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Abstract: Quenched Ni;Mn;_,Cu,Ga ferromagnetic shape memory alloys undergo two consecutive
post-quench ordering processes. The kinetics of order recovery has been analysed in detail for
NipyMng gCug»Ga, based on the calorimetric curves obtained during post-quench heating at constant
rates. Isoconversional methods have been used to determine the activation energy, the pre-exponential
factor, and the reaction model that best fits the two reordering processes. The kinetic analysis has
been extended to samples quenched from different temperatures. The kinetic study shows that
order improvement processes in quenched NiyMng gCug,Ga alloys can be described by a first order
reaction model, consistent with site-saturation nucleation and homogeneous diffusion-controlled
growth, with apparent activation energies around 1.1 eV. The pre-exponential factors, especially those
obtained for samples quenched from different temperatures, highlight the crucial role of the vacancies
retained by high temperature quenching on the atomic reordering underlying the observed processes.

Keywords: ferromagnetic shape memory alloys; Ni;MnGa; atomic ordering; kinetics; vacancies

1. Introduction

Ferromagnetic shape memory alloys (FSMA) show, along with the properties of con-
ventional shape memory alloys, such as shape memory effect and superelasticity, other
unique capabilities arising from the coupling between the magnetic and structural phase
transitions. The most studied FSMAs are Heusler-type, particularly near-stoichiometric
Ni;MnGa alloys, that undergo thermoelastic martensitic transformation (MT) from the
cubic L2; parent phase (austenite) to a less symmetric phase (martensite). Reorientation
of the martensite variants under magnetic field produces magnetic field-induced strain
(MFIS) [1-3], which is the most characteristic property of FSMAs. Other multifunctional
properties, such as magnetic shape memory, magnetocaloric effect, and magnetoresis-
tance [4,5], appear even more promising for application than MFIS.

The main factors that affect the magnetostructural properties of Ni—Mn—Ga type
alloys are composition and atomic order. Both can change the MT (Tyt) and Curie (T¢)
temperatures. If these temperatures can be modified in such a way that the T¢ be placed, as
required, above or below the MT, it is possible to achieve that the high and low temperature
phases have the desired magnetic order, thus favouring the magnetostructural coupling
and related properties.

Regarding composition, in the case of Ni—Mn—Ga alloys, the greatest achievements
have been obtained by Co or Cu-doping [6-11]. In that line, Co often replaces Ni or
Mn, and it has been found that both Tysr and the austenite T¢ (Té‘) increase, while the
martensite Curie temperature decreases, with increasing electron to atom ratio. As a re-
sult, Niy.xCoxMn;j ,Gag g alloys with x = 0.2-0.36 show ferromagnetic austenite to low
magnetization martensite MT [6,7]. In the case of Cu-doping, Cu usually replaces Mn,
and it is found that Cu-content increases the Tyt while both the austenite and marten-
site T¢ decrease [8-11]. Hence, the structural and magnetic transitions can be tuned in
such a way that paramagnetic austenite to ferromagnetic martensite transition occurs for
NioMn; _,CuxGa with x = 0.22-0.3 [10].
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On the other hand, the change of long-range atomic order also affects the MT and the
magnetic properties, due to the modification of the electronic structure and the lattice site
occupancy by the magnetic atoms. Close to stoichiometric Ni-Mn-Ga alloys solidify from
the melt to a cubic B2 structure, from which the austenitic L2; structure is formed through
a B2—L2; ordering reaction that takes place on further cooling. Due to the diffusionless
character of the MT, the martensite inherits the austenite atomic order [12-14]. The degree
of long-range atomic order can be easily modified applying thermal treatments [14-19].
As a general rule, quenching from temperatures around the B2<+L2; transition (which is
approximately 1100 K for ternary Ni-Mn-Ga [12]) results in partial retention of the low L2,
atomic order present at high temperatures. The equilibrium order degree in as-quenched
alloys can be progressively restored by post-quench ageing at temperatures at which atomic
diffusion is possible, as proven by neutron diffraction experiments [14,20,21].

