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Abstract. Single crystals of ferromagnetic shape memory alloys (MSMA) exhibit magnetic
field and stress induced strains via energy dissipating twinning. Embedding single
crystalline MSMA particles into a polymer matrix could thus produce composites with
enhanced energy dissipation, suitable for damping applications. Composites of
ferromagnetic, martensitic or austenitic Ni-Mn-Ga powders embedded in a standard epoxy
matrix were produced by casting. The martensitic powder composites showed a crystal
structure dependent damping behaviour that was more dissipative than that of austenitic
powder or Cu-Ni reference powder composites and than that of the pure matrix. The loss
ratio also increased with increasing strain amplitude and decreasing frequency, respectively.
Furthermore, Ni-Mn-Ga powder composites exhibited an increased damping behaviour at
the martensite/austenite transformation temperature of the Ni-Mn-Ga particles in addition to
that at the glass transition temperature of the epoxy matrix, creating possible synergetic
effects.

1. Introduction

Ferromagnetic shape memory alloys like Ni-Mn-Ga show magnetic field induced strains of up to
10 % at actuation frequencies of up to 2 kHz and mechanical load induced strains of up to 20 % [1-
3]. These large deformations are caused by the motion of twin boundaries that exist only in the low
temperature, martensitic phase and are thus not possible in the parent, austenitic phase of shape



memory alloys. Since twinning is a dissipative effect, MSMAs are promising candidates for
applications requiring damping. To guarantee, however, that mechanical load induced twinning
results in a high dissipation rate, the twinning stress, which depends on the crystal structure and thus
on the composition of the alloy, needs to be high. While 10M pseudo-tetragonal and 14M pseudo-
orthorhombic martensite exhibit twinning stresses as low as 0.1 MPa [4], NM tetragonal martensite
has a much higher twinning stress of typically 10-20 MPa [3].

Single crystals of Ni-Mn-Ga display the best properties but are very expensive to produce.
Polycrystalline materials are brittle, grain boundaries increase the twinning stress and the presence
of various grain orientations hinders twinning. Thus, a promising route to obtain structures suitable
for damping applications is to produce MSMA composites with single crystalline powders [5-8] or
bamboo-structured fibres [9] embedded in a polymer matrix.

In 2003, Feuchtwanger et al [5] proposed to investigate the behaviour of Ni-Mn-Ga
composites, made to overcome the shortcomings of polycrystalline bulk Ni-Mn-Ga. They produced
composite samples by adding 20 vol.% Ni-Mn-Ga particles, obtained by milling single crystals and
having a size below 45 um, to a PU matrix. To align the magnetic easy axes of the particles, the
composites were cured under an applied magnetic field. Using these composite samples, they
investigated the damping potential by measuring stress-strain curves. They observed an increased
hysteresis and thus an increased energy loss compared to a pure PU sample as well as compared to a
composite with Fe particles embedded in the same PU and attributed this to the motion of twin
boundaries. Recently, they also investigated the energy absorption of such composites under impact,
showing promising results [10]. Liang et al. [11] showed the effect of increasing volume fraction of
Ni-Mn-Ga particles on the increase in damping for composites made with these particles and an
epoxy matrix. Sun et al. [7] investigated the temperature dependency of the damping behaviour for
Ni-Mn-Ga powder-epoxy matrix composites. They found a higher storage modulus and loss ratio
(tan J) at room temperature than for the pure epoxy matrix caused by the reinforcement of the
martensitic Ni-Mn-Ga particles. With increasing temperature, they detected a faster decreasing
storage modulus as compared to the pure matrix. Furthermore, a two stage decrease of the storage
modulus and a two stage increase of tan J, respectively, were attributed to the reverse martensitic
temperature and the glass transformation of the epoxy matrix. However, Lahelin et al. [8] found out
that this additional damping behaviour in the martensite/austenite transformation temperature region
can just be observed for composites with a matrix stiffness close to that of the Ni-Mn-Ga particles.
If the matrix is too rigid, the particles are constrained without possibility to deform and if the matrix
is too flexible, the matrix yields around the particles, so that nearly no stress is transferred from the
matrix to the particles.

