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Abstract In Cu-14.3Al-4.1Ni (wt%) shape memory alloy,

aging thermal treatments above room temperature in parent

b phase increase martensitic transformation temperatures

and decrease transformation stresses, thus affecting Clau-

sius-Clapeyron diagrams. c phase precipitation and order-

ing processes (until their culmination) are the most

probable phenomena responsible for these modifications.

After aging, a recovery thermal treatment was performed,

which was able to restore the original martensitic trans-

formation stresses and temperatures of the alloy. However,

microstructural observations of samples submitted to the

recovery thermal treatment reveal a high density of dislo-

cations, which is evidence that the recovery process was

not able to fully restore the material to its initial state. We

show how the high density of defects in recovered samples

affects electrical resistance measurements, even when

macroscopic properties such as transformation temperature

and stresses are unaltered.

Keywords Aging � Dislocations � CuAlNi � Shape
memory � Transmission electron microscopy

Introduction

Cu-Al-Ni shape memory alloys are potential candidates for

real life engineering applications, especially at relatively

high temperatures. Several metallurgical factors have an

impact on the shape memory effect, such as: martensitic

transitions, crystallographic ordering, microstructural

defects, precipitation, etc. Moreover, complex interactions

may affect the behavior of these alloys, such as interactions

between martensitic transitions and microstructural defects,

among others. These phenomena are not completely

understood and significant research effort is still devoted to

these alloys. Recent works about Cu-Al-Ni have focused

on simulations [1, 2], effects of heat treatments [3, 4],

thermodynamics [5], tribology [6], and performance com-

parison with other shape memory alloys [7]. Studies from

the last decade include in situ transmission electron

microscopy [8], and phase transformations [9]. Alloys with

compositions close to Cu-14Al-4Ni (wt%) undergo

martensitic reversible transformations between a parent b
phase and a martensitic phase. The high temperature b
phase can be obtained in a metastable state at room tem-

perature (RT) after a quenching treatment. During this

treatment, the bcc phase undergoes two successive ordering

processes, and becomes an ordered L21 structure.

Martensitic transformation can be induced either by cool-

ing the alloy below some critical temperature, called TIM

(Thermally Induced Martensitic) transformations, or by

applying stress, called SIM (Stress Induced Martensitic)

transformations [10–14].

In Cu-14.3Al4.1Ni (wt%), c� is obtained in TIM and b’
is induced by applying stress at temperatures above room

temperature. Thermoelastic martensitic transformations in

aged CuAlNi shape memory alloys have been studied by

many authors [15–19].
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It is well known that isothermal aging of the b phase

above RT shifts transformation temperatures and transfor-

mation stresses. These changes of the thermomechanical

properties of the alloys are probably caused by a combi-

nation of two effects: ordering of the b phase is usually

incomplete and may increase [18–20], and precipitation of

stable phases (c,a) can occur [21–26].

In the early stages of aging, critical temperatures for

TIM transformations increase until they reach an asymp-

totic value for larger periods of aging. For SIM transfor-

mations, critical stresses values decrease during the first

step of aging and an asymptotic behavior is reached for

long aging periods. It is possible to return martensitic

transformation stresses and temperatures to their original

values with a recovery thermal treatment (RTT). This

consists in annealing at 1203 K followed by quenching in a

mix of ice and water. However, due to the complexity of

the metallurgical processes involved (ordering, precipita-

tion/precipitate dissolution, and martensitic phase trans-

formations), it is not clear whether the RTT is able to fully

restore the initial state of the alloy, i.e., its original

microstructure, physical, and mechanical properties.

The aim of this paper is to study whether the RTT is able

to fully restore the original properties of the alloy. Thermo-

mechanical properties and microstructure defects are ana-

lyzed and a comparison is drawn between virgin and

recovered samples which were aged until an asymptotic

state was reached.

Materials and Methods

A Cu-14.3Al-4.1Ni (wt%) alloy was obtained by a two-step

procedure: 99.99% Cu and 99.99% Ni were melted in an

induction furnace in a controlled Ar atmosphere. The CuNi

binary alloy was then melted in an electric resistance fur-

nace with 99.99% Al in Ar atmosphere to reach the final

composition of the ternary shape memory alloy. Single

crystals were grown by the Bridgman method as detailed in

[27] and submitted to an annealing treatment at 1203 K for

1 h, followed by quenching in a mix of water and ice

(virgin sample). This thermal treatment (including

annealing and quenching) is called Q in this work and

results in metastable ordered b phase at room temperature.

The nominal martensitic start temperature (Ms) calculated

as in [12] was 215 K.

Different aging treatments at 473 K were performed in

samples (20 9 3x1) mm3 cut longitudinally from the single

crystals. Electrical resistance versus temperature was

measured in order to determine the characteristic temper-

atures for TIM transformations: Ms, Mf (martensitic finish

temperature), As (austenite start temperature), and Af

(autenite finish temperature) vs. aging time.

