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Abstract

Due to their capability to recover the initial shape, Shape Memory Alloys (SMAs) are widely used in many applications. Different
grades are commercially available and they can be classified considering either their chemical compositions (Cu based, Ni based,
Fe based and so on..) or according to their mechanical behaviour. The most used SMAs are the Ni based alloys thanks to their
performances both in terms of mechanical resistance and in terms of fatigue resistance, but their costs are quite high. Cu based
alloys are good competitors of the Ni based alloys. The recent optimization of their chemical composition improved both the
corrosion resistance in aggressive environments and their mechanical performances. In this work, the influence of the grain size on
fatigue crack propagation in two Cu-Zn-Al SMAs focusing on the damaging micromechanisms.
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1. Introduction

The ability to recover the initial shape also after high deformation is the main ability of Shape Memory Alloys
(SMAs) (Wisutmethangoon et al. (2009)). The SMAs material class is wide, covering Fe-based alloys (i.e. Fe-Pd, Fe-
Pt or Fe-Mn-Si), Au based alloys (i.e Au-Cu and Au-Cd), equiatomic and near-equiatomic Ni-Ti alloys (Zhang et al.
(2016)) and Cu based alloys (Furlani et al. (2005), Lovey et al. (1999)) as Cu-Zn-Al that have been investigated in
this work (Arnaboldi et al. (2011)). The shape memory property characterized by a pseudoelastic effect, is due to a
reversible transition from a parent phase (usually named austenite) to a different phase (usually named martensite)
without recrystallization due to mechanical loading. Instead, the inverse transformation (from martensite to austenite)
is due to the temperature, which must be higher than a critical temperature.
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Nomenclature

SMA  Shape Memory Alloy

SEM  Scanning Electron Microscope
ry Yield radius

GN Grains Number

In the elastic stage three different stages are evident, with a so called “pseudoelastic behaviour” (Fig.1) (Di Cocco et
al. (2014)):
1) The first stage is characterized by the linear elastic deformation of the fully austenitic phase;
2) The second stage is quite similar to a plateau: in this stage, the transformation of the austenitic grains into
martensite takes place.
3) The third stage is characterized by the linear elastic deformation of the fully transformed martensitic phase.
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Fig. 1. Schematic representation of a SMA’s o—¢ curve (Di Cocco et al. (2014)).

The martensite is obtained from austenite under a loading effect and for this reason is named as “stress induced
martensite”. The initial shape is obtained recovering the initial austenitic structure, by removing the loads. In this case
the stress-strain curve shows a hysteretic behaviour. An elastocaloric cooling effect characterizes the reverse
transformation. This is observed in different SMA alloys, as Cu-Zn-Al, Ni-Ti, Ni-Ti-Cu, Ni2FeGa and NiTiHf13.3,
with a temperature decrease of about 14°C for Cu-Zn-Al SMA alloy (Iacoviello, et al. (2018)), and it is due to the
high values of entropy changing in the reverse transformation.

The studies of Tuma et al. (2016) on a Cu-Al-Ni alloy are focused on the deformation of twinned martensite. It
shows the influence of twin spacing (between 10 and 200nm) on energy storage in the alloy, and the importance of
the elastic storage energy. Sade et al. (2015) showed the presence in Cu based SMAs of two different martensitic
phases (called “18R” and “6R”), evaluating their influence on the cyclic behaviour of a single crystal of SMA,
considering the hysteresis phenomenon due to load-unload processes. Policrystalline Cu-Al-Ni SMAs, characterized
by a directionally structure due to particular solidification, exhibits an excellent elasticity, and the hysteretic behaviour
is reduced when stresses are applied along the grain orientation. These alloys are also characterized by good fatigue
resistance and are characterized by less residual strain and slower mechanical properties degradation than commercial
NiTi alloys (Fu et al. (2017)).

The Cu-Zn and Cu-Al alloys exhibit a martensitic transformation from cubic B phases, but the first one exhibits
the transformation at low temperature (lower than -50°C) and the second one at high temperature (over 100°C).
Critical temperature can be changed by adding different elements (the addition of Al in the Cu-Zn alloy allows to
obtain a critical temperature below 200°C). The atom diffusion phenomenon governs the transformation, but its kinetic
is really slow. For this reason, a cooling process in air allows to obtain a metastable structure that can change under
the action of external loads, allowing to change the structure (from austenite to martensite) without recrystallization
(Lexcellent et al. (2013)). The transformation from martensite to austenite can take place when:

1) The temperature is higher than the critical temperature (if the critical temperature is lower than environmental
temperature, heating is not necessary);
2) The high value loads must be removed.
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Large grain sizes Cu-Zn-Al SMAs show that crack paths follow preferentially the grains boundaries (intergranular
cracks), sometimes with a propagation that follows a transgranular paths. This is due to the local chemical dis-
homogeneities (Natali et al. (2017)). Furthermore in the investigation on the thermodynamic properties of a Cu-Zn-Al
SMA, Gomidzelovi¢ et al. (2015) observed the presence of Zn and Al in the intermetallic phases in polygonal shape
grains. In other words, a fine control of the production processes of Cu based alloys could allow to obtain Cu-Zn-Al
alloys for different components, ranging from a traditional component obtained from fusion to a complex component
made on hybrid composite SMA (Lo Conte et al. (2016). Modern constitutive models are available in the scientific
literature (Cisse et al. 2016), covering also microscopic effects as the reorientation of martensite, in order to better
describe the behaviour of SMA, not only in terms of stress-strain behaviour, but also in terms of microstructure
transformations. In order to improve both the mechanical behavior and the memory performances of Cu based SMA
alloys, a grains refinement could be an interesting way. Yang et al. (2016) in Cu-Al-Mn SMA observed an improvement
of tensile performances and the damping capability at low temperature and low frequencies by a refinement from 105
pm to 37 pm.

In this work, a Cu-Zn-Al alloy was investigated in order to observe the effects of both the grain sizes on fatigue
crack growth propagation. Fracture surfaces were investigated by means of a Scanning Electron Microscope (SEM)
in order to identify the main fatigue crack propagation micromechanisms.

2. Investigated alloy and experimental procedure

In this work, the Cu-Zn-Al pseudo-elastic alloy has been investigated considering two different grain sizes and
focusing on the fatigue crack propagation resistance.

The SMA alloy characterized by a higher value of grain size (Alloy A — chemical composition in Tab. 1) was
produced in the laboratory, by using a controlled atmosphere furnace, and machined in “as cast” conditions.

Table 1: Chemical composition of investigated Cu-Zn-Al alloy (wt%).
Cu Zn Al Other

73.00 21.80 5.04 Bal.

The second investigated alloy (Alloy B) is produced from Alloy A optimizing with the addition of Cerium in order
to reduce the grain size. Grain size has been evaluated by means of the LOM (light optical microscope) observations,
using Jeffiers method (standard ASTM E883-11) (2017).

In order to evaluate the structure modifications, a customized testing machine equipped with a removable loading
frame was used to perform X-Ray analyses at fixed values of applied load and/or deformations. XRD measurements
were carried out by using a Philips X-PERT PRO diffractometer equipped with vertical Bragg-Brentano powder
goniometer. A step-scan mode was used in the 20 range from 40° to 45° with a step width of 0.02° and a counting time
of 3 s per step (receiving slit 0.02 mm). The employed radiation was monochromated Cu Ka (40kV — 40 mA). The
diffractions analyses were performed on a uniaxial specimen both in unloaded and at imposed deformation (¢=10%).

Fatigue crack propagation tests were performed by using the standard CT (Compact Type) specimens obtained by
machining the cast ingots. A traditional hydraulic testing machine was used in order to investigate the fatigue crack
propagation according to ASTM E 647 (2015).

Fatigue cracks propagation tests were performed according to the following conditions.

AP = constant
Stress ratio, R = Pmin/Pmax= 0.1
Loading waveform: Sinusoidal wave.
Load frequency = 30Hz.

e  Testing environment: Lab conditions.

Tests were repeated three times for each investigated condition. Results were characterized by a very high
repeatability. Finally, fracture surfaces analyses were performed by means of a Scanning Electron Microscope (SEM)
in order to evaluate the influence of grain size, load ratio and applied AK on fatigue crack growth micromechanisms.
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3. Experimental results and discussion

The minimum grain size has been obtained by means of 0.25wt% of cerium addition, where the initial size of about
150 pm is reduced to 65 um as shown in Tab 2. The grain size is evaluated by means of planimetric methods (ASTM
E 883-11 (2017). It is possible to underline that the main grain size of Alloy A is about double the grain size which
characterizes the alloy B. The values of stress plateau for both investigated alloys are shown too.