The effect of the atomic order on the MT and magnetic characteristics has been
studied both in ternary Ni-Mn-Ga alloys [14,18,19] as well as for Co and Cu-doped
Ni—Mn—Ga [6,7,22]. As a general result, it is found that Curie temperatures increase
with L2 order, as a consequence of the variation of the magnetic moment of the alloys
depending on the position of the Mn atoms, which couple antiferromagnetically when they
are nearest neighbours (Mn atoms on the Ga positions) and ferromagnetically when they
are next-nearest neighbours (Mn atoms in the Mn sublattice) [23,24]. Moreover, the MT
temperatures are modified by changes in atomic order, although there is no unique trend.
MT temperatures respond to atom site occupancy through electronic structure (covalent
bond strength and Jahn—Teller effects) but through magnetic structure as well, and they
have been observed to increase (as in ternary and Cu-doped Ni—Mn—Ga [14,18,19,22]) or
to decrease (as in Co-doped Ni—Mn—Ga [6,7]). It is worth mentioning that in the latter
case, the opposite evolution of the Curie and MT temperatures with increasing atomic order
can lead to changes in the magnetic order of austenite and martensite, with the concurrent
modification of magnetostructural properties [6,7]).

As mentioned above, the low L2; order retained after quench can be progressively
improved up to the equilibrium value by post-quench ageing. A manifestation of this
reordering process is the appearance of a broad exothermic calorimetric peak at tempera-
tures well above the MT, which appears only in the first post-quench heating run [6]. In a
recent work, the influence of atomic order on the martensitic and magnetic transformations
undergone by NipMn; _,Cu,Ga ferromagnetic shape memory alloys was investigated [22].
Both the MT and Curie temperatures were found to increase during post-quench aging, but
these temperatures evolve at different rates: the MT temperatures increase from the start
of aging while the Curie temperature begins to rise at a later stage in the aging process.
Furthermore, during post-quench heating of Ni;Mn;_,Cu,Ga alloys, two consecutive DSC
exothermic peaks were observed, indicative of two thermally activated processes.

This behaviour is exclusive to NipMn; _,Cu,Ga alloys, since it was proven that Ni—
Mn-Ga ternary alloys, as well as Co-doped Ni-Mn-Ga and, surprisingly, Ni,_,Cu,MnGa
alloys, display a single exothermic peak. Additionally, it was observed that the peak that
is common to all alloys is suppressed after quench from temperatures well below the
B24+L2 transition. Based in the above results, the process undergone by all alloys, and
that is responsible for the change in Curie temperature, is attributed to the improvement
of L2 order, due to the exchange of Mn and Ga atoms located at antisites after quench.
For the other process, which only occurs in NipMn;_,Cu,Ga alloys and underlies the rise
of martensitic transformation temperatures, the diffusion of Cu atoms, misplaced in the
Ni sublattice after quench, towards their most favourable sites in the Mn sublattice is
proposed as the responsible mechanism. A preliminary evaluation of the kinetics of the
two post-quench aging processes was performed in [22] using Kissinger’s method, yielding
different activation energies: 1.16 eV for the process that is common to all alloys and 1.35 eV
for the one that is solely observed in NipMn;_,Cu,Ga alloys.

Beyond the evaluation of activation energies and their comparison with the diffusion
energies of the components, the analysis and quantification of the kinetics of the reordering
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processes can shed light on the mechanisms that govern these processes and the factors
that affect them. Despite the crucial influence of the changes in the degree of atomic order
on the properties of Ni—Mn—Ga-based alloys, there are hardly any detailed studies of the
ordering and reordering kinetics in these alloys.

This work presents the results of the in-depth analysis of the kinetics of the reordering
processes in NipMnj sCug,Ga alloy. The quantification of the fundamental kinetic parame-
ters has been carried out based on the calorimetric curves obtained during post-quench
heating at constant rates. Isoconversional methods have been used to determine not only
the activation energy, but also the pre-exponential factor and the reaction model that best
fit the two post-quench reordering processes described above. The kinetic analysis has
been extended to samples quenched from different temperatures, highlighting the crucial
role of the vacancies retained by high temperature quenching. Thus, the atomic diffusion
that gives rise to the atomic reordering underlying the observed processes is enhanced
by vacancies.

