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ABSTRACT

Variant selection during the Al—L1, transformation in a polycrystalline red gold alloy close to
equiatomic Au-Cu composition has been extensively studied by Electron Backscatter Diffraction (EBSD) in
our previous work. The use of a mathematical description of the lattice distortion and the maximal work
criterion allowed us to quantify the degree of selection. With the same approach, we investigate here an
interesting shape distortion effect, discovered twenty years ago in equiatomic AuCu-Ga. The shape distor-
tion of thin samples placed in bending condition and then heat-treated under stress is studied in details.
The singular shape memory effect and the remarkable distortion amplification, which we call TADA effect,
are explored by monitoring the sample radius of curvature and the advancement of the transformation.
The underlying mechanisms of variant selection are revealed by EBSD analysis across the samples. The
experimental crystallographic variant selection distribution is compared with the expected profile cal-
culated with the Euler-Bernoulli beam theory. The good agreement demonstrates that variant selection
during the transformation is at the origin of the macroscopic distortion of red gold alloys. The TADA ef-
fect was found to occur when external stresses are released, and strongly depends on the stress at the
initial stage of the transformation. This unusual effect is assumed to result from the persistence of variant
selection throughout the transformation.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

1.1. Material background

metastable f.c.c. state at room temperature. Then, increasing the
temperature in the f.c.t. stability domain at T ~ 300 °C, the dif-
fusion increases the kinetics and enables the f.c.c.— f.c.t. trans-
formation. The kinetics of the transformation depends on several

Red gold alloys with compositions close to equiatomic Au-Cu
undergo an order-disorder phase transformation A1—L1, around
410 °C, with short-range diffusion [1], which has been studied
since the beginning of the 20th century. The high temperature
phase Al is a disordered f.c.c. (face centered cubic) lattice with
random distribution of gold and copper atoms on the crystal-
lographic sites. When slowly cooled from high temperature, the
tetragonal distortion of the lattice associated with the ordering of
the atoms leads to the AuCul phase, a f.c.t. (face centered tetrag-
onal) superlattice of type L1y composed of alternate (002) planes
of gold and copper. As the ordering implies diffusion, the trans-
formation can be prevented by water quenching, giving rise to a
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parameters such as the temperature of the prior annealing treat-
ment [2], the temperature of the isothermal ordering treatment,
and the previous deformation [3]. The ordering of the Au and Cu
atoms leads to a complex microstructure of twin-oriented domains
and antiphase boundaries typical of order-disorder transformations
[4-6].

1.2. Shape memory effect

A Shape Memory Effect (SME) has been observed in the
equiatomic red gold alloy [7], as well as in other Lly-type al-
loys like FePd and CoPt [8,9]. According to C. Wayman [10], K.
Bhattacharya [11] and K. Otsuka [12], the classical SME must in-
volve a martensitic transformation. A comprehensive definition of
a martensitic transformation is given by Nishiyama [13]. It is de-
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fined as a displacive transformation, which is a lattice distortion
associated with a coordinate motion of atoms. This transformation
is often described as diffusionless in the literature, which should
consequently exclude the order-disorder transformations. Yet, the
presence of an SME in Au-Cu alloys indicates that the A1—L1,
transformation can be both diffusive and displacive. This appar-
ent contradiction is in fact in line with the original definition of
the displacive transformation [13], and has been settled long ago
for the bainitic transformation [14]. In red gold alloys, the f.c.c.
and f.c.t phases are the equivalent of the austenite and martensite
phases.

For classical martensitic alloys, the mechanisms of SME are well
known [15]. Classical Shape Memory Alloys (SMA) present two
main distinct effects at room temperature depending on the range
of transformation temperatures. If the martensite finish tempera-
ture M is above room temperature, the alloy is in the marten-
sitic phase and will behave as a SMA. On the contrary, if the
austenite finish temperature A is slightly below room tempera-
ture, the alloy is in the austenite phase and is superelastic. The
initial shape at high temperature is not changed by the phase
transformation occurring during the quench. This is due to the
self-accommodation of the variants in the material [10]. At room
temperature, when sufficient stress is applied, SMA samples de-
form by the re-orientation of the martensitic variants. When they
are heated back above A, they come back to their initial shape
thanks to the reversibility of the transformation. Alloys under-
going superelasticity have their austenitic phase stable at room
temperature. The free energy needed for their deformation is de-
creased when martensite is formed. Most of the sample deforma-
tion is thus accommodated by the formation of some well-oriented
stress induced martensite variants. As the martensite is unstable at
room temperature, when the stress is released, the material comes
back to the austenitic phase. The reversibility of the transforma-
tion leads to the original austenite lattice and, thus, to the original
sample shape.

These two phenomena rely both on the variant selection of the
martensite and on the reversibility of the transformation. The only
way to come back to the original shape is to form the original
austenitic lattice after the reverse transformation. The reversibil-
ity of the A1— L1 transformation has been proved several times in
the literature by the study of the surface relief [7,16]. Similarly, the
presence of variant selection in AuCu as well as in FePd and CoPt
is well established by the X-ray study of monocrystalline samples
under compressive stress [17-19]. More recently, the variants could
be detected by Electron Backscatter Diffraction (EBSD) and variant
selection could be analyzed and quantified in polycrystalline red
gold [20]. This technique has turned out to be very versatile as it
measures the degree of variant selection on a large polycrystalline
area.

