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Alloys of CuAlMn are known as cheap, high strength shape memory alloys with an excellent
damping capacity within their austenitic-martensitic phase transformation, compared to alloy systems
like NiTi, CuZnAl or MnCu. But CuAlMn alloys have disadvantage due to generation of voids by a
high shrinkage which further increases the existing proneness to stress cracks during rapid cooling.
Alloying grain refining elements improves the stress crack resistance and enables a wide range of rapid
quenching parameters which are needed to control the temperature of martensitic phase transformation.
Additionally, the elements itself influence the in- or decreasing of the phase transformation temperature
and the SMA effects. Furthermore, some of these elements can reduce the internal friction indirectly by
decomposing areas of metastable martensite into its stabilized forms, where no transformation occurs.
This thermic stability can be calculated by the concentration of valence electrons in a unit cell. The
proneness to ageing is controlled by multistep heat treatments. Annealing and rapid quenching into
the area of martensitic phase transformation maximize the generation of point defects. A high amount
of point defects contradicts the negative effect of pinning. It also preserves the material from extreme
brittleness. The influences of these effects are shown at single cantilever bending beams by elastic
strain amplitude (¢ = 12E-4) depending measurements of internal friction at natural frequency along
the ageing at room temperature (293 K) up to 2500 h. The samples are annealed at 1123 K for 15 min
(CuAl14Mn2) and 1100K for 30min (CuAll1Mn5) afterwards rapid quenched to 370 K with no further
thermic stabilisation. The base alloy of CuAl14.1Mn2.0Ni1.9Fe0.4 had an internal friction measured
as logarithmic Decrement (8) of 0.155 and 0.11 after 2500 h of ageing at RT. The phase transformation
is located between 284 K and 352 K, measured by DSC. The alloy of CuAl11.1Mn5.5Zn2.9Ni2.1 had
a logarithmic decrement of 0.31 and diminish continuously to 0.12 after 2500 h of ageing at RT. The
phase transformation is located between 287 K and 318 K.
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1. Introduction

Shape memory alloys exhibit high damping properties
mainly due to thermoelastic martensitic phase transformations,
which are related to the energy loss by the movement of the
parental martensite planes, martensite variant interfaces and
twin boundaries. Key to maximize these effects belong to the
stabilization of the intermetallic high temperature f-phase
and its low temperature successors transformation window
near the intended application temperature 2. The austenitic
B-phase arranged to the lower order system f, (L21; Cu2AlMn)
and martensitic phase stabilization of (unstable) B, (18R) to
(stable) y’, (2H) ratio can be adjusted by quenching and the
amount of aluminium (Al) and manganese (Mn) **. In &7
heat treatments above 1073 K and quenching are considered
to improve the damping capacity. Small quenching rates
and also low temperature ageing pins (by point defects)
the system by increasing the amount of y’, which leads to
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reduced SME, damping capacity and increased martensite
start (M) temperatures *. High amounts of Al and Mn are
known for lowering M temperature and exhibit excellent
SME (above 12.8 wt.% Al °), but limits usability due to
extreme brittleness in polycrystalline systems %11, Zinc
and nickel can be used as less effective substitutes for Al to
reduce the M. But if their amount got to high, they tend to
increase the prowess to ageing at RT and brittleness %13,
The lately researched elements Be, Ag, Mg show some
interesting influence in controlling the phase transformation
temperatures and aging stabilisation, too %1417,

A method of adjusting Cu-based materials by means of
the alloying composition can be achieved by considering
the valence electron concentration (e/a). As described in
21819 materials with a value below 1.45 exhibit very good
mechanical properties but a higher y’, to 8, ratio and thus only
a limited SME and damping behaviour. If the concentration
in the composition rises above 1.51, very pronounced SME
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can occur, but the material tends to be brittle due to the
previously mentioned Al problem.

This work will present two alloys and their room
temperature (RT) ageing influencing their damping capacity
measured by amplitude depended internal friction (ADIF).

2. Experimental Procedure

Both alloys were designed with a low e/a (1.357 for
P1 and 1.359 for P2) to enable a regular cast production
process. Higher ratio of e/a results in high amounts of various
cast related defects like heat cracks or cavities as seen at
Figure 1. The samples were prepared by induction melting

Figure 1. Typical example of cavities at a large volume casting
sample of P1

in an argon atmosphere. The permanent steel ingot mold was
preheated to 573 K. The cast temperature exhibited 1423 K
The chemical composition of the alloys shown in Table 1
was determined by an inductively coupled plasma optical
emission spectrophotometer (PlasmaQuant PQ 9000 Elite,
Analytik Jena AG, Jena, Germany).

