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Abstract: In this study, the non-isothermal kinetics of the martensitic transition from 14M modulated
martensite to austenite phase in NissFej9Gayg ribbons obtained by melt-spinning has been analyzed.
The proximity of the martensitic transition to room temperature makes it very sensitive to pressure
and subtle differences for different pieces of the ribbon (ascribed to stresses stored in the ribbon
during its rapid solidification process). Despite the dispersion in the characteristic parameters of
the transition, a general behavior is observed with a decreasing activation energy as the heating
rate increases due to the nucleation driven character of the transition. It has been shown that a
first-order autocatalysis can describe the temperature evolution of the austenite fraction using only
two experimental temperatures. Predicted curves are in good agreement with experimental data.

Keywords: heusler; martensitic transformation; kinetic analysis; melt-spinning

1. Introduction

Since Ullako et al. [1] reported a large magnetic field induced strain in Ni,MnGa
single crystals, Heusler alloys have drawn much attention as potential candidates for many
applications at room temperature. These are related to the martensitic transformation
of these materials, which can be controlled via magnetic field or stress application [2—4].
Among these magnetic shape memory effect Heusler alloys, the most studied series are
Ni-Mn-X (X = Ga, Sn, In) [5]. More recently, Fe substitution for Mn has been proposed
to enhance ductility in these alloys in Ni-Fe-Ga alloys [6] and several studies have been
devoted to these systems [7-9]. In order to produce them, rapid quenching techniques
such as melt-spinning are effective single step production processes leading to textured
polycrystalline ribbons without segregation of secondary phases. However, despite the
homogeneous chemical composition achieved, this technique may give rise to a rich variety
of micromodulated structures [10] resulting in a variety of martensite phases with similar
energies and strongly affected by external stimuli (magnetic field [11], pressure [12], etc.).

The diffusionless martensitic transformation is a first-order phase transition from a
high temperature, high symmetry austenite phase to a low temperature, low symmetry
martensite phase. The kinetics of this transformation is characterized by a distribution of
nucleation processes (described as avalanche phenomena [13]) and a collective motion of
a relatively large number of atoms with a fast growth rate (in the order of the speed of
sound [14]). These characteristics reduce the utility of the interpretation of the kinetics
of martensitic transformations in the frame of classical nucleation and growth theory
developed by Johnson and Mehl [15], Avrami [16,17] and Kolmogorov [18] (JMAK). In fact,
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Avrami exponents equal to 1 [19] are indicative of lost information about the growth process
(as it is predicted for instantaneous growth models used to described nanocrystallization
processes [20]). In fact, the JMAK equation proposed for isothermal transformations:

X =1-exp(=[k(t—t0)]"), 1)

where X is the transformed fraction, k the frequency factor, ¢ the time and fj the induction
time) can be recognized in the non-isothermal Koistinen—-Marburger equation describing
the martensite phase fraction in quenching processes [21]:

X =1-—exp(—k'(Ms —Ty)), ()

In this equation, the temperature dependence of the kinetic parameters is neglected
and, thus, n = 1 and k' = k/p (where B the cooling rate), Ms is the martensitic start
temperature and T, the minimum achieved temperature during quenching.

On the other hand, martensitic transformation can be described as an first-order
autocatalytic reaction for which the transformation rate is proportional to the amount of
initial and final phases (assuming the simplest first order kinetic equation) [22]:

B = kuX(1-X), ©
dt
where kj, is the corresponding frequency factor.

