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METASTABLE EFFECTS ON MARTENSITIC TRANSFORMATION IN SMA
Part II. The grain growth effects in Cu—Al-Be alloy
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The efficiency of shape memory alloy (SMA) as damper and/or standard actuator is truly enhanced when the material can be cycled with-
out any relevant accumulation of the permanent deformation (i.e. under 0.5% for several hundreds of cycles). The particular properties of
the CuAlBe alloy permit relevant grain growth with reasonable reduction of mechanical properties (from 300-350 to 250-300 MPa at
fracture). Samples prepared with an appropriate heat thermal treatment (HTT) and relevant mean diameter of grain avoids accumulative
deformation for series of cycles (near 500) up to 3.5% of deformation. The analysis of different wires of CuAlBe alloy shows, in the first
part of HTT, a proportionality between the grain surface and the time at 1123 K. In the last part of the HTT the grain growth shows an in-

creased complexity related with interactions between the grain boundaries and the external surface of the samples.
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Introduction

The publication in 1993 of one issue of the Bulletin of
the Materials Research Society centered on Smart Mate-
rials can be considered the start point for the explosive
growth of their applications. In fact, shape memory al-
loys (SMA) and other types of smart materials and sys-
tems (i.e., piezo-electrics, magnetostrictive, magneto-
rheologic fluids and so on) are being progressively in-
troduced in lectures of engineering courses. Also, in the
last years, the SMA have being the object of various
new industrial applications [1-5]. In single crystal or in
polycrystalline samples the Cu—Al-Be is one of the
main acknowledged alloys as, for instance, Nitinol (or
NiTi) [6, 7] and other Cu and Fe based alloys. See, for
instance, [6, 8] for a general overview of SMA.

SMA present, under the appropriate experimental
conditions, two different behaviors: the shape memory
effect and, at increased temperature, the superelastic
one, both related to the martensitic transformation: a
first order phenomena, with hysteresis. The transforma-
tion can be used in damping via the internal conversion
of mechanical into thermal energy. Thus, the particular
characteristics of that transformation between meta-
stable phases induce changes (classical and not-classi-
cal) in the material properties. For instance, the transfor-
mation temperature is related to composition and ther-
mal treatments. Also, external and internal heat contri-
butions (such as latent heat and frictional ones) modify
the position of the hysteresis cycle in the stress-strain
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space, via the Clausius—Clapeyron equation. In fact, the
non-classical contributions related to diffusion pro-
cesses also require an evaluation: changes in atomic or-
der slowly modify the equilibrium temperature between
the phases. The link between atomic order and transfor-
mation temperature is a well-acknowledged effect in
metals and alloys [9, 10]. In SMA these are slow pro-
cesses, but each time-scale associated with a specific ap-
plication in an alloy requires an explicit consideration
[11-13]. In the standard thermomechanical applications
the coexistence effects and the actions induced by exter-
nal thermodynamic forces in the parent phase [14] are
generally not considered.

Damping is one of the relevant problems in civil
structures [15, 16]. Because of their damping capacities,
SMA have been proposed as materials for energy
dissipative devices to be used in mechanical and civil
engineering applications [17—-19]. The position of the
hysteretic stress-strain cycle is temperature dependent.
A representation, in o, €, T coordinates, is outlined in
Fig. 1. At temperatures close to the Ms the hysteresis
width induces that, at zero load, the material remains
partially transformed. See, for instance, the point a (cy-
cle ¢y) in Fig. 1. To ensure that a damper runs correctly it
is necessary that stress (o) satisfy 0<c<c,q and the
strain (g) satisfy 0<e<e,. If the stress (or strain) were too
high, classical plastic deformation in the martensitic
phase would occur. For damping purposes, the hyster-
esis stress width (Acy,) has to be taken into account. Note
that, for example, in most civil engineering application,
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Fig. 1 Outline of the hysteretic behavior in a SMA represented
in o, €, T coordinates. The slope o determines the
Clausius—Clapeyron equation (do/d7 in coexistence
zone). Ac, mean hysteresis width. Ms is the martensite
start temperature. The « plane establishes the maximal
deformation without accumulative and permanent de-
formation. ¢, ¢, and c; are three stress-strain cycles at
progressively increased temperatures