2. Materials and Methods

The study has focused on a Ni;Mng gCug2Ga alloy, (hereinafter called Cus), although
for comparison purposes, the ternary Niy 1MnGag 9(Cuyp) has also been analysed. All used
alloys are polycrystalline, prepared by induction melting in argon atmosphere using high
purity elemental metals. The ingots have been melted several times and homogenized for
24 h at 1170 K in a vacuum quartz tube, followed by quench in water at room temperature.
Long range atomic order has been modified by means of additional thermal treatments,
consisting of annealing for 1 h at temperatures Tyg = 570-1170 K, followed by quench
into water at room temperature, and subsequent post-quench ageing. The latter has been
carried out by continuous heating up to 670 K.

The martensitic and magnetic transitions, as well as the reordering processes, have
been monitored by differential scanning calorimetry measurements (DSC 2920, TA Instru-
ments Inc., New Castle, DE, USA). Runs have been performed at temperature rates ranging
between 1 and 20 K/min. The broad exothermic DSC peaks observed at temperatures well
above the MT during the first post-quench heating run are considered to be proportional to
the rate of progress of the thermally activated process that takes place at the corresponding
temperature interval. Thus, the conversion fraction, x, is calculated as:

(1) = 52 0

where AQ(T) is the heat flow integrated up to T, after the proper baseline correction, and
AQ"! is the overall heat released in the whole process. To minimize the errors that could
arise from the choice of the baseline, the DSC curve corresponding to a second heating
has been used as guide for baseline selection. Although calibration with Pb (melting
at 600.61 K) and In (melting at 429.75 K) at different heating rates proves that thermal
inertia is rather small (error below 1 K), these standards have been used to correct the
measured temperatures.
The basis of the kinetic analysis is the rate equation:

= KM ) @

which gives the conversion rate as a function of the separable variables x and T. The kinetic
factor K(T) follows the Arrhenius equation:

Eqc

K(T) = koe™ kT (©)]

where k, and E, are the pre-exponential factor and the activation energy, respectively, and
R is the universal gas constant. f(x) is the reaction model, which can take a number of
forms depending on the nature and steps of the studied process.
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The combined equation:
I — ke ¥ f(x) @
is valid for any temperature program [25], including constant heating rate for which
dx  dx dT dx
at ~ara  Par ©

For each temperature rate f;, the fraction x is reached at a temperature T%, at which
conversion rate has a value (dx/dt)|i. Two different approaches have been used to
quantify the kinetic parameters [25]. First, the integral isoconversional method called
Kissinger—Akahira—Sunose (KAS), is expressed by:

In (ﬂ) — ¢ Fel) ©)

The plots of In (ﬁl / T};Z) vs. (1/T?) for different x should be straight lines whose slope
would give the activation energy associated with each x, E;c(x). It is worthwhile to mention
that this method reduces to the classic Kissinger’s when the temperature of the maximum
of (dx/dt) is used as Ty.

Second, the most common differential isoconvertional method, developed by Fried-
man, is based on the equation:

() = mnlkof ol - Fa )

which again provides Ec(x) from the plots of In(dx/dt)|% vs. (1/Ti) for different x. It
is worth keeping in mind that the above expressions allow to obtain activation energies
without the need to set a reaction model.

Even though (6) and (7) provide activation energies dependent on the fraction x, the
principle of separation of variables implicit in (2) requires that E,. be constant. To advance
in the determination of the kinetic parameters, an activation energy valid for the entire
process must be set. Should that be done, k, and f(x) can be determined choosing a generic
type of reaction model. In our case, owing to the sigmoidal shape of the x(T) curves and
according to the literature [25-27], a n-order reaction model, f(x) = (1 — x)" is assumed.
Therefore, Equation (7) becomes:

dx Eoe
ln(dt) tRT = In(ko) + nin(1l — x) 8)
and the straight lines obtained by plotting [In(dx/dt) + (Es./RT)] vs. In(1 — x) for each
temperature rate yield the corresponding values of In(k,) and the exponent n.