In all these references, the damping behaviour of one type of Ni-Mn-Ga composite is
compared to that of reference composites and/or pure matrix materials either at room temperature or
as a function of temperature, for a given solicitation. No information is however found about the
frequency and strain amplitude dependency of the damping behaviour of Ni-Mn-Ga composites.
While the twinning process in MSMAs is fast, the polymer matrix may exhibit time and rate
dependent mechanical properties, which also contribute to the damping behaviour of MSMA
composites.



In this work, Ni-Mn-Ga powders with a 10M (pseudo-tetragonal martensitic), NM (non-
modulated tetragonal martensitic) or A (austenitic) crystal structure at room temperature were
investigated for their transformation and Curie temperatures. In addition, the thermal characteristics
of the epoxy system used as matrix material and cured at room or elevated temperature were
analysed. Finally, powder composites were produced by casting and their temperature, strain
amplitude and frequency dependent damping behaviour was analysed with dynamic mechanical
analysis experiments.

2. Materials and experimental techniques

Different Ni-Mn-Ga powders were obtained by crushing ingots cast in the group of Prof. Miillner at
Boise State University, USA, with both hammer and mortar. To guarantee a homogeneous particle
size, the crushed powder was sieved after the crushing. As reference powders, Ni-Mn-Ga powder of
low purity and non-MSMA Cu-Ni powder were used. The ingot composition, crystal structure and
maximum particle size obtained after sieving of all powders are summarised in table 1. Since in
polycrystalline Ni-Mn-Ga, strains of different grains are neutralised and/or hindered mutually, the
Ni-Mn-Ga powders were annealed to stimulate grain growth and to release internal stresses caused
by the crushing operation. The 10M-Ni-Mn-Ga-180 powder was annealed in a quartz ship covered
with a piece of Mn and a Ti mesh under argon in a tube furnace for 3 h at 1000 °C. The Ni-Mn-Ga
powders with a maximum particle size of 63 um were annealed at 1000 °C for 1 h in a sealed,
evacuated and argon backfilled quartz tube, containing Mn and Zr. Ti and Zr served as oxygen
getter; Mn was added to create a Mn atmosphere and prevent loss of Mn via evaporation.

Table 1. Ingot composition, crystal structure at room temperature (RT) and maximum particle size
after sieving of all powders.

Powder name Ingot composition Crystal structure at RT ~ Max. particle size
10M-Ni-Mn-Ga-180  Nisg0-061Mnog6:035Gaz1.4:026 10M 1830 wm
10M-Ni-Mn-Ga-63  Nis;2:001Mnoge:001Gansoor  10M 63 um
NM-Ni-Mn-Ga-63 Nis 5:0.00Mn26.0:0.01Ga21 50001 NM 63 um
A-Ni-Mn-Ga-63 Nig9.9:0.01Mna6 8:001Ga23 30001 A 63 wm
Ni-Mn-Ga-180 Nis; 125.7MnNo7 503 1Ga2) 4204 unknown 180 um
Cu-Ni-180 Cu-Ni i 180 wm

As matrix material, the standard epoxy system Araldite LY 3297/ Aradur 3298 from Huntsman,
USA, with a mix ratio of 100:40 by weight and a Young’s modulus of about 3 GPa at room
temperature, was chosen.

Composites were prepared by mixing the powder with liquid epoxy in a silicon mould and
degasing the mixture for 30 min in the mould. The composites for the temperature dependent
damping measurements were prepared with the annealed 10M-Ni-Mn-Ga-180 powder as well as the