1.3. Thermally activated distortion with amplification effect

In addition to the SME, Ohta and coworkers [7] discovered in
Aug 47Cug 47Gag gs a very singular shape distortion effect, which has
been barely studied so far and has never been reported in any
other material. In their work, they wrapped and maintained un-
der stress — around a stainless steel ring - thin lamellae of their
alloy, in the austenitic state. They heat-treated the setup to induce
the f.c.c. — f.c.t. phase transformation for 5 s at 100 °C, and then
they released the lamella from any constraint. At this point, the
lamella had almost taken the same radius of curvature as the mas-
ter ring. They heat-treated again the lamella without applied stress
to continue the f.c.c. — f.c.t. transformation, and surprisingly the
lamella rolled onto itself. This unexplained effect appears without
stress during the heat treatment, and induces a strong amplifica-
tion of the lamella distortion as compared to the shape initially

imposed. The authors did not give name to this phenomenon. Here,
we propose to call this effect “Thermally Activated Distortion with
Amplification” (TADA). It is different from the classical SME. The
deformation under stress may be explained by stress-assisted vari-
ant selection, similar to any other shape memory alloy (SMA), but
the deformation without stress and the amplification still have to
be elucidated. Ohta and coworkers suggested that the variants se-
lected at the initial step of the transformation would continue to
grow with the same orientation even if the stress is removed; yet,
no evidence has been reported so far. As the link between the vari-
ant selection and the TADA effect remains to establish, we decided
to investigate in details its connection with the crystallography of
the f.c.c.—f.c.t. transformation. In our previous work on red gold
alloys [20], we could detect the martensite fct variants by EBSD,
and we analyzed and quantified the selection using the maximal
work criterion. In the present study, the deformed samples are an-
alyzed with the same procedure, and the variant selection is linked
to the amplified shape distortion. The correlation between micro-
scopic variant selection and macroscopic scale TADA effect is con-
firmed and discussed.

2. Experimental procedure

The mechanical procedure has been performed on three differ-
ent red gold alloys with a composition close to the equiatomic
AuCu. One of this alloy is the standard 5 N alloy with an atomic
composition of Aug s;Cug43Ag006. The second and third alloys have
platinum and palladium additions, representing less than 6 at%.
Such small amount of addition may affect the transformation tem-
perature, the kinetics, the microstructural evolution and the me-
chanical properties of the alloy, but the nature of the f.c.c. — f.c.t.
phase transformation remains unchanged [21-24]. For silver addi-
tions, some small amount of silver-rich phase has been reported,
but no impact is expected in this work [22,25]. As the result is
comparable for the three alloys, only the mechanical results with
the third alloy with Pd addition is presented in this work. The mi-
croscopic study is performed on the same alloy. Its transforma-
tion temperature T; is close to that of the Au50-Cu50 i.e. around
410 °C.

The material used in this work was cold rolled and thin bands,
400 pm thick, were cut with dimension 150 x 17 mm. The ob-
tained lamellae were recrystallized at 600 °C and water quenched.
They are in the f.c.c. state at room temperature and their yield
stress is of 380 MPa [20].

In order to apply a stress during phase transformation, the
lamellae are manually bent at room temperature in a masterpiece
and attached to it in the center with a clamp, in order to make
it fit the inner radius of curvature. Six massive masterpieces with
different radii of curvature p were used to apply different stress
levels (Fig. 1a). The initial stress-strain state of the lamellae is es-
timated with the Euler-Bernoulli beam theory €x = y/p with y the
distance from the neutral line. The maximal strain is located at
the external surfaces. The radii of curvature and equivalent max-
imal stress-strain are presented in Table 1. The lamella L26 is the
only one that undergoes a plastic strain, as the flat shape is not
recovered after removing from the masterpiece. According to the
stress-strain curve [20], the maximal stress in the lamella L26 is
only slightly above the elastic limit for this small strain. The other
masterpieces only induce elastic stress, which has been verified by
the elastic springback of the lamellae. In addition, a lamella with
reduced dimensions F60 (30 x 3 mm) is bent in a four-point bend-
ing tool to impose a radius of curvature of 60 mm (Fig. 1b). This
device, already used in previous work [26,20], imposes a more pre-
cise elastic stress state in the samples for variant selection analysis.

The whole setup (f.c.c. lamella + bending tool) is then heated
in a standard furnace at a temperature T ~ 300 °C in the f.c.t. sta-
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Table 1

Properties of bent lamellae in the different masterpieces. Imposed radius of curvature, maximal imposed stress and strain. F60 has special reduced
dimensions 30 x 3 mm. The lamella L26 undergoes plastic strain and its maximal stress is very close to the elastic limit.

