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Ausforming of NiTi
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Lattice defects are introduced into stable austenite (β) by hot rolling up to 70% (in one pass)
in a temperature range between 900>TAF > 340 ◦C (ausforming (AF)). The changes in
microstructure, thermal transformation behavior, as well as normal and anomalous
properties in stress-, strain-, and temperature-space were studied. Martensitic
transformation temperatures are lowered with decreasing deformation temperature and
increasing amount of deformation. A two-stage reaction is induced at TAF ≤ 400 ◦C.
Deformation twins are the predominant microstructural feature, in addition to dislocations
at TAF ≤ 700 ◦C. Highly elongated grains indicate that long-range recrystallization is absent
at all ausforming temperatures. Semicoherent pecipitation in addition to high dislocation
densities are likely to be responsible for the premartensitic anomalies of thermal
transformation for TAF ≤ 400 ◦C. Ausforming leads to a considerable increase in
conventional strength properties (yield stress, tensile strength, elongation) without loss of
transformability and, consequently, shape memory or pseudo-elasticity. C© 1999 Kluwer
Academic Publishers

List of Symbols and Units

Symbol Unit Meaning

A≡β – Austenite
AF – Ausforming
b, bα, bβ m Burger’s vector
Cα,Cβ l Relating defect distribution

to1σ
ε l Any strain
εAF l Amount of ausforming
εeα, εeβ l Elastic deformation inα, β
εpα, εpβ l Plastic deformation inα, β
εβα l Strain due toβ → α

transformation
ε f α l Fracture strain in martensite

α

Gα,Gβ Pa Shear modulus ofα, β
γβα l βα transformation shear
M ≡ α – Martensite
Ms K Martensite start
1Ms (AF) K Change ofMs due to AF
Md K Limit of strain-induced

M-formation
Rpα Pa Yield stress
Rmα Pa Tensile strength
%α, %β m−2 Defect density inα, β

(dislocations)
Sβα J K−1 m−3 Entropy ofβ → α

transformation
σ Pa Any stress
σβα Pa Stress forβ → α

transformation

σβαS, σβα f Pa Start, finish of transformation
1σβα (AF) Pa Raise ofσβα due to AF
T K Any temperature
TAF K Ausforming temperature:

T >Md

1. Introduction
The term “ausforming” was first used for a thermo-
mechanical treatment (TMT) by which defects were
introduced into the austenitic structure of certain
steels [1]. Subsequent martensitic transformation of
defect austenite in maraging steels may lead to ultra
high yield strengths of>3 GPa [2]. In this case, the
austenite is deformed in a temperature range of metasta-
bility between pearlite and bainite, above the tem-
perature (Md) below which strain- or stress-induced
transformation takes place. Strengthening is due to the
fact that additional lattice defects, especially disloca-
tions, are sheared into the martensite during cooling
from the deformation temperature.

More recently, this method was applied to brass-type
shape memory alloys (SMA) [3]. The purpose is again
an improvement of strength, while shape memory is
expected to be preserved or improved [4]. In addition
to better load carrying ability, an enhanced resistance
to thermomechanical fatigue is often required for shape
memory applications [5].

Six temperature ranges can be defined for which
shape memory alloys show different deformation be-
havior under mechanical stress (Fig. 1). Ausform-
ing has to take place in untransforming homoge-
neous austenite, range I, in which small amounts of
a second phase may form (range 1C), for example
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Figure 1 Definition of temperature ranges for deformation of al-
loys which undergo martensitic transformation belowMs: TI <Md

plastic deformation of stable austeniteβ; (a) disordered solid so-
lution; (b) ordered intermetallic compound and (c) heterogeneous
structure.TI I I < TI I <Md plastic strain (inβ) inducedβ→α trans-
formation; M% < TI I I < TI I stress-inducedβ→α transformation;
M f < TI V <Ms continued stress-inducedβ→α plus reorientation
α+−→α+ of (β +α) phase mixture;TV <M f reorientation of com-
pletely transformed domain structureα+−→α+, disordering by high
amounts of deformation;Mm temperature of maximum rate of marten-
sitic formation during cooling corresponds to the maxima in the DSC-
curves (see Figs 3b, 4c, 6c):d fα/dt = max.