reference powders Ni-Mn-Ga-180 and Cu-Ni-180 as reinforcement phase, and were cured in the
oven at 80 °C for 9 h. The composites for the strain, frequency and Ni-Mn-Ga crystal structure
dependent damping measurements, on the other hand, were prepared with the annealed 10M-Ni-
Mn-Ga-63, NM-Ni-Mn-Ga-63 and A-Ni-Mn-Ga-63 powder as reinforcement phase. They were left
alone for 40 min at room temperature after degassing to allow the powder to sediment on the bottom
of the silicon mould before they were placed in a homogenous field of 1 T, generated by an
electromagnet, along the long sample axis to orient the Ni-Mn-Ga particles. After curing the
mixtures for 170 min in the magnetic field, the epoxy was viscous enough to prevent any
reorientation of the particles so that the magnetic field could be removed. To cure the epoxy without
transforming the Ni-Mn-Ga particles to austenite, the samples were cured at room temperature for
3 weeks. Due to sedimentation of the powder on the bottom of the silicon mould, all cured
composite samples were ground down to obtain samples with a homogeneous powder volume
fraction. The resulting samples had a powder content of about 40 vol.% and 30 vol.% for the
180 um and the 63 um powder composites, respectively. The powder volume fraction was
determined by measuring the weight and dimensions of the final samples, knowing the density of
the powder and of the cured epoxy. As a reference sample, pure epoxy was also cast in silicon
moulds, cured like the composite specimens and ground down to obtain about the same height as
the composite specimens. The final sample dimensions were 35 x 13 x 0.5 mm’ for the temperature
dependent damping measurements and 33 x 5x 1 mm’ for the strain, frequency and Ni-Mn-Ga
crystal structure dependent damping measurements.

To determine the grain size of the as-crushed and annealed Ni-Mn-Ga powder, cross sections
of Ni-Mn-Ga particles embedded in an epoxy mounting medium were prepared, etched with an
etching solution (99 ml ethanol, 5 g ferric chloride, 2 ml nitric acid) and observed under an optical
microscope. In addition, the morphology and quality of the powder composites were observed by
optical microscopy of polished cross-sections. The transformation temperatures and glass transition
temperature (determined from the midpoint of the step in the heat flow curve), respectively, of all
as-crushed and annealed Ni-Mn-Ga powders, of the epoxy cured at room and elevated temperature
as well as of the powder composites were detected by performing differential scanning calorimetry
(DSC) tests. For all tests, a DSC Q100 from TA Instruments was used with a heating/cooling rate of
5°C/min. The glass transition temperature of the pure epoxy was in addition determined by
performing temperature dependent dynamic mechanical analysis (DMA) experiments. In this case,
the glass transition temperature was determined from the onset point of the tan ¢ peak. These tests
were conducted on a DMA Q800 from TA Instruments, USA, using the single cantilever mode with
a gauge length of 17.5 mm. The heating rate was set to 5 °C/min. To investigate the damping
behaviour of the Ni-Mn-Ga powder-epoxy matrix composites, DMA experiments were carried out
using the same DMA Q800 from TA Instruments, USA, in the single cantilever mode with a gauge
length of 17.5 mm. The temperature dependency was measured from 0 to 120 °C with a heating rate
of 5 °C/min at constant maximum strain amplitude of 0.5 % and frequency of 1 Hz. The strain
dependency was investigated up to a maximum strain amplitude of 0.9 % at constant frequency of
1 Hz and temperature of 21 °C and the frequency dependency from 0.1 to 15 Hz at constant
maximum strain amplitude of 0.5 % and temperature of 21 °C.



3. Results and discussion

3.1. Structural characterisation of powder and composites

Figure 1 shows the etched cross sections of the as-crushed ((a) and (b)) and annealed ((c) and (d))
Ni-Mn-Ga powder 10M-Ni-Mn-Ga-180. All particles showed a polygonal shape caused by the
crushing process. Furthermore, both particle types were single or nearly single crystals and
exhibited twins. Thus, the heat treatment did not result in considerably larger grains but the particles
were small enough to be almost all single crystals.

Figure 1. Etched cross sections of the as-crushed ((a) and (b)) and annealed ((c) and (d)) Ni-Mn-
Ga-180 particles. Both types have a polygonal shape, are single or nearly single crystals and exhibit
twins.

