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Simultaneous magnetic and martensitic phase transitions in NiMn-based particles embedded in a metallic matrix
could be stress-induced by crack propagation, making them candidates as sensory particles in structural health
monitoring. For such applications, the particles should be small to maintain matrix properties, but large enough
to martensitically transform at desired temperatures, requiring their transformation characteristics to be tailored.
Here, the effects of heat treatments on the transformation characteristics of micron-sized Nig5CosMnge 7In;3 3
particles are studied to demonstrate such tailorability. It is discovered that martensitic transformation temper-
atures are proportional to the annealing temperature below the order-disorder (ODO) transition and inversely
proportional above it, and an opposite trend is observed for the transformation hysteresis. These findings are in
agreement with the bulk behavior, however, a significantly larger hysteresis was found in the particles, which
was correlated with crystallite size dependent phenomena, increasing the effective energy barrier to the phase-

transition.

Ferromagnetic shape memory alloys (FSMAs) are known for their
ability to undergo a reversible martensitic transformation (MT), leading
to large changes in their magnetic properties. MT in these materials can
be induced by temperature change and/or externally applied magnetic
or stress fields [1-14]. It is widely known that NiMnX (X=In,Ga,Sn,Sb)
Heusler alloys can display a noticeable change in magnetization upon
MT [2,15]. Recently, few studies have explored the possibility of
embedding FSMA particles into metal alloys to enable the detection of
crack propagation throughout the material [16-18]. When a crack
propagates through the material, it produces local stress fields which
may be large enough to induce the MT in nearby FSMA particles. Since
the MT is associated with a large change in the magnetic behavior of the
particles, it is possible for the cracks to produce a magnetization change
that can be measured externally. Then, FSMA particles embedded in
metal alloys could be useful for structural health monitoring, com-
plementing other techniques such as acoustic emission [19]. This
magnetism-based sensing mechanism has been successfully demon-
strated by embedding Nis3Co;Mns3gSny; FSMA particles into pure
aluminum [16,17].

FSMA particles should meet several requirements in order to enable
or enhance their crack sensing capability, which are tied to their MT
characteristics. Firstly, the unstressed particles should remain in
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austenite under normal operating conditions, so they may transform to
martensite only by the effect of crack formation and growth. This re-
quires martensite start temperature, Mg, to lie below the operating
temperature range of the matrix alloy. Secondly, the critical stress
required to induce the MT should be low, increasing the number of
particles undergoing the MT at vicinity of cracks due to formation/
expansion of crack stress-fields, and eventually enhancing sensitivity.
Following the Clausius-Clapeyron relationship, Mg should then not be
far below the operating temperature range for keeping the critical
transformation stress low. Thirdly, stressed particles in martensite
should not transform back to austenite due to small temperature vari-
ations, meaning that austenite start temperature, Ag, should be above
the operating temperature range, suggesting Ag to be well-above room
temperature (RT). Consequently, to widen the operating temperature
range of the sensory particles, it is necessary to maximize the trans-
formation thermal hysteresis, ATps=Af-Ms. Inconveniently, previous
studies demonstrated that NiMnX alloys typically present MTs with
thermal hysteresis of around 10-20 °C [20-22], which would generally
be considered small for this particular sensing application. Fortunately,
there are multiple strategies to engineer the MT temperatures and hys-
teresis in FSMAs, based on the control of composition [23-25] or ther-
mal history [26-28].
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Thermal processing is often used to modify the crystal through B2-
L2; order-disorder (ODO) transition occurring in the austenite. This
strategy is viable when ODO critical temperature is relatively low,
making it possible to modify the volume fraction of the ordered phase,
L2;, by performing heat treatments and quenching-in some of the B2
order present at the annealing temperature down to RT [26,29]. Since
the degree of L2; order, 7127, depends on temperature below ODO
transition, different heat treatments can result in different degrees of
B2/L2; order at RT. Due to dependence of ODO temperature on
composition, this strategy is normally effective in NiMnIn [30] and
NiMnGa [31], but not in NiMnSn and NiMnSb alloys [32].

Changes in 5127 will modify the MT characteristics mostly by means
of its notable impact on the magnetic properties of the material. The
strength of the ferromagnetic interactions is stronger in ordered L2;
phase than in B2 one, so the magnetic moment and Curie temperature of
the austenite depend on the atomic ordering state [27]. The total MT
entropy change, Asgig=s""-s"*, can be simplified as the sum of struc-
tural and magnetic contributions, Asouq1=ASstre+-ASmeg, Which are
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expected to present opposite signs for ferromagnetic (FM) austenite to
paramagnetic (PM) martensite transition [33,34]. As a result, a certain
heat treatment that increases 17;2; will increase the magnetization of the
austenite in a NiCoMnlIn alloy within MT range, increasing Aspqg and
decreasing Asyg [29]. Such changes in the thermodynamic balance
between austenite and martensite affect the MT temperatures and ATpys,
as undercooling required for inducing the MT depends on driving force
and total entropy change, Ag = Asiota1* ATundercooling™1/2+ AStotar* AThys.