Name of the masterpiece  Name of the lamella

Radius of curvature (mm)

Maximal Applied Stress (MPa)  Maximal Applied Strain (%)

0530 L530 530
p310 L310 310
0160 L160 160
p125 L125 125
p60 L60 60

026 L26 26.5
Four-point bending F60 60

40 0.04
68 0.06
132 0.12
170 0.16
353 0.33
380 0.75
353 0.33

Fig. 1. Bent lamellae before heat treatment. a) Lamellae bent in the six master-
pieces b) lamella F60 (dimensions 30 x 3 mm) in the four-point bending device
from [26].

bility domain, to enable the f.c.c.—f.c.t phase transformation. As
the transformation starts from room temperature, no potential Au-
Cull orthorhombic phase can be created and only the f.c.t. phase
is formed [1,23,25]. After the heat treatment, the system is cooled
down in air to room temperature. The samples are always posi-
tioned on their side to avoid any influence of possible creep.

The pictures of the lamellae are always taken at room temper-
ature on a grid paper in order to analyze the distortion. The radii
of curvature are approximated in the center and measured by im-
age analysis with the software Image]. After the thermomechani-
cal treatments, the lateral cross section of the central part of the
lamellae is analyzed. The surface is polished down to 1 pm and
electropolished in a solution of 500 ml H,0O, 30 ml H,SO4 and
30 ml HCI [27] during 20 s at 27 V. EBSD maps were acquired at

30 kV on a field emission gun scanning electron microscope Gem-
ini 450 (Zeiss) equipped with the Symmetry camera and Aztec ac-
quisition software (Oxford instrument). The step size is chosen as
a function of the required statistics and varies between 0.1 and
1 pm. The acquisition rate was of around 300 Hz with detection
of 10 bands, with a gain of 2 in the mode speed 1. The hardness
measurements are performed with a Qness machine Q10A, with
Vickers indenter with loading 100 g for 12 s.

3. Shape changes
3.1. Global behavior

The global behavior of a L125 lamella is detailed in Fig. 2. The
lamella is initially flat in the metastable f.c.c. phase at room tem-
perature (Fig. 2a). In a first step, the lamella is elastically bent in
the masterpiece p125 at room temperature, and maintained with a
clamp (Fig. 2b). The system in Fig. 2b is then heated at T = 320 °C
to induce the f.c.c. — f.c.t. phase transformation. After one hour,
the lamella reaches its final shape (Fig. 2c). The final radius of cur-
vature of the lamella is smaller than the one imposed by the mas-
terpiece. The deformation of the lamella is amplified and it goes
beyond the simple accommodation; this is the exhibition of the
TADA effect. No change is observed upon cooling from 320 °C to
20 °C (Fig. 2¢). The lamella is then detached from the masterpiece.
The sample, free to move (Fig. 2d), is placed in a furnace at 600 °C
for a few minutes to induce the f.c.t. — f.c.c. transformation. Af-
ter this final annealing, the lamella comes back to its initial flat
shape (Fig. 2e). The sample is finally water-quenched to room tem-
perature and remains in its f.c.c. phase (Fig. 2e). The fact that the
lamella comes back to its initial shape proves the reversibility of
the phenomenon, and thus a SME.

3.2. The TADA effect

To better understand the TADA effect, the evolution of the
shape of the lamella is now studied as a function of the heat treat-
ment time. A lamella L26 is bent - with a small plastic deformation
- in the masterpiece p26 (Fig. 3a) and heated at T = 280 °C (this
temperature is chosen < 320 °C for achieving a slower kinetics and
a better monitoring). After a defined heating time between 0 and
60 min, the setup is quenched in water to stop the transformation
and freeze the evolution. The lamella is finally removed from the
masterpiece to measure its radius of curvature. Each experiment
starts over with a new sample and with a different heating time.
This method enables to monitor the shape evolution of the lamella
as a function of the heat treatment duration (Fig. 3b). However,
the exact kinetics of the phenomenon cannot be analyzed since
the samples are placed in the masterpiece at room temperature
for practical reasons, and not at the target temperature. The same
experiment has been performed with a masterpiece preheated at
280 °C, and the kinetics was significantly increased, but the final
shape was not affected.
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Fig. 3. a) Masterpiece p26 b) Several L26 lamellae placed in the masterpiece at room temperature and heat-treated in the masterpiece for different durations at

T = 280 °C.The hatched circle represents the masterpiece size for a visual reference.

Fig. 4a shows the evolution of the radius of curvature of the
lamella compared to the initial radius of curvature. The radius of
curvature of the masterpiece is in dotted lines. The initial radius of
curvature of the sample at t = 0 min is due to the plastic defor-
mation induced by the bending in the masterpiece. After 10 min
in the furnace, the lamella reaches the radius of curvature of the
masterpiece. The lamella can be removed with no effort from the
masterpiece, which confirms that the lamella is not under stress
anymore. For longer heat treatments, the radius of curvature of the
lamella continues to decrease beyond the deformation imposed by
the masterpiece, until it reaches its final shape (TADA effect).