Figure 2 shows a micrograph of the cross section of a 10M-Ni-Mn-Ga-180 powder-epoxy matrix
composite. The particles were densely packed and homogeneously distributed, due to sedimentation
during cure. No pores were observed. Thus, the degasing of the powder-epoxy mixture in the mould
was successful and allowed manufacturing of good quality samples.



composite.

i
Figure 2. Micrograph of the cross-section of a 10M-Ni-Mn-Ga-180 powder-epoxy matrix

3.2. Thermal properties of powder, matrix and composites

The DSC curves and corresponding transformation temperatures of all Ni-Mn-Ga powders are

shown in figure 3 and table 2, respectively. All as-crushed powders did not show a clear martensitic

and reverse martensitic transformation. This indicates that the crushing process induced internal
stresses in the particles that inhibit and/or broaden the transformation. The DSC curves of the

annealed powders, however, showed clear peaks for the martensitic and reverse martensitic

transformation as well as a step at the Curie temperature, indicating that annealing of the powders

caused a reduction of the internal stresses.
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Figure 3. DSC curves of the as-crushed and annealed Ni-Mn-Ga powders. (a) 10M-Ni-Mn-Ga-180,
(b) 10M-Ni-Mn-Ga-63, (¢) NM-Ni-Mn-Ga-63, (d) A-Ni-Mn-Ga-63.



Table 2. Transformation temperatures of all annealed Ni-Mn-Ga powders (4 and Ay: austenite start
and finish temperature, M, and My martensitic start and finish temperature, T,: Curie temperature).

Powder 4,(°C) 4;(°C) M, (°C) M;(°C) T.(°C)
10M-Ni-Mn-Ga-180 46 56 43 35 104
10M-Ni-Mn-Ga-63 54 63 51 42 93
NM-Ni-Mn-Ga-63 87 104 93 79 -
A-Ni-Mn-Ga-63 3 4 7 17 110

Figure 4 presents the DSC curves of the epoxy system Araldite LY 3297/Aradur 3298 cured for 9 h
at 80 °C or for 21 days at room temperature, respectively. The corresponding glass transition
temperatures, 7, obtained from the first and the second heating curve are summarised in table 3.
For the sample cured at elevated temperature, T, was slightly higher in the second heating cycle but
no exothermal peak could be observed. The sample cured at room temperature, on the other hand,
showed no clear glass transition in the first heating cycle, but a broad exothermal peak instead. The
absence of an exothermal peak in the first heating curve of the epoxy system cured at elevated
temperature indicates that the corresponding curing cycle was sufficient to fully cure the epoxy
system. However, to fully cure this epoxy system, room temperature is not sufficient. The small
difference in 7, between the first and second heat cycle might be caused by absorbed moisture in
the epoxy that evaporated during the first heating cycle. Moisture results in resin plasticisation and
thus reduces 7, [12]. Furthermore, both samples exhibited an endothermic peak in the first heating
cycle at about 51/63 °C (for materials cured at room temperature/ 80 °C respectively). This peak,
large or small for the sample cured at room temperature or at 80 °C, respectively, is attributed to
physical aging of the cured epoxy [117].
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Figure 4. DSC curves of the pure epoxy cured at elevated and at room temperature.



Table 3. Glass transition temperatures determined from the first and second heating cycle of the
three different epoxy systems cured at elevated and at room temperature (RT).

Curing conditions Ty, cycle 1 (°C) T, cycle 2 (°C)
9hat80°C 80 90
21 days at RT =50 84

The results of the DMA tests performed on the epoxy system Araldite LY 3297/Aradur 3298 cured
for 9 h at 80 °C or for 21 days at room temperature, respectively, are shown in figure 5. Loss
modulus and loss ratio (tan d) showed a strong increase at about 90 °C and 55 °C for the epoxy
sample cured at elevated and room temperature, respectively, resulting in a peak. These
temperatures can be related to the glass transition of the epoxy. Below those temperatures, both loss
modulus and loss ratio were almost identical for both curing cycles and increased only slightly with
increasing temperature.
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Figure 5. Loss modulus and loss ratio (tan 6) as a function of temperature for the pure epoxy cured
at elevated and room temperature.