No systematic investigation on the effects of thermal processing,
however, has been performed on FSMA particles, with a high surface-to-
volume ratio, which is known to affect the MT characteristics [35-37].
Therefore, it is important to investigate: (1) how one can tailor the
transformation characteristics of FSMA particles to optimize the sensing
capabilities for structural health monitoring; (2) if and how the behavior
of micron-sized particles differ from the bulk materials behavior; and (3)
whether or not one can process FSMAs to exhibit wider transformation
hysteresis while maintaining a high sensitivity to crack propagation.

In the present work, we have systematically investigated the
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Fig. 1. (a) Calorimetric response of NiysC-
0sMnge 7Iny33 FSMA particles and the determina-
tion of transformation temperatures (Ms, Mg, As, Ar)
and Curie temperature (T¢) using DSC, and (b)
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dependence of magnetic and MT characteristics of micron-sized Ni4sC-
osMnsg 7In; 3 3 particles as a function of thermal processing temperature.
The reason for the selection of this alloy is that its MT can produce a
magnetization change higher than 100 emu/g under 1 T magnetic field,
and its characteristic temperatures are tunable by controlling 5727 via
thermal processing [26,27,38], and the transformation temperatures of
this particular composition is near RT. Therefore, this alloy allows us to
investigate the dependence of ATy on thermal processing in FSMA
particles and compare with the ones in the bulk samples.

Micron-sized particles with a nominal composition of NissC-
osMngg 7Iny3 3 at.% (denoted as NiMnColn,33) were fabricated using
inert gas-atomization and sieved to sizes between 25 and 63 pm. To
obtain samples with different heat-treatment (HT) conditions, the par-
ticles were sealed in separate quartz tubes under ultra-high purity argon.
Specimens were initially solution heat treated (SHT) at 900 °C for 24 h
for homogenization, and then water quenched (WQ) to RT without
breaking the quartz tubes to minimize oxidation. Selected specimens
were subsequently subjected to secondary HTs for 3 h at different tem-
peratures (from 350 to 700 °C) to achieve different degrees of order.

A TA Instruments DSC Q2000 was utilized for measuring MT tem-
peratures, Mg, Mg, As and A, using the tangent line intersection method
(Fig. 1(a)), the Curie temperature, T, total MT enthalpy and entropy
changes, and for corroborating MT temperatures during thermal cycles,
with a temperature rate of 10 °C/min, spanning both the ferromagnetic
and martensitic transformations. For evaluating MT stability, both par-
ticle and bulk samples were prepared with the same thermal processing
condition (400 °C, 3hr, WQ) and subjected to 10 thermal cycles span-
ning from -80 to 80 °C covering the entire MT range with a cooling/
heating rate of 10 °C/min. The sample demonstrated a decrease in ATpy;
from Cycle 1 to 10 of 5 and 7 °C, respectively. This particular thermal
processing condition was selected in order to achieve Mg around the
room temperature. Thermomagnetic response was measured during
temperature cycles under constant applied fields ranging from 0.05 to 5
T using a Quantum Design MPMS SQUID-VSM magnetometer.

The evolution of magnetization during isothermal holding experi-
ments was used to investigate the isothermal MT behavior of the particle
and bulk samples in 400 °C, 3 h, WQ condition. Each sample was first
heated up above Af, cooled down to the target temperature at 2 °C/min,
and held isothermally for 40 min. Different isothermal stops were
implemented during the same temperature cycle, with at least 20 °C
between each stop. This cycle was repeated multiple times covering the
entire forward MT temperature range. The isothermal MT rate Z, was
then calculated as
Amim

A =~ Zinl0) )

where Amyy, is the accumulated magnetization change at a given time, ¢,
after the temperature ramp was interrupted; Amy, is the total magneti-
zation difference between austenite and martensite; and Amjs,/Amy, is
an approximation for the isothermal change in martensite volume
fraction, AFjs, [39-41].

Scanning electron microscopy (SEM) images, captured using a FEI
Quanta 600 SEM, were used to investigate the microstructure changes
Fig. 1.(c) and (d) present Back Scattered Electron (BSE) images of the as-
atomized and homogenized particles. Clearly, SHT at 900 °C for 24 h
eliminated the dendritic structures, which are known to restrict
martensite growth.