Figure 2 Section of the NiTi-phase-diagram indicating the composition
of the alloy (dotted).

by precipitation (ausageing). In Cu-base alloys an
order→ disorder transformation takes place around
500◦C so that pure ausforming (range I) implies intro-
duction ofa/2 〈1 1 1〉 dislocations into the b.c.c.-lattice
[4]. The present paper is concerned with slightly off-

stochiometric NiTi, which provides the prerequisite for
precipitation atT < 500◦C, and which—in contrast to
the Cu-base alloys—remains ordered up to the melting
temperauture (∼1200◦C) (Fig. 2).

The purpose of this investigation is the analysis of the
effect of defects introduced into austenite on thermal or
mechanical martensitic transformation behavior and on
conventional strength.

2. Material and experimental procedure
The chemical composition of the alloy was slightly
off-stochiometric, 50.3 at % Ni (Figs 1 and 2), so
that precipitation could be expected forT < 500◦C.
The course of the transformation cycles, as determined
by differential scanning calorinetry (DSC), of the as-
received and betatized state agreed rather well. Aus-
forming (AF) was conducted in a temperature range
of 340◦C< TAF < 900◦C. The deformation could be
obtained by rolling and subsequent quenching in one
pass (unless otherwise indicated). Amounts of deforma-
tion up to about 70% were reached forTAF≥ 400◦C.
Plastic deformability decreased considerably at lower
temperatures.

DSC was used to analyze thermal transformation cy-
cles of all the TM-treated specimen. Stress-strain curves
and mechanical cycles were obtained of selected aus-
forming treatments. A combination of light microscopy
(LM), scanning (SEM) and transmission electron mi-
croscopy (TEM) were required for a complete analy-
sis of the microstructure:β-grain structure, martensite
morphology and defects introduced into austenite by
the AF-treatment.

3. Experimental results
The as-received or the as-betatized conditions of the
alloys show the simplest possible (one step) transfor-
mation behavior withMs just below,Af above ambient
temperature (Fig. 3). The grain structure is equi-axed,
superimposed is a dispersoid of about 3 vol % of
1µm diameter particles, possibly TiO2 introduced dur-
ing metallurgical processing or TiC, from impurities
of carbon of 0.13 wt %. Ambient temperature cor-
responds to the onset of martensitic transformation.
Cooling to−196◦C leads to a fully transformed fine-
scale, fractal structure. Ausforming lowers somewhat
the temperature range (Ms,Mm,M f ) of martensitic
transformation, while retransformation is almost un-
affected (Fig. 4). Nevertheless, the LM microstructure
is changed considerably into elongated grains, imply-
ing no evidence for longrange recrystallization (Fig. 5).
In addition, twins appear, increasing in number with
amount of deformation and decreasing ausforming tem-
perature, changing orientation from about 45◦ to par-
allel to the direction of rolling. These twins can, but
must not, be confused with martensitic crystals, be-
cause they form far aboveMd (Fig. 1). In the to-
tal range of 500◦C≤ TAF < 900◦C, a simple one-step
reverse transformation behavior is observed during a
colling/heating cycle: A→M→A (Fig. 4).
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(a)

(b)

Figure 3 (a) Microstructure (LM) of undeformed betatized state: 20′ at 900◦C↓H2O (incipient martensite) and after full transformation to−196◦C
and reheating to 20◦C (fractal martensite); and (b) DSC reversible single step cycle.

At TAF = 400◦C only after 70% deformation, and at
the lower deformation temperatures a two-stage process
is induced. The separation becomes more pronounced
with increasing amount of deformation and decreasing
temperature (Fig. 6). There are no new features revealed
by light microscopy (Fig. 7). Martensitic transforma-
tion takes place in the finally twinned microstructure of
the ausformed austenite at a fine scale, which can only
be resolved by SEM (Fig. 7b and c).

Transmission electron microscopy (TEM) confirms
the formation of deformation twins and dislocations in
a wide temperature range (Figs 5 and 7), and provides
evidence for precipitation atTAF < 400◦C (Fig. 7).