3. Results and Discussion

Figure 1 shows the DSC curve obtained on cooling down to 210 K and subsequent
heating up to 670 K, at the temperature rate of 5 K/min, of a Cus sample quenched from
1020 K. The exothermic and endothermic peaks observed at low temperatures correspond
to the forward (cooling) and reverse (heating) MT, respectively, whereas the anomaly
around 300 K is associated with the ferromagnetic transition taking place in the austenitic
phase. The temperatures taken as characteristic for the structural (Mp and Ap) and magnetic
transitions (TZ) are labelled in Figure 1. As stated in Section 1, a low degree of L2; atomic
order is retained after water quench from temperatures around the B2<+L2; transition
(1020 K for alloy Cus [22]), and the equilibrium order degree can be progressively restored
by post-quench ageing at temperatures at which atomic diffusion is possible. In Figure 1,
complete reordering occurs during continuous heating up to 670 K, and in the course of
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that process two broad exothermic peaks are observed, labelled as P; and P,. The MT
and Curie temperatures change due to order improvement, but with different kinetics. To
highlight and summarize those changes, Figure 2 shows the DSC curves obtained during
cooling and subsequent heating up to 500 K just after quench (blue curve); subsequent
cooling after overcoming P, and heating up to 670 K (red curve), and cooling followed by
heating after passing P; (black curve). In the latter curve, heating continues up to 670 K
(dotted black line) to show that the exothermic peaks Py and P; are irreversible, since they
do not appear in subsequent heating runs. On heating above P,, a significant change in the
MT temperatures (Mp and Ap) is observed (compare blue and red curves), but Té‘ does not
change, as shown in the inset in Figure 2. By additional heating up to 670 K (above P7), the
Curie temperature increases as well (compare red and black curves). More details about
the evolution of the MT and Curie temperatures during progressive ageing can be found
in [22], but from Figure 2 it is easy to relate each one of the broad exothermic peaks with
the evolution of the MT and Curie temperatures: P, accounts for a process which produces
an increase in the MT temperatures, while P; accounts for a second process that results in
an increase of Curie temperature. The time evolution of the transition temperatures during
isothermal ageing [22] proves that both processes are thermally activated.

All tested NipMn;_,Cu,Ga alloys (x = 0.12-0.36) present these two post-quench
exothermic peaks, with the interesting feature that the magnitude of the lowest tempera-
ture peak (P;) decreases with decreasing copper content. Instead, the ternary Ni—Mn—Ga,
Co-doped and Cu-doped Ni—Mn—Ga alloys where Cu replaces Ni display a single exother-
mic peak (P1). The role of Cu, specifically Cu replacing Mn, is therefore decisive for the
phenomenon associated with the peak as-called P, [22]. Figure 3 shows the DSC curves
obtained during heating up to 670 K of Cus and ternary Cugy samples previously quenched
from 1020 K.
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0.02 -

0 -
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-0.04 -
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-0.08 -

_0.] T T T T
200 300 400 500 600 700

Temperature (K)

Heat Flow (W/g)

Figure 1. DSC curve obtained on cooling and subsequent heating, at temperature rate of 5 K/min, for
a Cus sample as-quenched from 1020 K. The temperatures taken as characteristic for the structural
(Mp and Ap) and magnetic transitions (Té‘) are labelled. Adapted from [22].
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Figure 2. DSC curves obtained on cooling and subsequent heating at 5 K/min, for a Cus sample just
after quench from 1020 K (blue curve), after overcoming P, (red curve), and after passing P; (full and
dotted black curve). The inset shows an enlargement of the curves around the Curie temperature.
Adapted from [22].
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Figure 3. DSC curves obtained during heating up to 670 K of Cus and ternary Cuy samples previously
quenched from 1020 K. Adapted from [22].
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Another relevant characteristic of the studied processes is their evolution when the
quenching temperature (Tywg) changes. In this sense, the most relevant observation is the
suppression of P for Ty below 770 K, the lower temperature exothermic peak P, being
the only one left after quench from temperatures at which L2; order is complete. However,
it is also interesting to note that the peak temperatures for both P; and P, shift towards
higher temperatures as Ty is lowered. These features are shown in Figure 4, where the
DSC curves obtained during heating Cus samples previously quenched from the indicated
Twg temperatures are displayed.

0.03
0.01 .‘ - 1070 K
@ 0 970 K
=
< _ 870 K
> 0.01
o
@ -0.02 770 K
©
% -0.03 670 K
-0.04 570 K
-0.05
-0.06
300 400 500 600 700

Temperature (K)

Figure 4. DSC curves obtained during heating up to 670 K Cus samples previously quenched from
the indicated Ty temperatures.