The obtained cylindrical ingots had diameters of 15 mm
and a length of 140 mm and were machined to rectangular
bending beams of 97 mm length, 10 mm width, and 2 mm
thickness.

In this study, two types of heat treatments will be presented.
The heat treatment parameters, listed in Table 2, were refined
through variable previous measurements on both materials.
Their transformation temperatures were determined by
differential scanning calorimetry (F402 Phoenix, Netzsch
Geritebau, Selb, Germany) at heating and cooling rate of
5 K/min. The masses of both samples are: P1 (140,43 mg)
and P2 (135.74 mg).

Quenching directly to RT caused extreme brittleness
(instant fracturing during handling) due to high internal
stress arising during heat treatment and phase transformation.

Table 1. Chemical composition of the investigated alloys.
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Table 2. Heat treatment conditions.

Designation Heat Treatment Condition

HTI 1123K for 15 minutes, quenched by hot water
till 373K

HT2 1103K for 30 minutes, quenched by hot water

till 373K

Ductility can be preserved by an increase of the quenching
medium temperature above the phase transformation
temperature 6. The material will be kept at boiling temperature
for 3 minutes. Afterwards it is cooled down to RT naturally
by surrounding atmosphere.

The microstructures were studied by optical microscopy
and scanning electron microscopy. The grain size analysis
was carried out by the linear-intercept method after etching
the polished surface with an acid ferric chloride solution (10
g Fe3Cl, 25 ml HCI and 100 ml distilled water)®.

Tensile tests were carried out after heat treatment in a
UTS Zwick testing machine (Zwick GmbH & Co. KG, Ulm,
Germany). The test is normed by DIN EN ISO 6892-1 with
the sample diameter of 6 mm and measuring length of 30
mm. An initial strain rate was 2.5E-3 s\

The strain related amplitude depended internal friction
(ADIF) was investigated as logarithmic decrement (IF)
§ of vibrations free decay in the bending mode at room
temperature (293 K). The specimens were clamped into
single cantilever bending beam configuration and excited by
an electromagnetic excitation to vibrations with the resonant
frequency at the maximum strain amplitude of 12E-4. The
used damping measurement system is described at detail in 2!

3. Results and Discussion

3.1 Phase transformation temperatures

The DSC measurements show the phase deformation
temperatures of both sample types after their initial heat treatments.
Figure 2a shows the P1 sample in the HT1 condition. Instead
of a single peak like the P2 alloy (see Figure 2b), two peaks
appear. It indicates the appearance of a multistage martensite
austenite transformation (3°,(18R) —v’,(2H) — B (L21)) during
the heating process****. During the cooling route, no separated
2H peak is shown. The burst like peaks in the slope (appearing
between 295 K and 325 K) are 18R transformations, which
are activated discontinuously due to the additional energy
loss during the previous 2H transformation?. The P2 alloy
shows, as anticipated in %, no such system due to its lowered
Al content (3 wt.%). The B"* martensite is predominant'’.

Designation e/a Chemical Composition (wt.%)

Cu Al Mn Zn Ni Fe
P1 1.357 81.24 14.13 2.03 1.91 0.39
P2 1.359 77.47 11.17 5.54 2.90 2.11 0.51
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Figure 2. Phase transformation temperatures of P1 (a) and P2 (b) samples tested by DSC

The most effective damping is achieved when the samples
temperature stays within both peaks of martensite generation
(M, to M,) and its decomposing (A  to A)*". For P1 sample,

Figure 3. Example of material samples with cavities (P1, above)
and a free of cavities (P2, below)

these range of temperature resides between 294 K and 320
K. The range in P2 sample is within 297 K and 312 K.

3.2 Structure

The upper specimen (P1) in Figure 3 contains many
cavities. In comparison, the material of P2 sample (bottom
microphotograph in Figure 3) had no such defects.