Particularly, in NissFe19Gayg Heusler alloy, martensitic transformation is observed
slightly above room temperature and thus, is very sensitive to external factors. The prox-
imity of the Curie temperatures of the two phases to the structural transition temperature
leads to magnetoelastic and magnetostructural changes. Therefore, pressure or magnetic
field application do affect the transition characteristics. In fact, our previous results on
melt-spun samples of this composition show the high sensitiveness of the transformation to
mechanical treatments at room temperature, consisting of axial pressure application in the
range of ~125 MPa [23]. After the load was removed, a permanent effect on the transition is
observed, with a progressive reduction in the enthalpy of the transformation as the applied
pressure increased from 25 to 125 MPa. This decrease in enthalpy was correlated with
a progressive intermartensitic transition from the monoclinic modulated 14M phase to
the non-modulated L1y structure, detected by X-ray diffraction (XRD). When the ribbon
was manually grinded to powder the phase fraction of 14M phase almost disappeared.
Therefore, this typical process to obtain randomly oriented samples for experiments, such
as X-ray diffraction, may jeopardize the actual properties and microstructure of the original
sample and must be taken into account to consider reported analyses from the literature.
Finally, it is also found that martensitic transition in melt-spun NissFej9Gayg is very sensi-
tive to thermal treatments. The transformation shifts to lower temperatures as the samples
become previously heated up to higher temperatures (in the range 473 to 623 K, below the
temperature of formation of the y phase) [23].

A large number of applications are developed from these types of materials based
on their solid-state martensitic transformations (MT). In the case of Ni-Fe-Ga alloys, MT
temperature can be tuned through controlling its composition [8,24]. In general, it has been
found that increasing Fe content at a fixed Ga content, the MT temperature decreases [11].
In addition to composition, other parameters, as the heating/cooling rate, can influence the
magnetostructural behavior of a material. In fact, it has been found that MT temperature
strongly depends on this parameter in different shape memory alloys, as Ti-Ni-Cu [25],
Ni-Mn-Sn [26] and Ni-Fe-Ga [27].

In this work we have studied the kinetics of transformation from 14M modulated
martensite to austenite phase in a NissFe19Gagg Heusler alloy prepared by melt-spinning on
heating at different heating rates. Although a broad distribution in the kinetic parameters
is found, it does not prevent performing an average and coherent analysis.
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2. Materials and Methods

The alloy with nominal composition Nis;Fe19Gays was prepared in an induction
furnace using high-purity elements (>99.9%). The ingots were melted several times in
order to ensure homogeneity. About 30 g of the ingot were melted in a quartz tube under
argon atmosphere and ejected onto a rotation wheel with a surface velocity of 25 m/s.
Microstructural characterization and stability of NissFe19Gagg melt spun Heusler alloy can
be found elsewhere [23].

The martensitic transformation was recorded by differential scanning calorimetry
(DSC) using a Perking-Elmer DSC7 (Perkin-Elmer, Norwalk, CT, USA) under Ar flow.
Different heating rates (8 from 5 to 80 K/min) were used for non-isothermal treatments.
Measured temperature was corrected at different heating rates using the melting temper-
atures of In (429.75 K) and Pb (600.62 K) standards (errors below 0.5 K). The mass of the
analyzed pieces of ribbon was around the same of the In standard (10-20 mg).

X-ray diffraction (XRD) patterns were recorded at different temperatures and at-
mospheres oin a Bruker D8C diffractometer (Bruker, Karlsruhe, Germany) using Cu-Ku,
A =1.5406 A.

3. Results

Although some previous results corresponding to powder obtained from ribbons
are commented above, all the results presented in this work correspond to samples in
ribbon shape.

Figure 1a shows in situ XRD patterns of the melt-spun ribbons obtained at the in-
dicated temperatures in ambient atmosphere at the region where is expected to observe
the (220) austenite peak. For comparison, Figure 1b shows the XRD patterns obtained in
vacuum. In both cases the martensitic transformation from monoclinic 14M modulated
martensite phase to cubic L2 austenite phase can be identified. Even a qualitative compari-
son of the XRD patterns reveals that martensite phase appears at a much lower temperature
when the experiments are performed in vacuum. Two things prevent a quantitative dis-
cussion: XRD patterns must be affected due to sample evolution during the acquisition
of the data and, in order to minimize this, the acquisition time must be reduced. More-
over, the highly textured polycrystalline character of the ribbons could produce significant
differences in the intensities of peaks with respect to the powder standard. Even though,
in vacuum conditions the transition is clearly observed at lower temperatures than that
found at ambient pressure. The pressure dependence of the martensitic transformation
in Heusler alloys has already been reported for other compositions [28,29]. For example,
Hamilton et al. [12], observed the influence of external pressure application on martensitic
and intermartensic transitions in single crystal of NisyFej9Gay;. They also found that
the higher the applied pressure, the higher the austenite start temperature. Most of the
literature found describes that the austenite start temperature shifts to higher temperatures
when an extra pressure is applied. This is in line with our present data, although the
range of applied pressure is generally increasing the pressure from tens of MPa to GPa,
whereas we decrease the pressure down to 107> mbar. Unlike the previous permanent
effects found in the ribbon samples due to high pressure application [23], which produced
an intermartensitc transformation from the modulated to the non-modulated L1 structure,
the effects of submitting the sample to vacuum are reversible. Both the modulated 14M
phase and transition temperature are recovered once ambient atmosphere is recuperated.