Based in the above results, the process associated to Py, that all alloys undergo and
that is responsible for the change in Curie temperature, is attributed to the improvement
of L2; order mainly due to Mn diffusion. For the other process causing P,, which is only
observed in NipMn;_,Cuy,Ga alloys and underlies the rise of martensitic transformation
temperatures, the diffusion of Cu atoms, misplaced in the Ni sublattice after quench,
towards their most favourable sites in the Mn sublattice is proposed as the responsible
mechanism [22].

Figure 5a shows the DSC curves for Cus samples as-quenched from 970 K, corre-
sponding to P, after baseline correction, and recorded during heating at different rates
between 1 and 20 K/min. According to the conversion fraction given by Equation (1),
these curves provide (dx/dt), and their normalized integral up to temperature T gives x(T).
Figure 5b shows the x(T) curves obtained for the different heating rates. Application of
the Kissinger—Akihara—Sunose method expressed by Equation (6) is shown in Figure 5c,
from which an activation energy EXAS is calculated for x = 0.1—0.9. Similarly, Friedman’s
method based on Equation (7) is applied, giving rise to the straight lines shown Figure 5d,
which yield activation energies EL. for each x. Figure 5e shows the obtained apparent
activation energies as a function of the conversion fraction. Both EXA5 and Ef_ vary with
x. A systematic dependence of E,;. on x indicates the occurrence of several stages with
different activation energies, that is, a multi-step process. This being the case, we must not
forget that the beginning and end of the conversion are much more affected by the errors
that could be made in the baseline correction, so the activation energy values provided at
low and high x will undoubtedly be less precise. In Figure 5e, a star symbol indicates the
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Egc that was obtained in [22] from the Kissinger’s method, fitting, as expected, with KAS
method around x = 0.5. The average activation energies are 1.3 eV (130 kJ/mol) for KAS
method and 1.2 eV (118 kJ /mol) for Friedman’s. Since Equation (8) derives from Friedman'’s
method, the last one will be used to calculate the other kinetic parameters. The straight lines
that according to Equation (8) result from the plots of [In(dx/dt) + (Eas./RT)] vs. In(1 — x)
for each temperature rate are shown in Figure 5f, and the obtained values of n and In(k,)
are given in the inset.
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Figure 5. (a) (dx/dt) curves, corresponding to DSC curves of P; after baseline correction, recorded

during heating Cus samples quenched from 970 K, at different rates 8; = 1-20 K/min; (b) normalized
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integrals giving the x(T) curves for the different f;; application of the Kissinger— Akihara—Sunose
method (c), and Friedman’s method (d); (e) apparent activation energies as a function of x obtained
after those methods; (f) plots of [In(dx/dt) + (Esc/RT)] vs. In(1 — x) for each B; using Eqsc = 1.2 €V,
yielding the values of n and In(k,) given in the inset.

The same steps have been taken with DSC curves corresponding to P; after baseline
correction, recorded during heating at different rates between 1 and 20 K/min, giving rise
to Figure 6af, the last obtained using an average activation energy of 1.1 eV (107 kJ /mol).
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Figure 6. (a) (dx/dt) curves, corresponding to DSC curves of Py after baseline correction, recorded
during heating Cus samples quenched from 970 K, at different rates ; = 1-20 K/min; (b) normalized
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integrals giving the x(T) curves for the different f;; application of the Kissinger— Akihara—Sunose
method (c), and Friedman’s method (d); (e) apparent activation energies as a function of x obtained
after those methods; (f) plots of [In(dx/dt) + (Es/RT)] vs. In(1 — x) for each B; using Eqsc = 1.1 €V,
yielding the values of n and In(k,) given in the inset.

For comparison purposes, the DSC curves obtained during heating at chosen tempera-
ture rates for samples of the ternary alloy Cuy, corresponding to the single exothermic peak
(P1) after quench from 970 K, have been analysed along the same lines, and the results are

shown in Figure 7a,f (average activation energy 1.2 eV = 117 k] /mol).
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Figure 7. (a) (dx/dt) curves, corresponding to DSC curves of P; after baseline correction, recorded
during heating Cug samples quenched from 970 K, at different rates ; = 2-20 K/min; (b) normalized
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integrals giving the x(T) curves for the different f;; application of the Kissinger— Akihara—Sunose
method (c), and Friedman’s method (d); (e) apparent activation energies as a function of x obtained
after those methods; (f) plots of [In(dx/dt) + (Esc/RT)] vs. In(1 — x) for each B; using Eqsc = 1.2 €V,
yielding the values of n and In(k,) given in the inset.