the summer—winter temperature changes would displace
the hysteretic cycles via the Clausius—Clapeyron coeffi-
cient (see the a slope changing the level of cycles ¢, and
¢c; in Fig. 1), thus the self-heating and all thermal effects
induced by atomic contributions need to be appropri-
ately considered and, only when are not relevant for the
application, neglected. In other words, only when the
material in their working state always remains inside the
thermoelastic window, plastic deformation is fully
avoided (Fig. 1). An advantage of the superelastic effect
(see superelastic ¢, and c3 cycles in Fig. 1), where the
starting microstructure is austenite (B phase), is that
strain recovers just by unloading when parasitic creep
effects are avoided.

In many application of Cu-based SMA
(e.g., CuAlBe), such as in civil engineering dampers,
requires that the alloy does not increase its remnant
strain when series of cycles are imposed. Any pro-
gressive ‘creep’ or permanent deformation (plastic
and/or stabilization) in expected (guaranteed) ampli-
tudes need to be avoided. A progressive increase of
permanent deformation decreases the efficiency of
the damper for solicitations with low amplitudes.
Built dampers in civil engineering applications re-
quire relative cheap devices. For instance, use of
polycrystalline Cu-based alloys as the CuAlBe.

In this work (paper Il of this series) concern in
Cu-Al-Be alloy in pseudoelastic (or superelastic)
state, we analyze the effect of thermal treatments in
grain growth to obtain a low accumulative creep in ten-
sile stress cycling. The standard heat treatment for

Cu-based alloys, in order to avoid inhomogeneities and
stabilized martensite, consists in an appropriate ho-
mogenization or betatization treatment (short or long
time at high temperature, i.e. 1123 K) followed by wa-
ter quenching at room temperature and further aging.
The temperature of 1123 K represents a compromise
between sufficient mechanical strength of the alloy at
this temperature and complete betatization, i.e., elimi-
nate unwanted precipitates, stabilized martensite and
inhomogeneities in the wires and/or bars. An important
effect of the thermal treatments is to produce a consid-
erable grain growth. The main target of this work re-
lates to the evaluation of a phenomenological rule be-
tween time allowed at 1123 K and the minimizing of
the permanent accumulative strain due to stress cy-
cling. The dynamics of the grain growth related to the
thermal treatment is also experimentally observed for
some wire and bar diameters. The grain growth process
shows an increased complexity when the grain diame-
ter approaches the sample diameter.

The paper I of this series center in the action of
thermodynamic forces acting on SMA in Cu-based al-
loys [14] and the series of papers in preparation are
devoted to criteria for parameters estimation (i.e.,
Clausius—Clapeyron coefficient in CuAlBe and in
NiTi) diffusion actions in NiTi and, in general, long
time applications of SMA as in civil engineering or in
mechanical engineering, the appropriate and repre-
sentative models and, eventually, the simulation.

Experimental

The behavior of CuAlBe alloy is analyzed using wires
and bars of different diameters furnished by Trefi-
metaux (Centre de Recherche, Serifontaine, France)
and produced from similar casts. Table 1 shows the
nominal chemical composition and the transformation
temperatures of those casts. The extruded bars (3.4
and 15.1 mm diameter) are produced from AH140 cast.
Thinned wires, after additional drawing, came from
AH38 cast. For instance, the nominal squared cross
section 1.2x1.2 mm* and other thinner diameters are
prepared from cast AH38. The table shows the typical
scatter in transformation temperatures, close to £3 K,
for ‘equal’ composition materials.

From the ‘as furnished’ material, samples were
introduced in the furnace at 1123 K for different time

Table 1 Nominal data for the used wires of CuAlBe alloy. Composition in mass% and associated transformation temperatures

for the two casts used

Cast Nominal composition/mass% Transformation temperatures/K
AH38 Al11.8; Be 0.5; Cu 87.7 Ms=251; Mf=234; As=258; Af=271
AH140 Al11.8; Be 0.5; Cu 87.7 Ms=255; Mf=226; As=253; Af=275

Ms, Mf — martensite start and finish, As, Af — austenite start and finish
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intervals and then quenched in water. The samples are
studied at two levels. The first one visualizes the grain
growth. The second one (‘usefulness of the samples
for damping’) is centered in the appropriate aging of
the samples i.e., two steps at 373 and 323 K, and their
‘creep response’ to series of cycles (suitable mechani-
cal testing). In other words, the practical behavior (the
permanent accumulative strain) is evaluated with the
grain diameter.