In a first approximation, the strain in the sample is supposed to
be comparable to that of a lamella elastically bent with the same
radius of curvature. The strain in the samples is estimated with
the formula ex = y/p. The evolution of the maximal strain (situ-
ated at the surfaces for y = 200 um) is presented in Fig. 4b. In
this experiment, the evolution of the transformation is also moni-
tored by measuring the hardness at room temperature. The hard-
ness of the f.c.t. phase being higher than that of the f.c.c. phase,
it can be considered as an indicator of the advancement of the
transformation [5]. The hardness of the f.c.c. phase of this alloy
is 170 HvO.1. It indicates 0% of transformation. The maximal value

of hardness measured in this study is 322 HvO0.1. It stands for the
100% transformation. Fig. 4.b shows the evolution of hardness and
maximal strain as a function of the heating time. The two curves
have a very similar evolution; Fig. 4c shows a linear relationship
between them. The macroscopic deformation of the lamella is thus
linked to the f.c.t. phase formation. In Fig. 4b, one can note that
when the lamella reaches the masterpiece shape after 10 min, the
transformation is not maximal. The hardness and the strain have
reached close levels i.e. respectively 64% and 71% of their maximal
measured values. As the transformation goes on without stress,
the sample continues to deform proportionally to the amount of
formed martensite, until the maximum is reached.

3.3. Influence of the initial stress

In Ohta et al. previous work [7], the impact of stress on the
shape changes was not clearly elucidated, because the samples
were slightly plastically deformed. In this study, the fact that the
yield stress is not reached in most of the samples indicates that the
mechanism of variant selection is stress-assisted, at least in its ini-
tial stage. For that reason, the influence of the applied stress on the
shape change has to be studied. For this purpose, the lamellae are



246 M.N.D. Larcher, C. Cayron and A. Blatter et al./Acta Materialia 198 (2020) 242-256

a) 60

50 Lo
a0 |

30

Radius of curvature (mm)
= 2l
-

20 $
----- Initial radius
10 r - - - Master Piece 26
¢ Measured radius
0 i I n n I

0 10 20 30 40 50 60
Transformation time (min)

b ) 350 0.012

300 | P f . '
250 | * t f
+ { 4 0.008

200 i
1 0.006

Strain

150

Hardness (Hv0.1)

100

= Hardness
so | 0.002

i * Maximal strain
o i . : ; : 0
0 10 20 30 40 50 60

Transformation time (min)

350

330 |
310 | .
290
270 | .
250
230

210 ¢

Vickers hardness (Hv0.1)
*

190 | o
170 p

150 . . . . R
0.004 0.005 0.006 0.007 0.008 0.009 0.01
Maximal strain

Fig. 4. Evolution of the lamella L26 shape with the heat treatment duration at
280 °C a) Radius of curvature with error bars of 5% b) Maximal strain with error
bars of 5% and hardness with error bars representing the minimum and maximum
of the 10 measurements c) Linear fit of hardness versus maximal strain.

bent in the different masterpieces and transformed under stress
for 1 h at T = 320 °C, to reach their final shape. After the transfor-
mation, the distortion caused by the transformation is plotted as a
function of the initial stress in Fig. 5. The black dashed line rep-
resents the initial elastic strain imposed by the masterpiece radius
of curvature.

The final strain induced by the phase transformation linearly
depends on the initial stress in the elastic domain; the higher the
initial stress, the higher the final strain. If the shape was only due
to stress-assisted variant selection, the lamella would have taken
the imposed radius of curvature to release the stress, and the fi-
nal shape would be that of the black dashed line in Fig. 5, cor-

0.007

0.006 }
£ 0.005 |
e
@
T 0004 | {
3 " TADA effect .0=0
£ T -
5 0003 | e
e
*g 0.002 |
= o Stress assisted

0.001 | Variant selection

-""" Plasticity
0 < L 1 L i
0 100 200 300 400 500

Maximal initial stress (MPa)

Fig. 5. Evolution of the maximal strain induced by the transformation (value on
the external surfaces of the lamellae) after 1 h at 320 °C, as a function of the initial
stress applied before the transformation and linear fitting with red line. The shaded
area represents the zone where the initial stress is higher than the elastic limit. In
black dashed line, the hypothetical case of a simple accommodation of the imposed
shape by stress-assisted variant selection, leading to a stress free state. The error
bars represent the minimum and maximum of the twelve measurements. (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

responding to o = 0. However, the final strain goes beyond the
o = 0 line: this is the TADA effect. One can note that the gap be-
tween the stress-assisted variant selection line and the final strain
of the lamellae is roughly independent of the stress, and repre-
sents about 0.2% strain. In the plastic domain, however, the behav-
ior does not seem to follow anymore the elastic trend. The final
strain induced by the transformation is lower than predicted by
the trend extrapolation (the initial plastic strain being subtracted).
This result might come from the limited accuracy of the measure-
ment, but it might also indicate that plastic deformation tends to
inhibit the variants selection and the TADA effect. As the transfor-
mation occurs first under stress and then without stress, the terms
extension and contraction will refer to positive and negative defor-
mation, respectively, regardless of the presence of stress.