Composition analysis of the homogenized particle and bulk samples
were measured using wavelength dispersive X-Ray spectroscopy (WDS)
in a Cameca SXFive EPM. The average measured composition of SHT
particle and bulk samples are Nigq.81+0.19C04.95.:0.05MnN36.66+0.20IN13.58
+0.04 and Nigs.94:0.19C04.98+0.06MnN36.33:£0.24IN13.76:-0.09, T€Spectively.
Both materials were quite homogeneous as standard deviation of
chemical analysis was low and there was no composition gradient.

In-situ high-energy synchrotron XRD experiments were conducted at
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the Advanced Photon Source, Argonne National Laboratory on NiC-
oMnln;3 3 bulk material. SHT samples were heated to different tem-
peratures below the ODO transition temperature, and then held
isothermally. During this process, polar diffraction patterns were
recorded in regular time-intervals. The relative volume fraction of L2;
phase at different temperatures was calculated by comparing the square
root of the total intensity of (111)15; diffraction spots at annealing
temperature and the initial intensity in SHT state for estimating the
temperature dependence of the 7;27.

Fig. 2 presents the dependence of MT temperatures, AThy,, and Tc on
thermal processing conditions for NiMnColn; 3 3, comparing the results
between particles and bulk samples, where grain sizes are of the order of
millimeter Fig. 2.(a) shows that the transformation temperatures of the
particles increase non-linearly with increasing annealing temperature
from 350 to 550 °C and then decrease for annealing temperatures be-
tween 550 and 900 °C. The same behavior was observed for the bulk
samples (Fig. 2(b)). ATyys of both particle and bulk samples presents the
opposite tendency with annealing temperature and a minimum occurs at
a temperature close to 550 °C (Fig. 2(c)). Furthermore, one can observe
in Fig. 2(d) that T¢ also presents a minimum with HT temperature.

The distribution of Mn/In atoms in ordered L2; structure results in
stronger ferromagnetic interactions than in B2 phase. Therefore, we
expect a positive correlation between T¢ and 7727 [27]. To corroborate
this  relationship, we had previously determined the
temperature-dependence of volume fraction of L2; phase using in-situ
synchrotron measurements in bulk NiMnColn;33 [28], which is also
included in Fig. 2(d). The good correlation between the change of 7;2;
and T¢ as a function of the HT suggests that the change of the MT
properties in Fig. 2 should be dominated by the variation of 772;. A
similar correlation can be established among the 7127, MT temperatures
and ATyy, resulting in observed maxima and minima in Fig. 2(a)-(c).

As in Ni-Mn-Ga [42] or Ni-Fe-Ga [43] alloys, these non-monotonic
behaviors originate from the non-monotonic dependence of the
after-quench 5727 on annealing temperature since the formation of L2;
phase presents a different “pathway” below and above ODO tempera-
ture. Below the ODO temperature, after-quench 7p2; will be similar to
the pre-quench thermal equilibrium state since the ordering kinetics are
too slow to produce a significant change during the quenching below
500 °C [44]. Note that ODO transition is a second order transformation,
and the order parameter is expected to decrease with increasing tem-
perature [25,45]. Therefore, 5127 for the samples annealed below ODO
transition should decrease on increasing annealing temperature. By
contrast, L2; phase is not stable above the ODO transition, and thus
after-quench 727 should be produced during the fast cooling. In this
case, after-quench 7;2; increases on increasing annealing temperature
above the ODO transition due to a larger vacancy concentration in the
material. Vacancies promote atomic diffusion, so increasing its con-
centration results in faster kinetics of the B2—L2; ordering [42,43].
Altogether, after-quench 7»; is expected to be at a minimum for HT
temperatures close to ODO transition temperature, determined as 627 °C
for bulk NiMnColnj3.3 [26].

Another important point in Fig. 2 is that ATpys of the particles is
significantly larger than that for the bulk samples. This arises from the
different crystallite size of particles (25-63 pm) and bulk samples (up to
few millimeters). Firstly, a different crystallite size imply that they will
contain different defect populations, affecting the likelihood of these
defects acting as high energy sites for the nucleation of martensite. On
decreasing crystallite size, the probability to find nucleation sites
permitting the formation of stable martensite nuclei is reduced, so the
MT has a low nucleation site potency. This scenario can be represented
as an effective increase of the energy barriers opposing the trans-
formation, which will require an increase of the free energy to be
overcome. As a result, the particles will require a larger undercooling to
undergo MT, decreasing Ms and increasing AThys [46].