The grain size was determined after mechanical
and chemical polishing. Grain size was determined
through area quantitative metallography performed
using optical microscopy. Thus, the mean squared
grain radius, <r*>, was calculated from measurements
of the total area observed, 4, and of the total number
of grains in that area, N, employing <r*>=A/(Nr).

The grain growth

Grain growth was studied for several wires of the
CuAlBe alloy. In Fig. 2 the A—-B—C-D frames shows
the progressive grain growth for a squared cross sec-
tion wire of 1.2x1.2 mm? associated to the time inside
the furnace at 1123 K. The figure suggests the appear-
ance of a chained grain structure for furnace times
near 2 min. The general properties of chained grains
are, usually of a deep theoretical interest [20]. Figure 3
shows the change of surface grain for a wire of 3.4 mm
of diameter after 40 min at 1123 K, compared with the
‘as furnished” wire. The observed samples did not
present extreme grain aspect ratios which could have
induced complexities in the measurements [21].

ot g U

&

Fig. 2 Grain growth at 1123 K on a longitudinal observation
of a 1.2x0.2 mm” section wire of the CuAlBe alloy, af-
ter a heat treatment at 1123 K, for different holding
times: A — initial state, B—9s,C—-50sand D - 150s.
The width of each metallographic sample, as seen on
the photographs, is 1.2 mm
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Fig. 3 Grain growth at 1123 K observed on a cross section of
a 3.4 mm diameter (wire of CuAlBe); left — as-received
microstructure; right — after 40 min. The vertical scale
represents 0.7 mm

Transient sample-temperature evolution

The sample temperature evolution after introduction in
a furnace at 1123 K is close to a transitory behavior
modified by particular characteristic of the sample.
Figure 4 shows temperature vs. time curves for a wire
of 3.4 and a bar of 15.1 mm diameter (determined by a
K-thermocouple). This evolution can be approximately
described by an exponential approach, the time con-
stant (1) being a function of sample diameter (d): re-
spectively 29 and 156 s for 3.4 and 15.1 mm diameter.
From the above experimental data a rough heat-trans-
fer model of temperature evolution can be proposed,
having in mind a basic relationship between 1 and d.
For a long cylinder (heat capacity C and surface cou-
pling P) surrounded by an external constant tempera-
ture, the time constant reads

1~C/Pocd’/docd (1)

For the two samples considered in Fig. 4, the time
constant ratio is 0.19 and the diameter ratio is 0.23, ra-
tio values which are in reasonable agreement between
them. In other words, that the crude model (proportion-
ality between 1 and d) is satisfactory.

In the curves of Fig. 4, a perturbation ‘a’ can be
observed near 870 K. Such perturbation can be as-
cribed to a dynamic phenomena related with phase
transformation (i.e., precipitation and re-dissolution
in the austenitic matrix). On the other hand, these
curves show that for these heat treatments, a minimal
time to attain furnace temperature is required:
about 150 or 600 s for samples of 3.4 or 15.1 mm di-
ameter, respectively. Extrapolation of these data to
the wire of 1.2x0.2 mm” section indicates that the cor-
rect betatization of this wire has to be considered
problematic for the B and C micrographs in Fig. 2: the
wire temperature seems that remains under 800 K.

Grain growth and activation energy (wire diameter:
3.4 mm)

Figure 5 shows the experimental mean squared grain
radius vs. the time inside the furnace at 1123 K. The
<r*> values are estimated from the mean of two (or
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Fig. 4 Temperature evolution on heating for a CuAlBe alloy wire; left — sample of 3.4 mm of diameter. O — experimental, contin-
uous line — exponential fit; right — sample of 15.1 mm of diameter. Time equal 0 is the introduction in the hot furnace at

1123 K; a — see text
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Fig. 5 Grain growth for CuAlBe wire of 3.4 mm diameter.
Average of squared radius (</*>) vs. time inside the
furnace at 1123 K. Dots — experimental data, continu-
ous line — exponential fit (mean time constant 7.8 min)

three) sample sections. A rough approach to <> is de-
termined by the sample cross section divided by the
product Nt where N is the number of observed grains.
An elementary exponential fit between </*> and time
furnishes a time constant close to 7.8 min. The grain
growth proceeds quite fast. Non-homogeneities or par-
asitic gradients in the internal furnace temperature are
to be avoided, or grains might grow irregularly, much
larger in one part of the sample than in other parts, pro-
ducing asymmetries inducing — at the application
level — supplementary internal stresses and fragility.