Figure 6 respectively presents the DSC curves of (a) a 10M-Ni-Mn-Ga-180 powder composite
cured at room temperature and (b) the three Ni-Mn-Ga-63 powder composites cured at 80 °C. For
all composites, the martensite/austenite transformation and the Curie temperature corresponded well
to the temperatures observed for the pure Ni-Mn-Ga powders. In addition, the endothermic aging
peaks of the composites cured at room temperature were consistent with the peak of the pure epoxy
system. Only the glass transition and the small aging peak of the composites cured at 80 °C could
not be detected due to an overlap with the martensite/austenite transformation and Curie
temperature and because the epoxy mass fraction was low. Thus, the observed thermal behaviour of
the Ni-Mn-Ga composites is the superposition of the thermal behaviour of the Ni-Mn-Ga powder



and of the epoxy and the chosen epoxy system does not affect or hinder the martensite/austenite
transformation in the powders.
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Figure 6. DSC curves of a 10M-Ni-Mn-Ga-180 powder composite cured at room temperature (a)
and the three Ni-Mn-Ga-63 powder composites cured at 80 °C (b).

3.3. Damping behaviour

3.3.1. Effect of temperature. The temperature dependent DMA test results with a heating rate of
5 °C/min for one 10M-Ni-Mn-Ga-180 powder-epoxy matrix composite, one low purity Ni-Mn-Ga-
180 powder-epoxy matrix composite, one Cu-Ni powder-epoxy matrix composite and one pure
epoxy sample all cured at 80 °C, are illustrated in figure 7. For each type of material, four different
samples were tested. The scatter of the values for the different samples is, however, for the sake of
clarity, only shown as points at room temperature. All samples exhibited a clear decrease of the
storage modulus and an increase of the loss ratio at around 95 to 98 °C resulting in a peak at about
115 °C. This refers, according to the DSC measurement on the pure epoxy cured at 80 °C for 9 h, to
the glass transition of the epoxy matrix. The 10M-Ni-Mn-Ga-180 composite showed another
smaller tan & peak at around 60 °C combined with an increase of the storage modulus. This
increased damping behaviour and change of the storage modulus originates, according to the DSC
measurement on the 10M-Ni-Mn-Ga-180 powder, from the crystallographic martensite/austenite
transformation that does not exist in the Cu-Ni powder and is inhibited in the as-crushed low purity
Ni-Mn-Ga-180 powder. Similar results were observed by Sun at al. [7] for Ni-Mn-Ga powder-
epoxy matrix composites.

The comparison of the curves below the martensitic transformation shows that the storage modulus
of all composite types was, due to the reinforcing effect of the powder, higher than the modulus of
the pure epoxy. The loss ratio was with 0.025 £ 0.002 (at room temperature) lowest for the epoxy
sample. All composites showed an increased loss ratio, which is generally attributed to the
dissipative effects of the powder-matrix interface. Regarding the three composite types, the loss
ratio of the 10M-Ni-Mn-Ga-180 powder composite was with 0.064 + 0.002 (at room temperature)
about 1.6 times higher than that of the Cu-Ni-180 composite and about 1.9 times higher than that of
the low purity Ni-Mn-Ga-180 powder composite. According to this result, since interface properties
are similar to those of the low purity Ni-Mn-Ga composite, the ferromagnetic Ni-Mn-Ga powder



with 10 M structure shows additional dissipative processes including twinning or intermartensitic
transformations of the particles that do not take place in the two reference powders. These results
are in agreement with those reported by Feuchtwanger et al. [5, 13] and Lahelin et al. [8].
Furthermore, the loss ratio of the Cu-Ni-180 powder composite was at 0.041 = 0.003 (at room
temperature) higher than the loss ratio of the low purity Ni-Mn-Ga-180 powder composite at 0.034
+ 0.001 (at room temperature). This difference in the dissipative properties can be attributed to
several causes: the interface quality of the Cu-Ni particle/epoxy interface may be worse than that of
the Ni-Mn-Ga particle/epoxy interface and/or the ductile Cu-Ni particles exhibit a higher plastic
deformation than the brittle Ni-Mn-Ga particles.