Table 2: Grain size of investigated alloys and their plateau stresses values o,

Alloy Mean grain size 6, [MPa]
A 150 um 50
B 65 pm 30

Focusing on Alloy B, its microstructure is characterized by the presence of secondary phases at grain boundaries
of the larger grains (maybe Cu-Al based and Cu-Zn based alloys (Di Cocco et al. (2014)). This microstructure is often
observed in as cast Cu based alloys, and, as a consequence, these alloys usually need a supplementary heat treatment
(Yang et al. (2016)). Focusing on Alloy A, the X-ray analysis performed on the as cast unloaded alloy shows a
spectrum that exhibits three different peaks corresponding to 2-0 = 43.53°, 40.95° and 43.37°. Corresponding to an
engineering deformation €=10%, the second and third peaks obtained for the unloaded alloy disappear and two new
different peaks are present: the first one at 2-0 = 43.57° and the second one at 2-0 = 42.63° (Fig. 2). This implies the
microstructure transformation from austenite to stress induced martensite.
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Fig. 2. Spectrum of initial austenite and stress induced martensite (Iacoviello et al. (2018)).

The fatigue crack propagation shows five different stages (Fig. 3), for all the investigated alloys. Considering the
Alloy A (Fig. 3a), the first stage ranges between AKth=12MPaVm and about 13 MPaVm, and it is followed by a “quasi
- plateau” stage (second stage) up to 15 MPaVm. Corresponding to higher AK values, a third stage shows an increase
of da/dN-AK slope up to AK =19 MPaVm, followed by a slope decrease of the fourth stage between 19 and 23 MPaVm.
Corresponding to higher AK values, the fifth stage leads to the instable crack propagation.

An analogous behaviour is observed for the Alloy B, but, in this case, the ranges of the different stages correspond
to lower AK values (Fig. 3b). In particular, the first stage ranges between the threshold value and 4.5MPaVm and the
second stage is almost negligible (between AK=5.2 MPaVm and 5.9 MPavm). This result is confirmed by a previous
work (Di Cocco et al. (2014), where a very large grain Cu-Zn-Al SMA showed the presence of five fatigue crack
propagation stages in the da/dN-AK diagram.

Comparing Alloy A and Alloy B, the second alloy, characterized by lower grain sizes values, is characterized by
lower values of the “near — threshold” values and by crack growth rates that are higher by more than a factor of one if
compared to the Alloy A, that is characterized by larger grains.
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Fig. 3. da/dN-AK curves for different grain size: a) grain 150 um (alloy A), b) grain size 65 um (alloy B) (Iacoviello et al. (2018)).

Considering the Alloy A, SEM analyses of the fatigue crack surfaces show different crack propagation
micromechanisms which characterize the five stages observed. Focusing on Stage 1 fatigue striations are observed
with an intergranular crack propagation. Increasing the applied AK value, corresponding to stage 2 (Fig. 4a), the crack
propagation became mainly transgranular with cleavage morphology, and striations are characterized by increased
striation spacing values. Analogous fracture surface morphologies were observed in Alloy B (Fig. 4b).

Fig. 4. Stage 2 SEM fracture surfaces observations: a) Alloy A, b) Alloy B.

The second stages are characterized by the presence of a AK range with a virtually constant crack growth rate
da/dN (“quasi-plateau”, e.g. “qp conditions”). Considering that the crack tip plastic radius in homogenous and
isotropic materials can be calculated according to Eq. (1)

oL (K,)Z 0
y 2. oy

For SMAs it is possible to calculate the radious ahead the crack tip that is interested by a transformation of austenite
to martensite (with Ki = Kimax) and the fraction of this ratio that is not interested by a reverse transformation for an applied
K value equals to Kiin, considering in Eq. (1) o, instead of 6y and Kimin instead of K. Considering the measured grains
size in Tab. 2 for the two investigated alloys, the number of grains ahead the crack tip that are interested by a
transformation of austenite to stress induced martensite corresponding to Kimin (€.g., GN) can be calculated according to:
L_(Klmin)z

2T Up

Grain size

GN = INT ()

Calculating the GN values for the two investigated alloys, and focusing on Kimin loading conditions, “qp conditions”
correspond to about 1 grain for both the investigated alloys (Fig. 5 a and b).
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Fig. 5. Grains number corresponding to applied Kimin: @) Alloy A; b) Alloy B
Conclusions

This work is focused on the investigation of the influence of the grains size on the fatigue crack propagation
resistance and on the fatigue crack propagation micromechanisms in two Cu-Zn-Al SMAs. Two different SMAs
characterized by different grains size were obtained modifying the Ce content. From the metallurgical point of view,
the alloy without Ce was characterized by a well developed grain, and the addition of 0.25 wt% of Ce allowed to
obtain a reduced grains size, with the presence of intermetallic phases at grains boundaries. From da/dN-AK curves,
five different stages have been observed. In particular the second stage, characterized by a “quasi plateau” behaviour,
is due to the extension of the untransformed field around the crack tip, which is comparable to the grain size.
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