The thermal behavior of NissFej9Gayg ribbons was analyzed by DSC. Samples of
the as-melted ribbon preheated at 473 K were submitted to thermal cycles through the
martensitic transformation. When each cycle reached the same maximum temperature,
473 K (Figure 2a), the transformation peak temperature decreases after the first heating,
but it keeps constant in the subsequent cycles. However, increasing the maximum temper-
ature in successive cycles clearly shifts the transition to lower temperatures, as shown in
ref. [23]. All these features, along with the pressure dependence described above, point
to a strong influence on the transition of the strain fields present in each sample piece of
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ribbon, which are somehow relaxed after heating. On the other hand, the austenite phase
obtained in the melt-spun ribbon is expected to have some disordering degree, which
should decrease with high temperature treatments. In fact, by heating up the samples to
temperatures higher than 600 K, the martensitic transformation temperature as well as the
heat of transformation significantly decrease, which is associated with atomic ordering and
composition stabilization due to the precipitation of the gamma phase [23]. However, these
processes are prevented in our samples as the maximum treatment temperature is 473 K.
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Figure 1. X-ray diffraction (XRD) patterns of as-melt spun NissFej9Gayg obtained at the indicated
temperatures at (a) ambient atmosphere and (b) vacuum (~1075 mbar). “M” and “A” represent the

Bragg peaks of the 14M martensite and austenite phases, respectively.
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Figure 2. Consecutive differential scanning calorimetry (DSC) scans of a NissFe19Gayg piece of ribbon
showing the effect of thermal cycling on the transformation peak temperatures when (a) they are
heated up to the same maximum temperature and (b) they are heated at different heating rates

each time.

Figure 2b shows the non-isothermal DSC scans taken at different heating rates for
the same piece of ribbon after preheated up to 473 K. A shift of the transition to higher
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temperatures can be observed with the increase of B, indicating the thermally activated
character of the martensitic transformation.

Figure 3 shows the martensitic transformation registered at 40 K/min for different
pieces of the as-melted ribbon. The absence of repetitiveness in the DSC scans of different
as-cast ribbon pieces indicates that subtle differences seem to strongly affect the transition,
possibly due to local inhomogeneities in composition (below the resolution of fluorescence
and energy dispersive spectroscopy measurements done) or to presumably stress fields
induced during the production of the ribbon. In order to show the reproducibility of the
equipment used, DSC scans of the melting transition of the indium standard are displayed
in the inset.

1
Heat flow
1 Wig

0.1 Wig

420 430 440 450 460

Heat flow

T T T T T T T T T T
360 380 400 420 440 460
T(K)

Figure 3. DSC scans of different pieces of as-melt spun ribbon. Inset shows the DSC scans of the
In standard.