Table 1 summarizes the average values of the kinetic parameters obtained for the
thermally activated processes underlying P; (for Cus and Cugy samples) and P,. When
interpreting these parameters, several aspects have to be considered. Atomic diffusion, as
needed to restore quenched-in disorder in the studied alloys, is mediated by vacancies [28].
We can assume that the rate of atom diffusion in a particular process at a given temperature
is proportional to the atomic vibration frequency (v), the number of present vacancies c,(T),
and the rate of successful jumps of the energy barrier (E,c) for that process, exp(—Egc/RT).
For quenched samples, the retained excess vacancy concentration is much higher than the
equilibrium concentration at T. Thus, ¢,(T) can be approached by the vacancy concentra-
tion at the quenching temperature Twq, cy(Twg). Finally, a factor (x) accounting for the
correlation factor for diffusion, the lattice parameter, and the number of jumps has to be
included. Thus, we can assume that

K(T) ~ wv-cv(TWQ)exp(—?;f) ©)

Table 1. Average values of the kinetic parameters obtained for the thermally activated processes
underlying P; (for Cus and Cugp samples) and P;.

KAS Friedman
E,c (eV) E,c (kJ/mol) E,c (eV) E 4 (kJ/mol) n ko (s71)
Cus P, 1.3 130 1.2 118 1.1 1.1 x 1011
Cus Py 1.1 107 1.1 107 0.9 1.4 x 108
Cug Py 1.3 126 1.2 117 1.2 1.5 x 108

3.1. Activation Energies

The activation energy for a vacancy-mediated diffusive mechanism includes the
vacancy migration energy, but also the energy barriers that an atom must overcome to
reach a given position. In the actual case, the scenario to consider includes different types
of atoms, an ordered structure, and the contribution of defects. Therefore, the displacement
of a certain type of atom to a specific position requires a number of steps with a complex
collective action of different migration barriers. Given the complexity of atomic motion,
the activation energy cannot be approached by a simple migration energy, as we do for the
case of self-diffusion in a unary system.

It has been also indicated above that the obtained activation energies depend on the
conversion fraction x, i.e., they depend on temperature. As explained before, this reveals
the existence of multistep reactions where the energy barriers evolve with x and/or T.
Nevertheless, the overall variation of E,. in the range x = 0.2-0.8 is about 10%, which
justifies the choice of a single activation energy as representative of the whole process. The
activation energies obtained by KAS or Friedman’s methods also differ by less than 10%,
which can be attributed to the errors associated with the correction and integration of the
DSC curves.

According to the mechanisms proposed in [22] as responsible for the observed phe-
nomena, namely the improvement of L2; order, due to the diffusion of Mn atoms located
at Ga sites after quench (P1) and diffusion of Cu atoms, misplaced in the Ni sublattice
after quench, towards their most favourable sites in the Mn sublattice (P;), the obtained
activation energies should be compared with those for diffusion of the corresponding
atoms. To establish a comparison framework, Table 2 presents some activation energy
values worthy of comparison.
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Table 2. Activation energy and pre-exponential factors collected from the literature for the diffusion
of Cu and Mn in different cases.

Diffusion Euc (eV) ko (s71) Ref.
Vacancy migration in
Ni—Mn-Ga 1.3 1.1 [28]
Vacancy formation in
Ni—Mn—Ca 1.1 0.9 [28]
Cu—FCC self-diffusion 1.3 1.2 [29]
Mn—BCC self-diffusion 223 1.3 x 1013 [30]
Mn (tracer) diffusion in 10
1.2, Ni;MnGa 1.46 5.3 x 10 [31]
Improvement of L2 1.18 (Twg = 1173 K) [32]
ordering in Ni—-Mn—Ga 1.46 (Twg = 873 K)
Cu in DO3 Cu—Al—Be 1.38 [33]
SRO in CuzMn 0.9 (Twg = 1073 K) 6.5 x 10° [27]

The apparent activation energies obtained for the processes underlying P; and P, lie
between those for the formation and migration of vacancies in Ni—Mn—Ga [28] and those
for the diffusion of Mn in L2 Ni)MnGa [31] and Cu in DO3 Cu—Al—Be [33]. They are
very close to those for vacancy-mediated improvement of atomic ordering in quenched
Ni—Mn—Ga [32] and CuzMn [27]. The presence of a high concentration of non-equilibrium
vacancies after quench, favouring the reordering processes, is likely lowering the activation
energies in the present case with respect to Mn and Cu self-diffusion [29,30].