Regarding the loss ratio of the 10M-Ni-Mn-Ga-180 powder composite below and above the
martensitic transformation (but below 7,), a higher tan 6 was found in the martensitic phase. In the
austenitic phase, the loss ratio was similar to that of the low purity Ni-Mn-Ga-180 powder
composite. This confirms that the 10M-Ni-Mn-Ga-180 powder composite exhibits, beside the
dissipative effect of the particle/epoxy interface an additional dissipative effect in the martensitic
phase of the powder. Considering that the low purity composite does not show any dissipative
effects characteristic of ferromagnetic shape memory alloys, the 10M-Ni-Mn-Ga-180 powder
composite does not show them either above the transformation temperature. Thus, we can conclude
that no stress induced martensitic transformation occurs in the austenitic phase during the damping
test at low strains, and all additional damping effects occur only below the martensitic
transformation.
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Figure 7. Storage modulus and loss ratio (tan J) as a function of temperature (0 to 150 °C in (a) and
0 to 100 °C enlarged in (b)) for a pure epoxy sample, a Cu-Ni composite, a reference low purity Ni-
Mn-Ga composite and a 10M-Ni-Mn-Ga composite cured all at 80 °C as well as data scatter for the
different samples of the same type at room temperature.

3.3.2. Effect of frequency and strain at room temperature. The results of the frequency dependent
damping measurements of the Ni-Mn-Ga-63 powder composites and the pure matrix cured at room
temperature, as well as the scatter of the values for the different samples, shown as points at 1 Hz,
are illustrated in figure 8. The strain amplitude dependent damping measurements and the scatter of
the values for the different samples, shown as points at strain amplitude of 0.49 %, are illustrated in
figure 9. For each type of material, three different samples were tested. Note that the A-Ni-Mn-Ga
powder composites broke at about 1 Hz and at a strain amplitude of 0.6 % so that no data for higher
frequencies and strain amplitudes could be measured for that material.
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Figure 9. Storage modulus and loss ratio (tan J) as a function of maximum strain amplitude for a
pure epoxy sample and the Ni-Mn-Ga-63 composites cured all at room temperature as well as data
scatter for the different samples of the same type at maximum strain amplitude of 0.49 %.

All samples showed an increasing storage modulus and decreasing loss ratio with frequency. This
can be related to the viscoelastic behaviour of the epoxy matrix. Since the maximum strain
amplitude was kept constant, increasing frequency is equivalent to increasing strain rate, thereby
increasing the matrix storage modulus.

With increasing strain amplitude, the storage modulus of the epoxy decreased only
marginally (by about 1.5 % between 0.1 and 0.8 % strain), the modulus of all composite samples,
however, considerably (by about 19 % between 0.1 and 0.8 % strain). The loss ratio, on the other
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hand, increased with increasing strain amplitude for all samples, but again considerably more for
the composite samples. This behaviour implies that the viscoelastic behaviour of the matrix as well
as dissipative effects of the matrix/powder interface are more pronounced with increasing strain.
Furthermore, the increase was not linear, but showed a stronger strain dependency for strain
amplitudes larger than about 0.6 %. This indicates that for strain amplitudes larger than 0.6 %, the
epoxy system shows a slightly enhanced plastic deformation which might as well have an influence
on the quality of the matrix/particle interface. In addition, the 10M- and NM-Ni-Mn-Ga powder
composites exhibited a stronger dependency for strain amplitudes below about 0.04 % and 0.15 %,
respectively. Since the A-Ni-Mn-Ga powder composite did not show such an enhanced dependency
for small strain amplitudes, this behaviour might be related to the fact that twin boundary motion,
taking place only in the martensitic powders, requires overcoming of a threshold activation stress.
Since the twinning stress in NM Ni-Mn-Ga is generally higher than that in 10M Ni-Mn-Ga [3, 14],
larger strains are necessary to fully activate the twinning in the NM powder. Such behaviour was
also reported by other researchers for Ni-Mn-Ga single crystals [15, 16].