The first part of the growth is practically linear
between the observed mean squared radius (or
squared diameter) and the time according to the ex-
pected classical approach i.e., normal and stable grain
growth [20]. In fact, the observations indicate that, for
this wire and furnace temperature, the grain growth
proceeds very slow after 40 min at 1123 K. By using
the grain diameter, for the first part of grain growth
data, up to 10 min, the relation (2) is satisfied:
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D*-D;} =Kt ()

After some 10 min the curvature suggests a
change of the grain growth mechanism, i.e., appear-
ance of interactions with the external sample surface.

The effect of using other furnace temperatures
was tentatively considered. Furnace temperatures too
high could mean local melting of the samples and
changes in shape, and too low temperatures are dan-
gerous because of the precipitation—dissolution at
near 800-900 K, so 1123 K is a good compromise
(higher than precipitation, lower than excessively
weak material). Some observations of grain growth
were done at 1073 K, and the initial grain growth was
compared with the grain growth at 1123 K. This al-
lowed the extraction of a very rough estimation of the
activation energy for the K(7) in Eq. (1), as near
1.5-10° J mol . This value is relatively close to the ac-
tivation energy estimated in [22] for the grain growth
in CuAlZn, and also not too far from the value for
pure Cu, 1.2-10° J mol ™.

Grain growth for wire diameter 15.1 mm

Grain growth was also evaluated for a bar of the
CuAlBe alloy (diameter: 15.1 mm). Figure 6 shows
the experimental data.
From D*=D(¢) a linear representation furnishes

a regression coefficient greater than 0.99 and accord-
ing with

D*-Dj=Kt—>D’~-D; =K (t-t,)

when ¢, —>t=d(D?)/dt=K

Thus, the slope in the Fig. 6 left is, directly, the K
value. In this rough approach: 7.9:-10* mm” s™'. In
general, a representative model of grain growth reads,

D"-D] =Kt 2)
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Fig. 6 Left — grain growth vs. time for a rod of 15.1 mm diameter; right — constancy of the mechanism of grain growth (see the text)

or, in local conditions
d(D"/de=K 2"

where 7 is an exponent related to the mechanism, Dy
is the initial diameter, D the diameter after the time ¢
and K it is a value that depends on the temperature
and the mechanism, according to an activated process
(energy E for each mechanism) as,

K=Kexp(-E/RT) 3)

Considering that the fit in Fig. 6 (left) can be an-
alyzed as a series of successive short time-duration
intervals (or temperature steps), it is possible to nu-
merically determine the values of n and K. Note that
for each interval, K is constant because the tempera-
ture is constant, while the value » is constant because
the grain growth mechanism is unique. Thus, deriving
the Eq. (2’) vs. time and applying logarithms, it reads,

log(dD/df)=log(K/n)+(1-n)logD 4)

Equation (4) is outlined in Fig. 6 right. In a gen-
eral behavior, the graph allows us to obtain the value
of n from the local slope of the curve (equal to (1-n))
and the local K value using Eq. (2’). From Fig. 6 right,
established with the experimental available data, #n is
effectively constant and equal to 2. For the time inter-
val investigated, the grain growth mechanism has not
changed, indicating that the intervention of external
surfaces is still irrelevant. The good linear behavior of
Fig. 6 right is, probably, influenced by the smoothing
of data scatter proper of a log—log plot.