Examples of the microstructure at RT of both types of
materials are shown in Figure 4a for P1 and b for P2 samples.
The average grain size of P1 is about 104 pm. The grain
size variations correspond well to the normal distribution.
P2 sample consists of grains with an average size of 155
pm. On the other hand, the grain size of P2 sample is not
uniform; 36 vol.% of the grains have a size between 500 pm
and 250 um and 53 vol.% tend to be smaller than 60 pm.
Grains with the same sizes are organised in homogeneous
clusters resulting in the local averages areas which strongly
differs from the calculated mean size of the overall material.
The reason for this structure can be the addition of Zn

Figure 4. Microstructure of P1 (a) and P2 (b) samples, measured at RT and taken from centre and parallel to the long axis of each ingots
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Figure 5. Rudimentary martensite microstructure of P2 sample
measured by SEM at RT

and Ni the elements (both known as grain refiners) and
their non-uniform distribution during the casting process.
Figure 5 shows a close up of P2 sample recorded by SEM.
Where martensite resides near the grain boundaries and as
a larger area lancet structure at the upper part of the shown
grain. But the martensite structure exists only partially as in
anticipated by the results presented in Figure 2b.

3.3 Internal friction

The amplitude dependency of the logarithmic decrement
or internal friction (IF) is shown in Figures 6a for P1 and b
for P2 samples, respectively. Each graph consists of two areas
which deliver unique information on the strain independent
and dependent parts of the IF. These components can be
expressed as

8:60+8H(€) ey
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where d, is the amplitude independent (or slightly dependent)
component, found at lower amplitudes and J,, amplitude
dependent component. While several mechanisms may contribute
to the amplitude independent component (dislocations, grain
boundaries, etc.) the strain amplitude dependent component
d,,is caused in materials with the SME predominately by the
occurrence of the transformation process in the martensite
phases. As it follows from Figure 2 the maximum of the IF
may be expected above the testing temperature at RT. The
initial IF of the P2 sample (6 =0.31) is twice higher compared
with the P1 (6 =0.155) system. But both alloys have a similar
IF after ageing at RT. Ageing 1500 h caused a linear decrease
of 0 down to a stable value of 6 =0.115 (P1) and 6 =0.12 (P2).
As it is demonstrated in Figure 6a, the P1 sample decreased
mainly its §, component down to the minimum value of
0.035 while the §,, component remained nearly constant. It
indicates that the martensite in the P1 sample is resistant against
ageing. The P2 sample decreased mainly the J,, component
during ageing while the J, component was only influenced
slightly. After 1500h this loss of 6, stabilises at 0.12 (Figure
6b). Comparing the behaviour of J, in P1 and P2 samples
an interesting accordance appears. Both martensite related IF
shares, stable their losses at nearly same amount of ¢ after a
nearly identical time of ageing. This can be interpreted that

Figure 7. Strain amplitude dependency of the internal friction
measured in MAXIDAMP®

Figure 6. Strain amplitude dependency of the internal friction measured for P1 (a) and P2 (b) samples
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f’, martensite decomposes to y’, by ageing and the phase
transformation window increases above the experiments
temperature of RT **°. If compared with results obtained on
the commercial available alloy of MAXIDAMP® (Patent: DE
102005035709 A1, of Technology) measured in the same
experimental conditions (see Figure 7) both tested alloys show
superior damping behaviour.

3.4 Mechanical properties

Both alloys P1 and P1 exhibit also good but not superior
tensile properties compared with commercial alloys. P1 sample
showed an average tensile strength (R ) of 557 MPa and
strain (A ) of 2.8%. P2 sample showed an average tensile
strength (R ) of 351 MPa and strain (A ;) of 1.85%. Due
to brittle fracture of both alloys at RT the tensile tolerance
resides within 20%. As for comparison the properties of
MAXIDAMP® are tensile strength (R ) between 600 - 650
MPa and strain (A;) of 8 - 18%.

4. Conclusions

A CuAlMn-based HIDAMET SMA was produced with
standard permanent mold casting. The alloys composition
and their heat treatments were optimised with the aim to find
their long-time stable states. The investigated properties of the
CuAlMn samples leading to the following main conclusions:

*  Valence electron concentration proves as a good
control mechanism for alloy composition. Undesirable
amounts of Al can be substituted by similar
effective elements like Zn or Ni in terms of phase
transformation temperatures and internal friction.

*  The damping capacity () stabilizes well in both
materials at a high level above 0.1 after roughly
1500 h aging.

*  The modified alloy composition proved far better
at the casting process. The margin of casting errors
is significantly reduced.

*  The increasing of M, temperature could not be
properly suppressed. The phase transformation
window left the targeted operational temperature of RT

*  Thetensile strength and ductility are in the P2 alloy
much worse. Both properties drop by almost 37%.

The optimised material shows interesting and good
damping and casting behaviour. Our research showed that
the SMAs containing Zn and Ni have very good potential
for various applications. For an improvement of mechanical
properties and stabilisation of the M temperature further
research will be necessary.
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