Regarding the qualitative order of the loss ratio for the frequency and strain amplitude
dependent measurements, all composite samples exhibited a higher tan 6 than the pure epoxy
sample. This indicates that the matrix/particle interface causes, as for the Ni-Mn-Ga-180 powder
composites, a dissipative effect. Furthermore, the frequency dependent loss ratio of the NM-Ni-Mn-
Ga powder composite was about 12 % higher than that of the 10M-Ni-Mn-Ga powder composite
and 24 % higher than that of the A-Ni-Mn-Ga powder composite. Thus, NM- and 10M-Ni-Mn-Ga
powder composites exhibit an additional damping effect that is not present in the A-Ni-Mn-Ga
powder composite. Since in the austenitic phase no twins exist and the powder is brittle, stress
induced twinning is probably the additional dissipative effect in the two martensitic powders.
Furthermore, due to the fact that the twinning stress in NM martensite, as mentioned above, is
generally higher than in 10M martensite, twin boundary motion dissipates more energy in the NM
powder. For strain amplitudes below about 0.25 % however, tan 6 of the 10M-Ni-Mn-Ga powder
composite was larger than that of the NM-Ni-Mn-Ga powder composite since twinning is activated
to a larger extent in the 10M powder.

The comparison of the storage moduli for all samples shows that all composites exhibited
higher moduli than the pure epoxy sample, due to the reinforcement effect of the powder. Within
the different composite samples, the A-Ni-Mn-Ga composites exhibited the highest storage
modulus. This could be related to reduction in apparent modulus caused by twinning as observed
for the temperature dependent damping measurement on the Ni-Mn-Ga-180 powder composite
shown in figure 7.

For applications requiring damping, the dissipated energy is a crucial parameter. The energy
per unit volume dissipated during one loading/unloading cycle of a viscoelastic material is for the
single cantilever mode given by (assuming that dissipated energy is counted as positive) [17]:
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AW =énE’tan§g§. (1)

The dissipated energy is proportional to the product of the loss ratio, tan 6, and the storage modulus,
E’, thus to the loss modulus of the sample (& is the maximum strain amplitude imposed to the
sample during one cycle and observed only at the sample surface at the edge of the fixed end). Note
that Eq.(1) is rigorously valid for small strains, when the apparent modulus of the NiMnGa is not
reduced and the material is linear viscoelastic. As shown in figure 10 (a), the dissipated energy
decreases with increasing frequency for all samples. This can be explained by consideration of the
temperature dependent damping measurements of the pure epoxy sample, figure 5. The epoxy
exhibits its glass transition, indicated by a strong increase of the loss ratio and the loss modulus
resulting in a peak, well above room temperature. Thus around room temperature, the loss modulus
decreases with decreasing temperature. Knowing that a temperature decrease has the same effect on
the damping behaviour as a frequency increase finally explains the frequency behaviour of
dissipated energy of all samples.

Figure 10 (b) illustrates the dissipated energy for all samples as a function of &". All samples show
a linear increase, as expected from Eq. 1; the slope however suddenly increases for the composites
at about 0.000036 corresponding to a strain amplitude of 0.6 %. This confirms that, for strain
amplitudes larger than about 0.6 %, an additional damping effect is activated in all composite
samples.