4. Variant selection
4.1. Degree of variant selection calculation

In our previous work [20], the variant selection in polycrys-
talline samples was successfully analyzed by EBSD. The distortion
matrix in the sample reference frame was calculated from the ex-
perimental Euler angles and the c/a ratio. Then the lattice strain
tensor &! of the formation of each variant was calculated, and its
mechanical work of formation W = ¢ : ¢! with ¢ the initial ap-
plied stress tensor (local and global stress tensors are assumed to
be equivalent). The selection could be successfully analyzed by the
maximal work criterion, which states that variants associated with
high work are easier to form and, thus, more present. A quantifi-
cation method was proposed for the degree of variant selection
with Eq. (1):

W - Wequi

T=—=
Wmax - Wequi

(1)

The work W is the average work of all variants actually detected
by EBSD. Wequi is the average work in the hypothetical case of
an equi-repartition of all three possible variants within each f.c.c.
grain. Weqm- is non-zero because of the volume change during the
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Fig. 6. Schematic representation of the four-point bending test with variant selec-
tion in the extension and contraction areas, shown from EBSD map in IPFx coloring.
Adapted from [20]. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

transformation. Wiy is the average work in the hypothetical case
where only the variant with the maximal work is formed within
each grain. The degree of section 7 varies between 0, in the case
of no variant selection, and 1 for the maximal variant selection.
According to the Euler-Bernoulli theory, the circular bending of
a beam gives rise to a very simple stress state with no shear and
a constant bending moment, which does not exactly reflect the re-
ality especially for large distortions. However, due to the signifi-
cant experimental error in the manual bending tests (Fig. 5), this
simple model will be used for the analysis of the variant selec-
tion in a first place. In this specific case of simple unidirectional
loading along X, the mechanical work is simply given by W=¢ex 0.
In the zones where the initial stress is tensile, the variants with
highest W give rise to an extension of the lattice in the x direc-
tion upon transformation; inversely, in the zones where the stress
was initially compressive, selected variants give rise to a contrac-
tion of the lattice in the x direction. This difference in crystallo-
graphic orientation of the lattices is observed on the EBSD maps
in IPFx coloring, as depicted in Fig. 6. Maps with variant selection
in contraction are red, while those in extension are blue and green.

Thanks to the simplification of the work calculation for unidi-
rectional loading, Eq. (1) can also be expressed in terms of the av-
erage lattice strain along the loading direction in Eq. (2). All the
strains referred thereafter correspond to the component along the
loading direction Xx.

s1_ gl
T @
Emax — Sequi

If the distortion of the lamella is only due to variant selection,
we assume that the macroscopic strain €™, is equal to the aver-
age lattice strain, e™ = & !. The macroscopic strain can be com-
puted from the final radius of curvature of the lamellae. Therefore,
a macroscopic estimation of the variant selection degree t™ can
be calculated from the observed final macroscopic strain e™:

m
m_ g™ 8equ1
U =g —em €)
B B
max equi

In Eq. (3), the reference strain in the equi-repartition case eeq;
corresponds to the strain in absence of variant selection. It is one
third of the isotropic volume change of the material during the
transformation and sg;w =¢£ eém The value is calculated from the
lattice parameters given in [20] and amounts to —0.26%. The strain
in the case of a maximal variant selection enqy is different in ex-
tension and in contraction, and it depends on the orientation of
the parent f.c.c. grains. In this study, the initial material is not tex-
tured (see Appendix A). In order to calculate epgx in a polycrystal,
10,000 random f.c.c. grain orientations were generated with Mat-
lab, and the strain of the variant with highest W was computed in
tension as well as in compression, in each grain. The average strain
along the loading direction x obtained in both cases give rise to
&l = 1.12% in extension and &.,,, = —2.24% in contraction.

4.2. Macroscopic expected degree of selection

In this section, the degree of variant selection is estimated from
the macroscopic observation of the lamellae with two models. For
this purpose, the lamella with the highest initial stress L60 is an-
alyzed. After transformation for 1 h at 320 °C, the final shape cor-
responds to that given in Fig. 5 for an initial maximal stress of
350 MPa.

The first model is based on the observed final shape of the
lamella. As in Section 3.2, the macroscopic strain profile is com-
puted by assuming it is equivalent to the strain in a lamella elas-
tically bent with the same radius of curvature. The strain profile
across the lamella schematically represented in Fig. 7a is calculated
from the radius of curvature after the transformation, and plotted
in Fig. 7b in plain line. The corresponding expected degree of vari-
ant selection t™ calculated from Eq. (3) is plotted in plain line in
Fig. 7c with variant selection in extension and compression respec-
tively displayed in green and red.

The second model is rather based on the TADA effect consider-
ing the initial stress state in the lamella. Indeed, one can note that
the law, which links the initial stress and the final strain in Fig. 5,
is affine and not merely linear, as it does not intercept the strain
axis at zero. This implies that for an initial stress close to zero, the
strain due to the TADA effect is non-zero (even a very slight stress
level makes the lamellas bend). The curve in Fig. 5 is fitted and
then applied to the initial stress profile in the lamella F60 com-
puted with the Euler-Bernoulli theory. The strain profile expected
with this second model is plotted in dotted line in Fig. 7b. The cor-
responding degree of variant selection is plotted in dotted line in
Fig. 7c.