After microstructural analysis, these structures were
studied inσ -, ε-, T-space by tensile and compression
tests and heating experiments. All experiments started
out in the austenitic condition. The course of a stress-
strain curve is composed of five ranges of different types
of deformationε (Fig. 8):

I εeβ elastic, austeniteβ;
II εβα stress-induced transformation;

III εeα elastic, stress-induced martensite;
IV εpα plastic, martensite;
V ε f α fracture of martensite after necking.

Fig. 9 shows the typical course of stress–strain curves
and the effects of ausforming. Typical data obtained
from tensile tests have been summarized in Table I.
StartσβαS and finishσβα f of stress-induced transfor-
mation is shifted to slightly higher stresses. More pro-
nounced is the increase in yield stressRpα and tensile
strengthRm. Elongation to fracture is also increased.
Fractographic studies by SEM showed ductile simple-
fracture in all cases, preceded by uniform elongation
which was increased considerably by ausforming. The
results obtained by tensile testing were confirmed by a
number of compression tests as far asσβα and Rpα is
concerned.

Mechanical cycling experiments showed for compa-
rable conditions, i.e. constant strain of 3%, a higher
stability of the ausformed state for mechanical, as well
as for mechano-thermal cycles because of the increase
in conventional yield stressRpa (Fig. 10).
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Figure 4 Ausforming atTAF ≥ 500◦C; (a) Light microscopy (TAF, εAF) 1) 500◦C 28% twinned structure 2) 900◦C 71% lamination 3) 500◦C 71%
fine lamination; (b) Transmission electron microscopy 1) betatized grain boundaries, dislocation 2) 500◦C 28% deformation interacting with defect
structure; and (c) DSC, same type of transformation as Fig. 3b, lowered transformation temperatures.
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TABLE I Results of tensile (T) and compression (C) tests

T/C σβαS σβα f ε atσβα f Rpα ε atσpα Rm ε f

Undeformed T 200 320 5.7 580 +6.8 720 10
400◦C, 30% T 225 320 6.1 612 +7.8 920 18
400◦C, 65% T 244 310 5.6 700 +7.5 980 18
400◦C, 75% T 266 325 5.4 730 +7.5 980 17
Underformed C 150 300 −4.4 870 −6.3 – –

as betatized
500◦C, 28% C 160 330 −4.6 1060 −7.2 – –
500◦C, 71% C 150 320 −4.8 1080 −7.0 – –
380◦C, 30% C 210 390 −4.4 1210 −7.2 – –

Figure 5 Transformation temperatures (Mm, Am, see Fig. 1) and hard-
ening as function of amount of ausformingεAF .

4. Discussion
It is well established that twinning in b.c.c. solid so-
lution is disfavored by order [7], because the nearest
neighbor relations must be changed so that twinning
in the B2-structure implies formation of a new crystal
structure. Slip facilitated by pairs ofa/2 〈1 1 1〉 dislo-
cations becomes the easier process [8]. This work has
shown that this is not true for elevated temperatures.
Evidently a combined “twinning-plus-restoration-of-
order” process competes successfully with slip so that
the typical twin-lamellated microstructure originates in
a wide range of ausforming conditions (Figs 5, 7, 11
and 12).

The major concern of this investigation was how the
defect structure of austenite affects thermally and me-
chanically induced martensitic transformation [9, 10],
as well as conventional mechanical properties such as
yield stressRp and tensile strengthRm and true plas-
tic deformability. The twinned microstructure induces a

very fine-scale martensite; its amount is hardly reduced.
Mainly due to the dislocation forest inside the twins the
driving force required for formation of martensite crys-
tals is increased. A consequence is the lowering of the
temperature range of martensite formation (Mm max-
imum rate of formation). The pseudo-yield stress is
raised (stress required for the onset of stress-induced
β→α transformationσβαS). Both effects must be due
to the interaction of the partial dislocations in the mov-
ing β/α-transformation interface with the defects in-
troduced during ausforming (Fig. 13) [9, 10]:

MS(0)−1MS(AF) = MS

(1)

1MS(AF) = 1σβα γβα
Sβα

Conventional strength of austenite would have to be
measured above theMd-temperature (Fig. 1). In this
investigation, it was estimated by hardness measure-
ments [6], conducted at somewhat elevated temperature
(+100◦C, Figs 4 and 6) to avoid stress induced marten-
site as well as diffusional relaxation. Strengthening is
due to the increased defect density and possibly to a
change in texture.