Regarding the order of all samples, the pure epoxy samples dissipated less energy than the
composite samples due to their low storage modulus. Within the composite samples, the energy
dissipated in the A-Ni-Mn-Ga powder composite was similar to the energy dissipated in the 10M-
Ni-Mn-Ga powder composite, but about 30 % smaller than the energy dissipated in the NM-Ni-Mn-
Ga powder composite. This illustrates the importance of the sample storage modulus on the
dissipated energy. The extra damping effect of the twinning in the 10M powder is compensated by
the significantly larger storage modulus of the A-Ni-Mn-Ga powder composite compared to the
10M-Ni-Mn-Ga powder composite. Thus, for applications requiring damping, a high loss ratio but
also a high sample storage modulus are essential to guarantee a good damping behaviour. This
makes MSMA fibres potentially relevant candidates to improve both loss ratio and storage modulus

[9].
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Figure 10. Dissipated energy per unit volume and cycle as a function of frequency (a) and & (b)
for all Ni-Mn-Ga-63 powder composites and pure epoxy samples cured at room temperature.

3.3.3. Stiffness-loss ratio map. Figure 11 shows the stiffness-loss ratio map for the Ni-Mn-Ga
powder composite and matrix material tested in this work compared to Ni-Mn-Ga powder and fibre-
epoxy matrix composites found in literature as well as to other materials including rubber,
traditional epoxy matrix composites with carbon or glass fibres, flax fibre reinforced epoxy matrix
composites and bulk Ni-Mn-Ga. These materials have been chosen either because of their known
use as dampers, or because they are known to be structural composites, as a comparison. Note
however, that the loss ratio depends not only on the materials intrinsic damping mechanisms but
also on the test conditions (e.g. temperature, frequency and maximum strain amplitude) and in case
of composites on the interfacial properties as well. Since test conditions and interfacial properties
are different for the materials compared here, the interpretation of the stiffness-loss ratio map needs
to be taken with care. Nonetheless, Ni-Mn-Ga composites seem to have, in comparison to classical
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composites and damping materials, thanks to their high loss ratio combined with an intermediate
stiffness a promising potential for damping applications.
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Figure 11. Stiffness-loss ratio map for the composite and matrix material tested in this work (filled)
compared to other materials (not filled). (CFC/GFC: carbon/glass fibre-epoxy matrix composite and
FFC: flax fibre-epoxy matrix composite after [18], bulk NMG: bulk Ni-Mn-Ga after [19],
NMGPCi: Ni-Mn-Ga powder-epoxy matrix composite after [7], NMGFC: Ni-Mn-Ga fibre-Araldite
LY 3297/Aradur 3298 matrix composite after [9], rubber after [20, 21], structural metals after [20],
epoxy: epoxy system Araldite LY 3297/Aradur 3298, NMGPC: Ni-Mn-Ga powder-Araldite LY
3297/Aradur 3298 matrix composite.)

4. Conclusions

Ni-Mn-Ga powder/epoxy composites were successfully produced by casting. The damping
behaviour as a function of temperature revealed that the martensitic transformation in the Ni-Mn-Ga
elements and the glass transition in the epoxy matrix resulted as expected in increased damping at
the corresponding transition temperatures. Below both transformation temperatures, which
correspond to the temperature range of interest for damping applications in epoxy composites, the
annealed martensitic Ni-Mn-Ga powder composite showed an increased damping behaviour due to
stress induced twin boundary motion in the Ni-Mn-Ga elements, compared to other reinforcements
and to the pure matrix. Within the martensitic Ni-Mn-Ga powder composites, twinning produced a
larger dissipative effect in the NM powder than in the 10M powder since its twinning stress is
higher. Furthermore, the dissipative effects of the matrix/powder interface and the viscoelastic
behaviour of the matrix were more pronounced with increasing strain amplitude and it was observed
that a threshold stress level was needed to fully activate twinning. The viscoelastic behaviour of the
matrix, on the other hand, resulted in a loss ratio decrease with increasing frequency or strain rate.
Overall, the damping potential of these composites, compared to traditional load bearing
composites, and to damping elastomers, shows an interesting combination of modulus and loss
factor, which could be further improved by the use of Ni-Mn-Ga fibres rather than powders, or by
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the development of hybrid composites, combining ferromagnetic fibres with structural
reinforcement fibres such as glass or carbon. The ease of manufacturing and shaping, the cost and
density of these materials, as compared to bulk single crystal Ni-Mn-Ga is also greatly improved,
bringing these materials closer to potential applications.
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