In any case, during the transformation, the stress in the sam-
ple is released. The zone above the neutral line initially in tension
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Fig. 7. a) Schematic representation of the cross section of the lamella L60 after transformation at 320 °C for 1 h, with the schematic strain profile in purple and EBSD
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presents an elongation along x after the transformation, and the
zone under the neutral line initially in compression presents a con-
traction along x. For ¢ = 0, some extension variants are selected to
accommodate the negative volume change of the lattice occurring
during transformation (see Eq. (2)). As the neutral line is supposed
invariant, the expected degree of selection at y = 0 is thus positive
in both cases. The maximal expected amount of variant selection
is 0.58 at the maximum of extension, and 0.15 at the maximum of
contraction (same for both models).

4.3. EBSD analysis

In order to compare the macroscopically expected degree of
variant selection T™ with the microscopic measured one 1!, the
cross section of lamellae is characterized by EBSD for determining
the variant selection. Two lamellae with high initial elastic stress
were extensively studied, L60 and F60. In total, more than ten
maps were performed across the whole section of the lamellae, as
depicted in Fig. 7a. In our previous work, the f.c.c. grains were re-
constructed with the software ARPGE [28]. Yet, thanks to the very
close lattices of the parent and daughter phases, it is possible to
easily reconstruct the grains with Matlab by re-assigning the Euler
angles of the present f.c.t. phase to the prior f.c.c. crystals, and that
is the method we used in the present study. A part of one of the
EBSD maps is represented in Fig. 8 (the full map is in Appendix B).
A step size of 1 pm was chosen to measure a sufficient number of
grains orientations for being statistically representative, leading to
an acquisition time of about 1 hour. Some EBSD maps were also
acquired with a smaller step size on a narrower area; they gave
similar results, with more statistical noise. The data is treated with
the same process as detailed in our previous work [20]. Only the
3 stretch variants are considered as an approximation of the 12
distortion variants that are possibly formed in the material. This
approximation is possible because the rotational part of the po-
lar decomposition is small (rotation angle = 1.56°) and does not
affect significantly the work W. They are represented by the dis-
tortion matrices calculated from the Euler angles. The strain tensor
of each variant is defined by &/s = Djs - 1ds in the sample basis S.

The reconstructed f.c.c. grains shown in Fig. 8a present a notice-
able size heterogeneity across the sample. This type of microstruc-

ture has been observed in several samples. This is due to the pre-
vious processing of the sample, and it is supposed to have no im-
pact on the studied phenomenon. Fig. 8b shows the f.c.t. domains
in IPFx colors. On the elongation side above the neutral line, the
f.c.t. grains are mainly blue and green, which corresponds to do-
mains with their contraction axis away from the tensile direction.
In the contraction area, the f.c.t. grains are mainly reddish, which
corresponds to domains with their contraction axis close to the
compressive direction. This is consistent with the expected repar-
tition of variants [20]. In Fig. 8c, the color is a function of ¢!, the
x-component of the strain matrix of each variant. The red color is
attributed to the variants that are deformed in extension in the x
direction, while blue indicates contraction. This color coding makes
clearer the variant selection on both sides of the neutral line, with
mainly red variants above, and more blue variants below the neu-
tral line.

The quantitative evolution of variant selection along the y axis
can now be compared to the macroscopic profile expected from
the two models, in Fig. 9. For each coordinate y, &' the average
x-component of the lattice strain of the f.c.t. variants and t! the
corresponding degree of selection, are computed and compared to
the profiles of Fig. 7. The calculation is performed on the 7700 re-
constructed f.c.c. grains of the full map in appendix Fig. B.1.

The average lattice strain in the loading direction x, &!, deter-
mined from the EBSD map is positive in the upper part of the
cross section and negative in the lower part, as expected. Taking
into account the statistical noise, the degree of selection 7! cal-
culated from the EBSD data is in relatively good agreement with
the expected distribution t™ calculated from both models. In ad-
dition, the extremum values fit the expectations. One can also note
that the experimental inversion point were the variant selection
switches from extension to contraction is close to the value ex-
pected from the first model. However, the neutral axis seems to be
shifted to the contraction side of the sample. The strain measured
in the EBSD map and the degree of variant selection is higher than
expected in the elongation part. This shifting might be due to the
presence of a very small amount of plastic deformation in the L60.
The existence of a small difference on the yield stress in tension
and compression (of about 40 MPa) might cause an asymmetry in
the initial stress profile.
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Overall, this discrepancy in strain might be explained by the
fact that initial states of stress in the lamellae bent in the mas-
terpieces (Fig. 1a) were not exactly that expected from the models.
In order to obtain a more reliable stress profile for a quantitative
comparison, the masterpiece p60 was replaced by the four-point
bending tool with an imposed radius of curvature of 60 mm. The
EBSD map performed on the cross-section of the sample F60 after
transformation for 1 h at 320 °C is shown in Appendix C. The result
of the analysis of the 10 400 reconstructed f.c.c. grains is presented
in Fig. 10.