3.2. Pre-Exponentional Factor

The pre-exponential factors k, obtained for the reordering phenomena related to
P, and P; are presented in Table 1, and are in reasonable agreement with Equation (9);
being v~1013 s~1 for most metals and co(Twg =970 K)~2 x 103 [28], the expected values
would be around 2 x 10'° s~1. Furthermore, according to [28], during continuous post-
quench heating up to the temperatures where P and P, occur, part of the retained excess
vacancies are eliminated (without formation of new vacancies), and we can estimate the
concentration of vacancies to be c,(Tp;)~1.6 1073 and cy(Tp;)~10"* [28]. Table 2 shows
values of the pre-exponential factors for the diffusion of Cu and Mn in different cases. These
values also lie between the atomic frequency of vibration and the effect of vacancies, and it
is worthwhile to notice that taking the values for Cu and Mn self-diffusion (1.9 x 10 [29]
and 1.3 x 10'3 [30] respectively) as (a-v), the effect of quenched-in vacancies would lead to
(1.9 x 10" x 1.5 x 1073) =3 10! for Cu, and (1.3 x 103 x 107%) = 1.3 x 10° for Mn, very
similar to the obtained values. In that sense, it is interesting to realize that the k, values for
P; are the same for the Cus and Cug alloys and differ from those of P5.

Unfortunately, given the complexity of the atomic movements invoked above, we
cannot use correlation factors proper to simpler structures and diffusion mechanisms (see
for example [34]), and therefore we can only compare the order of magnitude. In fact, it
can be observed in Table 2 that the pre-exponential factors for complex structures and
mechanisms are lower than those for self-diffusion. In any case, the pre-exponential factors
here obtained highlight the role of the vacancies in the ordering processes.

3.3. Reaction Model

As stated in Section 2, owing to the sigmoidal shape of the x(T) curves and according
to the literature [25-27], a n-order reaction model, f(x) = (1 —x)" has been assumed.
Order-based reaction models are the simplest solid-state reaction models, commonly used
in homogeneous kinetics [26]. The exponents n corresponding to the reordering reactions
Py and P; have been determined according to Equation (8), giving rise to values around
n =1 in all cases, although with high scatter, attributable, on the one hand, to the multistep
nature of the processes, and on the other, to the errors derived from the manipulation
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of the experimental DSC curves. Altogether, an effective value of n =1 can be taken as
indicative of the reaction model followed by both the processes associated with P; and P5.
Therefore, a first order, also called Mampel, kinetic model is ruling these processes. Such
a model can be seen as a special case of the Avrami-Erofeyev model with exponent n = 1.
The Avrami exponent includes contributions from both the nucleation and growth of the
product phase from the parent phase. The nucleation contribution to the Avrami exponent
is zero for site-saturation and is one for continuous nucleation. Hence, in the case of overall
Avrami exponent 1 = 1, there is no other choice than site-saturation nucleation [26]. Thus,
nucleation sites already exist or are formed immediately at the beginning of the process.
As for the growth mechanism, a contribution of 1 to the exponent is consistent either
with interface-controlled growth or with homogeneous diffusion-controlled growth [25,
26,35]. Since there is no interface displacement in the processes here studied [22], the
latter seems the most likely scenario. The order reaction #n determined for order-disorder
transformations as well as for order improvement processes in other alloys [27,35] has also
been n = 1, which seems to indicate that it is a common characteristic of the development
of atomic order.

3.4. Effect of the Quenching Temperature on the Kinetic Parameters

The kinetic analysis has been extended to the DSC curves obtained during heating
samples of alloy Cus quenched from different temperatures Tyg. These curves are shown
in Figure 4, where it can be noted that the peak temperatures for both P; and P, shift
towards higher temperatures as Ty is lowered, indicating that the processes require less
energy after quenching from higher temperatures.