In order to compile the dispersion of the DSC data, Figure 4 shows the values of the
onset, Tyuset, peak, Tpeak and end, T,,,4, temperatures. Both T,,s.; and T,,,; were estimated
as the intersection between the corresponding maximum slopes with the baseline. The
data correspond to the martensitic transformation of as-melt spun ribbon pieces (empty
symbols) and ribbon pieces after a previous heating up to 473 K (filled symbols). It can be
clearly observed that the dispersion in the characteristic temperatures of the transition is
reduced after heating up to 473 K, although the dispersion still exists. On the other hand, a
general shift to lower temperatures is observed for samples previously heated up to 473 K
(an example is the data on single pieces shown in Figure 2). Moreover, a shift to higher
temperatures as the heating rate increases can be observed for Ty (and Te;,4), which
indicates the thermally activated character of the martensitic transformation. However,
results indicate that heating rate has minor influence on T, s.;. This is in agreement with the
findings of Wang et al. [25]; herein, it has been shown that increase in heating rate results
in larger variation of T,z than of Ty in Ti-Ni-Cu shape memory alloys, in agreement
with their previous work, in which they designed a model of martensitic transformation
as a thermally activated process by a chemical and a non-chemical term in the Gibbs free
energy [30]. Similar results have also been reported for Ni-Fe-Ga alloys [27].

Figure 5 shows the enthalpy of transformation as a function of the heating rate, which
increases with the heating rate from ~3.5 W/g for f =10 K/min to ~5 W/g for > 40 K/min.
The observed enthalpy tendency has been observed previously [31] and explained by the
existence of dislocations associated with high heating rates which generate an internal
stress state [32].
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Figure 4. Temperatures corresponding to onset, Tonset, peak, Tyeqx and end, T4, of martensite
to austenite transformation as a function of the heating rate, . Empty symbols (about 20 DSC
experiments) correspond to as-melt spun ribbon and filled symbols (about 60 DSC experiments)
correspond to ribbon pieces after heating up to 473 K. Predicted dependence of Ty from Kissinger’s
plot is shown as a red line.
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Figure 5. Enthalpy of the martensitic transformation (on heating) as a function of the heating rate for
ribbon pieces preheated up to 473 K (about 60 DSC experiments are shown).

4. Discussion

Kissinger method [33] is generally applied to determine the apparent activation
energy in thermally activated processes and particularly in the martensitic transformation
of Heusler alloys (Ni-Mn-Ga [34], Ni-Mn-5n [35], Cu-Ni-Al [36]). Figure 6 shows the
Kissinger’s plots for three pieces of ribbon on which successive DSC scans were performed
using B increasing from 10 to 80 K/min. Moreover, other data points corresponding to
single DSC scans performed on different sample pieces at different § values are added
to the figure. Although results for single samples (squares, circles or triangles) can be
relatively well fitted to a straight line (leading to Qg;s values around 500 kJ/mol), the
values of the activation energy differ between the different analyzed pieces of ribbon and
the cloud of points evidences the dispersion of the data. Moreover, the obtained value
is higher than that obtained for NissFej3Gayg prepared by arc-melting, which martensite
transformation occurs at around 300 K [27]. These results suggest the importance of the
samples fabrication process. This feature can be understood in the frame of the strong effect
of subtle differences (i.e., strain fields induced in the ribbon) between the sample pieces.
This could be also linked to the probabilistic character of the avalanches phenomenon
recently used to describe martensitic transitions [13].
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Figure 6. Kissinger’s plots for the peak temperature of the martensitic transformation. Filled symbols
correspond to data obtained for three pieces of ribbon on which successive DSC scans were performed
using B increasing from 10 to 80 K/min. Crosses correspond to data obtained from single DSC scans
performed on different sample pieces at different 8.

Although the utility of Kissinger’s method can be considered in terms of comparative
results with those reported in the literature, we cannot neglect that the high dispersion in
the parameters of the transition may yield deviations from Kissinger’s requirements (e.g.,
constant transformed fraction at Ty is not fulfilled). As commented in the introduction
section, the martensitic transformation can be described as a first order auto-catalytic trans-
formation. From Equation (3), the change in X between two different times or temperatures
can be obtained as (thus, avoiding the inherent undefined point at X = 0):

/Xl— / kg —>—ln<X—1>+ln<—1) / kMar (@

which, if the temperature dependence of ks can be neglected, leads to:
X
X(t) = 0 , ®)

k
(1-Xp)e #7704 x,

where Ty = T(Xp).
On the other hand, the value of k) can be obtained from expression (3) as:

aX 1
T) = —— 6
where X(T) = [; 5 T dx Srpar and = 1 ‘%I are obtained normalizing the experimental data

of heat ﬂow recorded in the DSC Generally, an Arrhenius dependence is proposed for the
frequency factor, characterized by an activation energy, Q, with kys(T) = kpoexp (— %) .