In this bending condition, the microscopic strain and variant
selection are both in better agreement with the macroscopic dis-
tribution expected from the two models. In particular, the strain
crosses the zero much closer to the neutral line. The inversion
point where the variant selection switches from extension to con-
traction is now in very good agreement with the second model.
One can note that the experimental data always display an S-
shape curve (Fig. 9, Fig. 10, and supplementary material). This S-
shape trend is well explained by the second model. In the central
part of the sample, the experimental data are closer to the first
model. Finally, it appears that the experimental strain and variant

section distribution lie in-between the two proposed models. The
very good fitting between the measured variant selection and the
one expected from the macroscopic observations confirms that the
shape distortion is well explained by the variant selection of the
f.c.t. phase during the transformation

5. Discussion

Our EBSD analysis demonstrates the link between the macro-
scopic behavior of the alloy and the microscopic variant selection
at the origin of the TADA effect. The final shape of the lamella is
entirely due to the selection of f.c.t. variants. This result is also
confirmed by the almost perfect shape recovery of the lamella
when getting back to the f.c.c. phase (Fig. 2e). The link being prop-
erly established, the underlying mechanisms can be discussed.

As mentioned previously, the behavior of this alloy differs from
the classical behaviors observed in shape memory alloys. Usual su-
perelasticity and SME are schematized in Fig. 11a and b, respec-
tively. In both cases, the intermediate deformed shape is obtained
by the accommodation of the imposed strain with martensite vari-
ants. In standard SME, the martensite is stable at room tempera-
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ture and the strain imposed to the material is accommodated by
re-orientation |/ detwinning of the martensite variants (Fig. 11a).
For superelasticity, the strain is given by the formation of well-
oriented martensite variants under stress (Fig. 11b).

As a comparison, the sequence of the distortion behavior of
the red gold alloy is depicted in Fig. 11c. The initial lamella is in
its austenite f.c.c. phase (metastable) obtained by water quench-
ing from high temperature. As the formation of the f.c.t. phase is
diffusion-limited, the distortion is achieved by a heat treatment. In
a first step during the heat treatment in a masterpiece, the im-
posed stress is released by stress-assisted variant selection. If one
considers only the phases, this mechanism is comparable to that of
superelasticity, but here the mechanism is thermally activated and
without immediate reversibility. In the second step of heat treat-
ment, although the stress has been fully released, the macroscopic
distortion continues until the end of the transformation. This TADA
effect can only be explained by the persistence of the variant se-
lection initiated under stress at the previous step until the end of
the transformation. The final shape recovery is based on the re-
versibility of the phase transformation, as in a classical SME.

We could observe the same global behavior described in the
Fig. 11c in the three different red gold alloys previously mentioned.
This indicates that it might be a general behavior of red gold alloys
undergoing the A1— L1, transformation. In addition, the inhibition
of the TADA effect (Fig. 5) by the plastic strain is also observed in
the other red gold alloys.

Contrary to classical shape memory alloys, the A1—L1y trans-
formation is not instantaneous and the lamella continues to bend
until the transformation reaches a maximum (Fig. 4). One can con-
clude that the diffusional aspect of the transformation is at the ori-

gin of the phenomenon. Our EBSD analysis shows that the shape
going beyond the imposed radius of curvature is due to variant se-
lection continuing with the same trend, even when the stress is
released. In this case, the final shape would depend mainly on the
c/a ratio. Similar experiments with alloys with very different c/a
ratios could prove this hypothesis. As the persistence of the vari-
ant selection during further transformation, even after releasing
the stress, has already been shown in FePd monocrystals [18], the
same sequence of distortion is also expected in FePd and CoPt un-
dergoing the same transformation. The same persistence is also ob-
served when the variant selection is performed by means of elec-
tric field [19].

The fact that the variant selection continues even when there
is no stress anymore indicates that the initiation of the transfor-
mation is of high importance. The dominant influence of initial
stress on further variant selection has previously been shown by
Ichitsubo et al. in their XRD study of FePd monocrystals [18,19]. In
this work, we showed that the final deformation linearly depends
on the initial stress. The higher the stress, the higher the distor-
tion and consequently, the higher the variant selection (Fig. 5).
We also showed that the TADA effect is responsible for an ampli-
fication of 0.2% strain, as compared to the simple stress-assisted
variant selection. Most importantly, Fig. 5 shows that, thanks to
the TADA effect, a significant deformation can be induced by the
application of a low stress level, e.g. a process induced residual
stress. Indeed, the application of 40 MPa gives rise to a strain more
than 6 times higher than in the case of pure stress-assisted vari-
ant selection. The variant selection during the transformation un-
der residual stress might explain the odd shape behavior of very
thin lamellae transformed without external stress in [7,29], or the
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macroscopic distortions of bars during industrial processing [3].
Further study on the influence of stress during the early stages of
the transformation will give more indications on the level of stress
needed for initiating variant selection (<40 MPa).