σβα(0)+1σβα(AF) = σβα
(2)

1σβα(AF) = CβGβbβα
√
%β

For the analysis of complete stress–strain curves, the
five strain ranges are to be distinguished (Figs 8 and 9):

ε = εeβ + εβα + εeα + εpα + ε f α (3)

Ausforming considerably affects the stress levels at
which the different modes of deformation occur.εpα

implies (true) plastic deformation of stress-induced
martensite which has inherited the ausforming-
induced defects. The stress ranges for these diffe-
rent deformations depend differently on temperature
(Figs 13 and 14). The plateau stressesσβαS, σβα f

are highly temperature-dependent according to a
Clausius–Clapeyron type equation [9]:

dσβα
dT
= Sβα
γβα

(4)

σβα approaches zero atMs. The yield stress of the
stress-induced martensite shows only negligible
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(a) (b)
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Figure 6 Ausforming atTAF < 500◦C (a) 1) 340◦C 8% twinning in grains (LM) 2) 400◦C 30% cooled to−196◦C, martensite in lamellated structure
(SEM) 3) 400◦C 70% cooled to−196◦C, ultra-fine martensite in lamellated structure; (b) 1) 400◦C 30%%≈ 1015 m−2, plus particles< 0.1 µm φ

(TEM-bright field) 2) 400◦C 30% fine scale twinning, dislocations, particles; and (c) DSC two-step reaction during cooling.
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Figure 7 Transformation temperatures (Mm, Am, premartensitic P) and
hardening as functions of amount of ausformingεAF (¯ cold worked).

Figure 8 Effects of ausforming on stress-strain curves (test tempera-
ture, rangeTI I I ), schematic: required is finish of transformationσβα f

x,
preceding start of plastic deformation of martensiteh, consequently no
point of inflextionx.

temperature dependence. It is, however, raised consi-
derably by the ausforming-induced defects.

1σpα = CαGαbα
√
%α (5)

The course of a stress–strain curve, especially the exis-
tence of a range of purely elastic deformation of marten-
siteεeα, depends on the condition:

σβα f + σpα (6a)

A low test temperature, not too far aboveMs, and
considerable work hardening by ausforming favors the
condition:

σβα f ¿ σpα (6b)

(a)

(b)

Figure 9 (a) Stress-strain curves of untreated and AF-treated alloy, com-
pare Table I; and (b) 3%-pseudo-elastic (60◦C) or -plastic (20◦C) yield-
ing of ausformed alloy.

Figure 10 Effects of ausforming on martensite startMs and pseudo-
yield stressσβα , schematic.

and therefore the separation of the range of stress-
induced transformation and of true plasticity (Fig. 14).
The untreated condition shows a point of inflection
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Figure 11 Effect of ausforming conditions (TAF, εAF) on microstruc-
ture and mode of transformationx dislocations; hplus twins,⊗ plus
particles; A austenite; M martensite, p premartensite.

Figure 12 Model for a combined twinning+ reordering reaction in the
B2-structure.

d2σ/dε2 at which the alloy is still transforming, while
the martensite is already plastically deforming:

σβα > σpα (6c)

Condition 6b is required for most shape memory ap-
plications, especially if repeated transformation cycles
are required. Condition 6c implies that undesired de-
fects originate and consequently fatigue phenomena

occur (Figs 5, 11 and 12) [11–14]. These lead not only
to mechanical damage and final fracture but also to
uncontrolled shifts in transformation temperatures and
reductions in the SM-effects.

Research on precipitation and textures produced by
ausforming and fatigue resistance is under way. Based
on this understanding, a further improvement of shape
memory as well as conventional mechanical properties
is expected, which is one prerequisite for safe perfor-
mance of these materials in engineering and medicine
(Figs 13 and 14) [14].
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