In order to evaluate this dependence, Figure 7 shows In(kps) vs. 1/ T in the 0.10 < X < 0.99
range for different 3 values corresponding to a single sample submitted to scans at different
heating rates. A complete figure with the different samples studied in this work is supplied
as supplementary material (Figure S1).
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Figure 7. Expected linearity from Arrhenius behavior of the frequency factor ky;(T) for different
heating rates (results for a single piece of sample are shown).

Linearity is observed for each curve of Figure 7 (or Figure S1) but the parameters
(slope and intersect) depend on §, as it is shown in Figure 8 for the three sample pieces
studied at successive B along with results from DSC scans on samples heated at a single
B. This figure also shows a common almost linear decrease of Q (and of In(ky)) with
B but dispersion of the data is found. A decrease of Q with § has been also reported for
other Heusler alloys (Ni-Mn-In-Mg [19] or Ni-Mn-5n ribbons [35]). This decrease can be
understood considering that the observable mechanism of transformation is nucleation
(due to the very fast growth). Classical nucleation theories show that the nucleation rate
is [14]:

AGe
I(T) = Ae” ®T, (7)

where AG, is the difference in molar Gibbs energy between the nuclei of the product phase
with a critical radius and the starting phase. This magnitude is inversely proportional
to the square of the overheating, AT?. As B increases, the transition from martensite to
austenite shifts to higher temperatures and, thus, AT increases, leading to a decrease in
AG.. When only nucleation phenomena is recorded (due to the fast growth in martensitic
transformations), AG. can be identified with Q. Therefore, this trend in the activation
energy should be generally found in this type of transformations. In the supplementary
material, Figure S2 shows a roughly linear trend between Q% and Tpear, using the average
values obtained in this study. However, the Q values obtained from Kissinger’s method
are about five times larger than the average value deduced from ky;(T) and, thus, the
comparison with literature might be done with caution. On the other hand, there is a
clear interdependence between the frequency prefactor kjjg and the activation energy Q,
which implies a compensation effect [37,38]. The relationship between In(ky) and Q is
evidenced in Figure 9 as a straight line:

In(kpmo) = In(koo) +mQ, 8)

with In(kgy) = —0.5 £ 0.3 (koo in Hz) and m = (2.81 £ 0.05)10~% mol/J. The reliability
of the fitting line and the original data were evaluated based on the correlation coefficient,
being r? = 0.9990. This result can be used to redefine the Arrhenius dependence of k, to:

Q(1—mRT)

kpm(T) = koo™ ®T )
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Figure 8. Heating rate dependence of the frequency prefactor, kygo and the activation energy, Q,
describing the Arrhenius equation of kps(T). Solid symbols correspond to experiments performed in
a single sample at different heating rates. Hollow symbols correspond to individual measurements
in different samples.

40 | kM= Moe—Q/RT i
In(k,,,)=-0.5(3)+2.81(5)10*Q
30 .
>
& 201 .
<
10 .
0 -

0 ' 20 40 60 80 ' 1(I)O ' 1é0 ' 14|10
Q (kJ/mol)