For measurements related to SIM transformations,

specimens were prepared as detailed in [28]. Tensile tests

were carried out in an EMIC-DL1000 machine, under well

controlled temperature conditions. The elongation was

calculated based on initial sample length and crosshead

displacement. All pseudoelastic cycles were performed at

temperatures above room temperature and at a crosshead

speed equal to 3.10–6 m/s, to measure the transformation

stress rc vs. aging time.

Recovery thermal treatments were performed to restore

b phase at RT in aged samples, and consisted in a Q

treatment performed in samples aged until the asymptotic

state.

Table 1 shows the different aging treatments and the

samples studied.

Specimens were observed by transmission electron

microscopy (TEM) using a TECNAI F20 G2 microscope

operating at 200 kV. Images were taken using zero-loss

peak energy filtering (ZLP) in a Gatan imaging filter (GIF)

system, i.e., an Electron Energy Loss Spectroscopy (EELS)

system operating in imaging mode. This technique filters

out inelastically scattered electrons, which greatly

improves the sharpness of images obtained in relatively

thick zones of the sample. This is especially beneficial

when imaging certain microstructural defects such as dis-

locations [29]. TEM samples were prepared as detailed in

[19].

Results and Discussion

We first present thermoelastic results for TIM and SIM

transformations in aged and aged ? recovered samples.

Then, the results will be correlated with microstructural

observations.

In order to study TIM transformations, the martensitic

transformation temperatures were measured for each sam-

ple after different aging times. Figure 1 shows a plot of

DMs = Ms(t)—Ms (0) as a function of aging time, where

Ms(0) is the transformation temperature measured after

quenching and Ms(t) are the critical temperatures obtained

after aging crystals A, B, and C for a time t at 473 K. In all

cases, two stages can be noted. During the first stage DMs

increases until it reaches an asymptotic value.

Samples A4 and B4 were aged 249 h before the

recovery treatment. Figure 2 compares the electrical

resistance vs temperature cycles for the sample A4 before

aging treatments (virgin) with the sample after the recovery

thermal treatment. In the virgin sample, the large hysteresis

(between 20 and 40 K) indicates that the c� (2H) martensite

is obtained [30, 31]. This is in agreement with the expected

martensite obtained after a TIM transformation for the

actual Cu-Al-Ni composition [31]. The crystal structure of
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the c� martensite is orthorhombic (Pmmn space group).

[32, 33].

Both the critical temperature Ms and hysteresis width

are quite similar in Fig. 2. A visual comparison of both

curves reveals that noise is significantly higher in the

recovered sample. These measurements were repeated

several times to verify whether experimental variables

were responsible for higher noise levels. However, we

obtained the same results, i.e., noise is consistently higher

in recovered samples compared to virgin samples. Once we

verified experimentally that higher levels of noise in

recovered samples were not an experimental artifact, we

hypothesized that different noise levels in measurements

were actually caused by microstructural differences

between virgin and recovered samples. This hypothesis

was later confirmed by TEM observations, which revealed

that the dislocation density is significantly higher in the

recovered sample. This result is unexpected and we discuss

it in more detail below.

To study the SIM transformation, tensile pseudoelastic

cycles were performed in sample D at temperatures above

Table 1 Aging treatments and

the samples studied
Crystal Samples Aging time (h) at 473 K Recovery thermal treatment (RTT)

A A1 0 No

A2 36.5 No

A3 249 No

A4 249 Yes

B B1 0 No

B2 36.5 No

B3 249 No

B4 249 Yes

C C1 0 No

C2 36.5 No

C3 249 No

D D 87.5 Yes

Fig. 1 DMs vs. Aging time at 473 K, for different samples. In all

samples, Ms increases asymptotically with aging time

Fig. 2 Electrical resistance vs. temperature of a virgin sample (a) and
a recovered sample (b). Curves are similar, but noise is significantly

higher in the recovered sample

Table 2 Critical stress transformation (rc) values at different aging

times

Aging time (h) at 473 K rc (MPa) Recovery treatment

0.0 296.3 ± 5.6 No

39.5 211.5 ± 5.6 No

52.0 206.5 ± 5.6 No

87.5 211.5 ± 5.6 No

87.5 291.8 ± 5.6 Yes

416 Shap. Mem. Superelasticity (2021) 7:414–420

123



RT. Table 2 shows the shift of critical stress transformation

(rc) values at 313 K as aging time increases. The recov-

ered sample is in the last line of the table.

Uncertainty was determined from the fluctuation of the

critical stress of the virgin sample, measured on different

days.

As [18] reported, rc decreases as aging time increases.

The sample reaches an asymptotic value at 39.5 h. Results

show that the recovery thermal treatment is an effective

way to restore rc as, after the treatment, it overlaps with

the uncertainty range of the virgin state rc. Figure 3

compares the pseudoelastic cycles for the virgin sample

performed at 314.9 K with the pseudoelastic cycle for the

sample after recovery treatment performed at 314.0 K.

With the aim of studying the microstructure of aged

samples with and without recovery treatment, samples

were observed in TEM after the corresponding critical

transformation temperatures were measured.

