, C a raison de
0,01 % a 0,2 % en poids, en option un ou deux des
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éléments que sont Cr a raison de 1 % a 20 % en
poids et Ni a raison de 0,1 % a 20 % en poids, le
reste étant du fer et des impuretés inévitables, le
rapport atomique Nb/C entre Nb et C étant égal a 1
ou plus,

caractérisé ence que le procédé comprend les éta-
pes consistant a :

déformer un alliage a mémoire de forme a base
Fe-Mn-Siavec addition de Nb, C sous unrapport
de déformation de 5 % a 40 % a température
ambiante, et

soumettre I'alliage déformé a un traitement ther-
mique de vieillissement pour faire précipiter les
carbures NbC.

Procédé de traitement thermomécanique pour un al-
liage @ mémoire de forme a base Fe-Mn-Si avec ad-
dition de Nb, C, selon larevendication 1, dans lequel
le rapport atomique entre Nb et C est choisi dans
une plage de 1,0 a 1,2.

Procédé de traitement thermomécanique pour un al-
liage @ mémoire de forme a base Fe-Mn-Si avec ad-
dition de Nb, C, selon la revendication 1 ou 2, dans
lequel I'alliage a mémoire de forme a base Fe-Mn-
Si avec addition de Nb, C contient, comme
impuretés : Cu a raison de 3 % en poids ou moins,
Mo a raison de 2 % en poids ou moins, Al & raison
de 10 % en poids ou moins, Co a raison de 30 % en
poids ou moins, et/ou N a raison de 5000 ppm ou
moins.

Procédé de traitement thermomécanique pour un al-
liage @ mémoire de forme a base Fe-Mn-Si avec ad-
dition de Nb, C, selon I'une quelconque des reven-
dications 1 a 3, dans lequel les conditions pour le
traitement thermique de vieillissement sont une pla-
ge de température de 400° C a 1000° C et une pé-
riode temporelle de 1 minute a 2 heures.
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