Figure 9. Compensation effect evidenced by a linear correlation between In(kps) and Q. Different
solid symbols correspond to three samples measured at different heating rates. Hollow symbols
correspond to individual experiments. The equation for the linear regression (red line) is also shown.
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This yields a much lower average value of Q(1 — mRT) for the transition temperature
range than those from Kissinger’s method (one order of magnitude) and predicts an
athermal transformation for T,y = ﬁ = 428 £ 8 K, which is coherently above the
measured end temperatures (see black triangles in Figure 4, right panel). In this sense,
it has been recently proposed that there is not a clear distinction between athermal and
isothermal martensitic transformations, with some experimental results indicating an
isothermal character for transformations that were previously considered athermal (Cu-
based [39], Ti-Ni based [40] or Ni-Mn-Ga [41] shape memory alloys). Moreover, it has been
reported that the transformation of Ni-Fe-Mn alloys changes from isothermal to athermal
under the influence of a magnetic field, while the transformation of binary Fe-Ni alloys
changes to isothermal under the application of hydrostatic pressure [42]. In fact, Planes
et al. [39] showed that isothermal and athermal nature of the martensitic transformation
is not intrinsic; the nature of the transformation is directly related to the experimental
conditions, which is in agreement with the model of Kakeshita et al. [43].

Taking into account the temperature dependence of k;(T), Equation (4) must be

rewritten:
1 1 " Ik
Q
(=1 +ln<—1>: / Mg — / K00 mQp= 1 4T, 10
<X ) Xo ik B p {10

and a more general new equation must substitute for Equation (5):

Xo
X(t) = , 11
®) (1 — Xo)e BT + X an

with B(T) = fTT(XO) k%eer_R%dT only depends on Q. Although this integral could
be solved numerically, a simplified form could be proposed assuming a linear Taylor
expansion around Ty. Thus, an analytical, but approximate, solution is obtained for the

transformed fraction:

Xo

(1 _ XO)’exP{kger(mKlTO)' (1 + %02 (T2T0)2> } + Xo

X — (12)

Once the values of kyy and m have been determined (see Figure 9), Q values can be
obtained by matching the transformed fraction of just one temperature (e.g., the peak
temperature) and the complete curve of X(T) can be built. Figure 10 shows two examples
of experimental curves (at § = 10 and 80 K/min respectively) along with the corresponding
theoretical curves predicted from Equation (12) in the range 0.1 < X < 0.99. In these
plots, Tj corresponds to the temperature at which Xy = 0.269 (i.e., In (XLO — 1) = 1) and
Q has been determined impossing the value of X at T}, The values of Q obtained are
in agreement with those expected from Figure 8. It is worth mentioning that, despite the
evident dispersion of the transition data (as shown in Figure 4), a general equation can
satisfactorily describe the kinetics of martensitic transition in the studied melt-spun alloy.
This equation is determined by only the transformed fraction at two different temperatures.
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Figure 10. Experimental data (symbols) and theoretical results (lines) of austenite fraction as a
function of the temperature for two different DSC heating experiments at 10 and 80 K/min. Corre-
sponding parameters used in Equation (12) are shown in the boxes.

5. Conclusions

Kinetics behavior in the reverse martensitic phase transformation from modulated 14M
martensite phase to austenite phase in melt spun NissFej9Gayg ribbons has been analyzed.
The heterogeneity of melt spun ribbons affects the martensitic transformation and leads
to a strong dispersion of the parameters that characterize it. However, this dispersion
can be attenuated after heat treatments at low temperatures leading to a relaxation of the
stored stresses.

The high growth rate of the phases involved in martensitic transitions prevents the
direct application of the JMAK theory to their kinetic study, characterized by values of
the Avrami exponent lower than unity during the whole transformation due to the loss
of information of the growth process. In order to overcome this limitation, it has been
proposed to describe the martensitic transformation as a first-order autocatalytic process, in
which the transformation rate is proportional to the phase fractions of the initial and final
products. This description allows to us to satisfactorily describe the transformation, which
successfully reproduces the experimental data and is clearly dependent on the heating
rate: enthalpy of transformation increases and activation energy decreases as heating rate
increases. The latter result is in agreement with the determinant character of the nucleation
process (and the not observable effect of the growth mechanism), the driving force of which
enhances as the separation from the equilibrium temperature increases. Moreover, the
dependence of the activation energy on the heating rate predicts a temperature at which
the process would be athermal, which could reveal the nature of martensitic transformation
occurring in different family of Heusler materials. Finally, the compensation effect found
between activation energy and the frequency factor implies a non-negligible entropic
contribution in the activation of the transformation.
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