The TADA effect can be attributed to two possible mechanisms,
depending on whether the transformation is of first or second or-
der. The two cases are schematically depicted in Fig. 12.

If the transformation is of first order and occurs by nucleation
and growth, the order parameter (here c/a ratio) presents a dis-
continuity as shown Fig. 12a. In this case, the persistence of variant
selection during the transformation could be explained by an auto-
catalytic phenomenon. The presence of a particular f.c.t. precipitate
would induce stresses in the f.c.c. matrix favoring the subsequent
nucleation and growth of the same variant in the surrounding re-
gion (Fig. 12c). This hypothesis was supported by Ichitsubo et al.
[30] and their calculations, based on the continuous theory of Es-
helby and the lattice distortion. Nevertheless, another characteris-
tic of shape memory alloys is the auto-accommodation of the vari-
ants. In the case of AuCu, it usually gives rise to alternate oriented
variants and to a typical “twinned” microstructure when no stress
is applied [4]. This mechanism appears to accommodate the local
stress induced by the f.c.c. lattice distortion. Although this char-
acteristic may seem inconsistent with an autocatalytic mechanism,
auto-accommodation and the autocatalytic mechanisms could ap-
pear within the same phase transformation, similar to autocatalytic
lenticular martensite presenting nano-twinned midrib [31].

The alternative hypothesis would rely on a second-order char-
acter of the transformation. In that case, the c/a ratio would gradu-
ally decrease from 1 to 0.95 (Fig. 12b) during the heat treatment. In
this idealized view, the transformation would be homogeneous, all
the volume would start to transform at the same time with a very
small c/a distortion, as schematically represented in Fig. 12d. In the
first step of the transformation, all variants would be selected by
the initial stress, and the progressive evolution of c/a could fully
explain the progressive shape distortion inducing the TADA effect
(Fig. 12e), regardless of the subsequent stress state.

Whether the f.c.c.— f.c.t. transformation in red gold alloys is
of first order and implies a nucleation and growth mechanism, or
is of second order and instantaneously occupies the whole vol-
ume, is not clearly established in the literature [32,33]. DSC (dif-
ferential scanning calorimetry) curves of red gold alloys exhibit a
small exothermic peak during the ordering [34,35], which is an
indication of a first order transformation. Yet, a gradual shift of
the f.c.t. phase peaks in X-ray diffraction has already proved the
possibility of a gradual evolution of the c/a ratio [36]. The two
schematic hypotheses of Fig. 12 are extreme cases. Actually, per-
fectly second order transformations are rarely observed when mea-
surements are done with high accuracy. Other experiments (not
published yet) tend to show that both mechanisms are implied,
and that the TADA effect should result from the diffusion-limited
and weak first-order characters of the transformation.

Conclusion

In this work, a singular shape distortion and related variant se-
lection has been studied in a red gold alloy, via bending exper-
iments and subsequent heat treatments around 300 °C, inducing
the f.c.c. — f.c.t. transformation under stress.

1) During the first step of the heat treatment, distortion occurs
under stress by thermally-activated stress-assisted variant se-
lection until the stress is released and the strain is accommo-
dated.

2) Despite the stress release, the distortion of the lamella con-
tinues during the heat treatment. This very special behavior
was named Thermally Activated Distortion with Amplification
(TADA) effect. Our study showed that the TADA effect is due to
the persistence of variant selection until the end of the trans-
formation.

3) The TADA effect was proved to depend affinely on the initial
level of applied stress at the beginning of the phase transfor-
mation with an offset of around 0.2% strain. Very small stresses
(around 40 MPa) give rise to a considerable strain amplification
(x6) in comparison with classical stress-assisted variant selec-
tion.

4) The variant selection related to the TADA effect along the cross
section of the lamellae was quantified by EBSD using the max-
imal work criterion. The microscopic variant selection profile
calculated from the lattice distortion was found to fit well the
predicted profile calculated from the macroscopic radius of cur-
vature of the lamella.

5) After distortion, when the reverse transformation is induced by
a high temperature annealing, the lamella comes back to its
initial shape by a classical SME, which also confirms that the
TADA effect results from a mechanism of variant selection.

6) The details of the mechanism are not yet fully understood.
The degree of the phase transformation (first-order or second-
order) should be clarified in order to build a physical model for
the TADA effect.
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Appendices

A. Initial texture of the lamellae in the f.c.c. phase
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Fig. A.1. Initial lamella in the f.c.c. phase before stress application and before heat treatment. a) EBSD map of the f.c.c. phase in IPFx colors b) Inverse pole figures of the
EBSD map c) Poles figures of the EBSD map. The maximal MUD (Multiple of Uniform Distribution) is of 1.77, which shows that the lamella is not textured.
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B. EBSD full map of L60

Fig. B.1. EBSD full map n°1 in the lamella L60 a) reconstructed f.c.c. parent grains b) f.c.t. domains in IPFx coloring.



C. EBSD full map of F60
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Fig. C.1. EBSD Map n°1 in the lamella F60 a) reconstructed f.c.c. parent grains b) f.c.t. domains in IPFx coloring.
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