Usefulness of the samples for damping

For guaranteed damping purposes it is needed that the
samples do not accumulate easily plastic deformation. A
fine grained, thick polycrystalline sample of shape
memory alloy has in each cross section of the sample
some grains with non-favorable crystallographic orien-
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tation to produce strain when tensile stresses are applied
and, then plastic deformation appears too easily. A very
thin sample (which could be considered as a chain of
grains) supports only small forces. A compromise in the
cross section of the samples and the mechanical proper-
ties is needed. For CuAlBe polycrystalline alloy, a wire
of 3.4 mm diameter can support forces in excess of
some 2 kN, and has still low fragility with reasonable
thermal treatment and aging times.

The thermal treatment at 1123 K produces grain
growth. After the grain growth and the quench pro-
cess is always convenient some aging at 373 K. Some
lengthy time permits that the sample arrives to well-
determined transformation temperature after the re-
sidual non-homogeneities of atomic order produced
by quench are reduced and/or completely suppressed.
Also an aging at temperatures close to room tempera-
ture value approaches the Ms to their steady value
smoothing parasitic evolutions with the summer—win-
ter external temperature changes.

Figure 7 shows the effects of aging in CuAlBe
samples after the quench on the transformation temper-
ature Ms. The sample was kept at controlled tempera-

260 = - 373K - 353K s
258 Q
256 4 © o
%o
2 0
254 o
1y qu
2524 ¢ ®00006 o
250 T T T T . T X T ' !
0 50 100 150 200 250
Time/day

Fig. 7 Ms vs. aging time, at temperatures 373 and 353 K. The
arrow a shows the initial quench processes
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Fig. 9 The effect of increased deformation cycles in CuAlBe alloys for increased grain dimension and sample aging; left — stress
vs. strain; right — deformation vs. time for a similar set of cycles as shown in the Fig. 8

ture, and from time to time, a programmed temperature
cycle was performed, while measuring the electrical
resistance, from which Ms values were determined. As
can be seen from Fig. 7, a long aging at 373 K produces
a decrease of near 5 K in Ms. Further aging at interme-
diate temperature (353 K) produces a supplementary
Ms decrease (i.e., 3 K or more).

The expected effect of the grain growth is to de-
termine a practical level without accumulative perma-
nent deformation with cycling. In the damping applica-
tion of SMA for scarce events as quakes the eventual
accumulation of permanent deformation in cycling
need to be avoided or carefully controlled [23-26].

Figure 8 left shows (in stress-strain coordinates)
the effect of progressive amplitude of sets of cycles
for a sample with a ‘standard’ heat treatment and,
also, aging. Figure 8 right visualizes the progressive
accumulation of deformation on cycling. For 3% of
strain the permanent deformation overcomes 0.5%
and the fracture stress overcomes 350 MPa. Figure 9
shows similar experimental observations for a sample
with 40 min at 1123 K and a long time aging at 373 K
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and, after, at 323 K. For a deformation close to 4% the
permanent accumulative creep do no overcomes 0.5%
and the fracture level is situated near 250 MPa.

Conclusions

The experimental analysis suggests that an appropriate
thermal treatment in polycrystalline samples permits
the use of CuAlBe shape memory alloy for damping
purposes with a reduced remnant deformation on cy-
cling i.e., under 0.5% for pseudoelastic deformations
close to 3.5%. The grains grow quite fast at the usual
thermal treatment temperatures (1123 K). The in-
creased grain diameter also reduces in some 30% the
fracture stress level (from 350 to 250 MPa).

The observations establish that the grain growth
for the application domain of the alloy (using wires
of 3.4 mm of diameter) induces some complex inter-
action between surface grains and external surface of
the samples. In this domain the grain growth saturates
progressively and the standard linearity between the

J. Therm. Anal. Cal., 89, 2007
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diameter and the square root of time progressively de-
creases. For different wire diameters the grain grow
process is highly affected by the external surface
changing the mechanism of grow; i.e., for thinner
wire is relatively easy to produce in a short time of
betatization process a chain of grains with good me-
chanical behavior. For increased cross section, the in-
teraction is more complex. An experimental roughly
approach suggests the convenience of some particular
evaluation for each type of wire.

Remark

The growth analysis can be studied only for relatively
higher temperatures. At ‘low temperatures’ (i.e., near
800 or 900 K), the sample heating induces parasitic
effects related with precipitation (i.e., of a phase) and
subsequent re-dissolution (‘a’ in Fig. 4).
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