Secondly, a larger ATy, may be a consequence of enhanced frictional
dissipated energy, produced via different irreversible processes during
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Fig. 2. Effect of annealing temperature on the MT temperatures of (a) 25-63 pm sized NiMnColn, 3 3 particles and of (b) bulk NiMnColn,33, and on (c) their
transformation hysteresis and (d) the degree of order and Curie temperature. All HTs were performed for 3 h.

the MT. Some examples are (i) the interaction of the MT interface with
point defects, dislocations, interface boundaries, like B2-L2; order
domain and grain boundaries [47]; (ii) the creation of dislocations to
accommodate transformation shear and volume change; or (iii) the
dissipation of energy as heat or acoustic emission. According to [48],
one can relate the frictional contribution to the MT free energy differ-
ence, Ag;, with MT temperatures and total entropy difference:

AT/zy.x = Z’Agfr/ASmml (2)

Fig. 3(a) and (b) presents the experimentally measured hysteresis
and As;q as a function of the ferromagnetic temperature range, T¢-Ms.
Interestingly, Asota) for particle and bulk samples present similar
magnitude and dependence on T¢-Mjg difference. This evidence indicates
that MT in the particles has a similar balance between magnetic and
non-magnetic contributions to Asyy as in the bulk samples, and thus
changes in 77»; via thermal processing have a similar impact on MT
thermodynamics. Following, one can use Eq. (2) for obtaining a rough

estimation of the frictional free energy, which is shown in Fig. 3(c).
Given that there is not a significant difference in Asay, frictional work
during the MT in particle samples can be up to 3 times larger than the
one for the bulk samples. Furthermore, after thermocycling particle and
bulk samples for 10 cycles, both annealed at 400 °C for 3 h, Mg increased
about 9 and 7 °C and ATpys decreased about 7 and 5 °C, respectively; and
transformation range Ms-Mp was on average 20 and 15 °C for the same
cases. These data suggest a more complicated martensite accommoda-
tion in the particles, requiring a higher density of martensite twin
boundaries and defect creation.

Lastly, the forward MT of NiMnColn; 3 3 has been shown to exhibit an
isothermal behavior [39]. Therefore, ATy should be rate dependent. To
understand the possible size effects on the isothermal behavior, the first
temperature derivative of the magnetization during an uninterrupted
cycle and the isothermal magnetization change rate during isothermal
holding experiments (Z parameter, Eq. (1)) was compared for two
similar particle and bulk samples (see Fig. 4 and its caption for details).
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Fig. 3. Measured or calculated thermodynamic variables in the temperature range of ferromagnetic behavior in 25-63 pm sized NiMnColn; 3 3 particles and bulk
samples: (a) thermal hysteresis (b) entropy change and (c) frictional work (irreversible free energy).

Interestingly, isothermal accumulation of martensite of the micron-sized
particles was significantly lower than that of the bulk samples. This
result suggests that formation of martensite by means of thermally
activated processes is minor in the particles, and thus their MT proceeds
mostly athermally. An increase of the effective elastic energy barriers on
reducing particle size should reduce the likelihood of thermal activated
events, decreasing Z. Still, AThy; dependence on heating/cooling rate for
the particles and bulk samples is on the order of few degrees, notably
lower than the observed three-fold difference between the particles and
bulk samples. Therefore, the lack of isothermal martensite in the parti-
cles should be a minor contribution to the increase in AThpys.

Altogether, we suggest that the increased ATy, in the NiCoMnlIn;3 3
particles is mainly a product of a reduced nucleation site potency and an
increased energy dissipation during formation and accommodation of
martensite variants/twins. Both phenomena result in enhanced effective
elastic energy barriers. These mechanisms may also result in more defect
creation and lack of isothermal martensite, which should have a sec-
ondary contribution towards extending AThpys.

In summary, the effects of annealing heat treatments on the MT
characteristics of micron-sized NigsCosMnge 7Ing3 3 particles depend
strongly on annealing temperature, resulting in a non-monotonic
behavior for MT temperatures and ATy, which respectively present a
maximum or a minimum close to ODO transition temperature. These
are, in general, the same trends observed previously on bulk samples,
which are correlated with variations of after-quench volume fraction of
ordered L2; phase since it affects the magnetism of austenite phase and
its stability. For the same annealing conditions, a larger thermal hys-
teresis is found in particles than in bulks. It is suggested that the smaller
crystalline size of the particles is associated with thermodynamic con-
straints for martensite variants, causing a change in MT frictional work
and isothermal transformation behavior in the particles. Overall, the size
reduction in NigsCosMngg 7Ing3 3 to a micron level has a significant ef-
fect on MT temperatures and AThys, due to the increased frictional work.
The particle size and degree of order, controlled via annealing temper-
atures, provide a control knob to tailor ATpys of this potential sensory
particle to be utilized in structural health monitoring.
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