In this case, to obtain the kinetic parameters from the available curves, a first order
reaction model has been assumed, so that Equation (8) results

d ELZC
zn(d’t‘> —In(1—x) = In(ko) + 2 (10)

and the plots of [In(dx/dt) — In(1 — x)] vs. (1/T) for each quenching temperature should
be straight lines that yield the corresponding values of In(k,) and E,.. Clearly, the ki-
netic parameters obtained from a single curve will be less precise than those gathered
Figures 5-7, but they could still be compared with each other in order to elucidate the effect
of the quenching temperature. Figure 8 presents the [In(dx/dt) — In(1 — x)] vs. (1/T) lines
corresponding to P; (full lines) and Py (dotted lines) for different Tyyg.

The corresponding activation energies and pre-exponential factors are displayed in
Figure 9a,b as a function of Tyg. The changes in E, are rather small, as anticipated by the
minor slope changes in Figure 8, yet they are important since they show a tipping point
around 1000 K, where the B2—L2; order-disorder transition takes place [22]. Indeed, it
is well known that the activation energy depends on the order degree [31,34], since the
atomic environment of the jumping atoms varies with it. Obviously, the L2; order frozen
by quench is absolutely Ty dependent, as is the activation energy. However, the evolution
of E4 for P; and P, differs, which can be imputed to the different jumping walks required
in each case. Furthermore, P; is directly related to the L2; order and P; is not. Of course,
the effect of quenched excess vacancies on the activation energy cannot be underestimated:
for higher Ty, more vacancies are frozen, lowering, as a general rule, the energy barriers.

The effect of quenched vacancies becomes much more evident when examining the
evolution of pre-exponential factors with Tyg. The equilibrium vacancy concentration
at Tywg calculated from [28] is also shown in Figure 9b, allowing to observe a parallel
evolution. Corroborating this parallelism, the plots of In(k,) vs. 1/Twq (Figure 10) yield
activation energies of 0.8 eV (P1) and 1.0 eV (P,), very close to the formation energy of
vacancies in NipMnGa given in [28].
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4. Summary and Conclusions

The kinetics of the reordering processes in Ni;Mn;_,CuyGa alloys have been studied
in detail. The quantification of the fundamental kinetic parameters has been carried out
based on the DSC curves obtained during post-quench heating, at constant rates, of samples
of Ni;Mn sCuGa alloy. Isoconversional methods have been used to determine not only
the activation energy, but also the pre-exponential factor and the reaction model that best
fits the two post-quench reordering processes undergone by these alloys. The obtained
results can be summarized as follows:

e  The activation energies associated with the two reordering processes are very close
to each other (1.1-1.2 eV) and lower than those corresponding to Mn and Cu self-
diffusion. The presence of a high concentration of non-equilibrium vacancies after
quench, favouring the reordering processes, is likely lowering the activation energies.

o The pre-exponential factors obtained for the reordering phenomena are basically
affected by the quenched excess vacancy concentrations. During post-quench heating,
part of the retained excess vacancies is eliminated, which partly explains why the pre-
exponential factor for the two processes are different. Therefore, the pre-exponential
factors here obtained emphasize the role of the vacancies in the atomic diffusion
related to ordering processes.

e  Aneffective exponent of n = 1 can be taken for the reaction model of both the analysed
processes. Therefore, a first-order kinetic model is ruling these reactions. Such a model
is consistent with the site-saturation nucleation and homogeneous diffusion-controlled
advance of the processes.

e  The kinetic analysis extended to samples quenched from different temperatures Ty
shows a dependence of the activation energy on Ty, attributable to the different
degree of frozen atomic disorder when quenching from different temperatures. In
turn, the evolution of pre-exponential factors runs parallel to the equilibrium vacancy
concentration at Tyyg, making evident the crucial role of vacancies in assisting the
reordering processes.

In summary, the kinetic study shows that order improvement processes in quenched
NipMn;_,CuyGa alloys can be described by a first order reaction model with apparent
activation energies around 1.1 eV. The pre-exponential factors, especially those obtained
for samples quenched from different temperatures, highlight the crucial role of the va-
cancies retained by high temperature quenching on the atomic reordering underlying the
observed processes.
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