In Fig. 4 two bright field images of c precipitates in

samples B2 (a) and B3 (b) can be observed. In Fig. 4 (b),

there are also dislocations located around c precipitates.

Similar behavior was observed by [19]. As c precipitates

are approximately cuboidal, their size was determined by

taking the average of two perpendicular edges, with Image

J software. Those values are shown in Table 3:

It can be noted that mean precipitate size increases as

aging time increases, as expected.

The microstructure of a sample after the recovery ther-

mal treatment is shown in Fig. 5. In these samples, we

observed that most precipitates were dissolved, as expec-

ted. However, we found a significantly high density of

dislocations in recovered samples, which is not observed in

the virgin sample. This result is unexpected and indicates

that the recovery thermal treatment is unable to fully

restore the original state of the sample.

This is a remarkable result because critical martensitic

transformation temperatures in the virgin state, i.e., before

aging, and after the recovery thermal treatment are quite

similar. However, the microstructural observations provide

evidence that a significant number of dislocations remain

after the recovery treatment. A possible explanation for this

phenomenon is that the recovery treatment itself frees

dislocations which were previously locked at the

matrix/precipitate interface [34], by a mechanism related to

the dissolution of precipitates. Furthermore, we hypothe-

size that these dislocations are the cause of the noise

observed in the electrical resistance curves. This is a very

interesting example where the noise in the measurement of

a physical property is not merely an artifact by actually

conveys useful information about the sample.

One simple way to quantify noise is through its RMS

(Root Mean Square) value, obtained for each linear part of

the electrical resistance curve (Fig. 6). First, the signal

baseline, i.e., the theoretical value that would be measured

in the absence of noise, needs to be determined. In this

alloy, in the absence of phase transformations we know that

electric resistance varies approximately linearly with tem-

perature. Thus, we used linear fits before and after the

martensitic transition to establish our signal baseline in

different parts of the curve. Once the signal baseline was

established, noise RMS was calculated considering that any

deviation from the linear baseline was caused by noise.

This method was applied to virgin samples and also to

samples after the recovery thermal treatment. Results are

shown in Table 4.

In the recovered sample, noise in electrical resistance

measurements during TIM transformations is almost one

order of magnitude greater than in the virgin sample. Noise

was consistently high in all measurements obtained from

recovered samples and, as mentioned before, it was verified

that it was not an experimental artifact.

Recovered and virgin samples have also very similar

mechanical behavior, i.e., stress vs. strain curves are almost

identical, in SIM transformations. The evidence shows that

there are higher noise levels during electrical resistance

measurements in samples with higher density of disloca-

tions. Even though the recovery thermal treatment was

unable to fully restore the initial state of the sample, as

many dislocations remained in it, the presence of these

dislocations does not seem to have a strong impact on the

stress vs. strain curves obtained in the conditions studied,

i.e., up to partial martensitic transformation.

Moreover, no significant difference was found in the

Clausius-Clapeyron relationships studied.

Fig. 3 Pseudoelastic cycles for the virgin sample (performed at

314.9 K) and after recovery treatment (performed at 314.0 K)
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As the elastic limit of the samples is not reached during

the stress tests—and it is not clear if the samples would

tolerate macroscopic plastic deformation before fracture—

it was not possible to verify whether the higher dislocation

density in the recovered sample results in a higher yield

point. Nevertheless, our results provide evidence that the

martensitic transitions studied are not greatly affected by

these defects.

Conclusion

As the alloy accumulates aging time at 473 K an increase

in Ms temperature and a decrease in rc are observed,

reaching an asymptotic state similarly to [18, 19]. Samples

with recovery treatment carried out after reaching the

asymptotic behavior present critical temperatures and

stresses similar to the virgin samples. After the recovery

treatment, the macroscopic properties of the alloy are

restored to their initial values, but microstructural defects

are still observed in TEM. A high dislocation density,

which affects electrical resistance vs. temperature mea-

surements, is correlated to the noise RMS level in the

curves. We found that noise in recovered samples is

approximately one order of magnitude greater than noise in

virgin samples. We can conclude that although the recov-

ery treatment restores the macroscopic properties of the

alloy to their original values, the original microstructure is

Fig. 4 TEM bright field images

of samples B2 (a) and B3 (b).
Precipitate size increases with

aging time

Table 3 Sample size

determined using Image J

software

Sample Mean size (lm)

B2 (0.07 ± 0.01)

B3 (0.20 ± 0.08)

Fig. 5 Microstructure of a

sample A4 (a) and sample B4

(b) after the recovery thermal

treatment. A high density of

dislocations is observed in both

cases
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not restored because recovered samples present a high

density of microstructural defects that cannot be removed

by the recovery treatment used.
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2. Tůma K, Rezaee-Hajidehi M, Hron J, Farrell PE, Stupkiewicz S

(2021) Phase-field modeling of multivariant martensitic trans-

formation at finite-strain: computational aspects and large-scale

finite-element simulations. Comput Methods Appl Mech Eng.

https://doi.org/10.1016/j.cma.2021.113705
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