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A B S T R A C T   

Vacancy mediated diffusion is the main atomic mechanism that controls the ordering of substitutional alloys. In 
particular, in Ni-Mn-Ga shape memory alloys vacancies control the evolution of the L21 atomic order degree and 
consequently most of the order-dependent properties of the martensitic transformation. This work adapts a 
general phenomenological model to quantify the evolution of the vacancy concentration during the ordering 
process for three different Ni-Mn-Ga alloys. The results show that out of equilibrium vacancies are responsible of 
the ordering process, fixing the set of parameters governing it. The present work shows the suitability of the 
model to determine the vacancy dynamics throughout any process in which they intervene.   

Diffusion processes and in particular atomic order play an important 
role in many materials of great technological interest [1–7]. Indeed, the 
different present phases in these materials have properties that depend 
strongly on the atomic order. In most cases, different thermo-mechanical 
treatments, such as quenching, ageing or mechanical deformations are 
used to modify the atomic order towards the tuning of the material 
properties [5,8,9]. Additionally, undesired phases controlled by diffu-
sion processes may also affect the functional properties [10,11]. In this 
connection, the atomic diffusion, and the subsequent ordering is medi-
ated by vacancies [12]. The works of Ren and Otsuka in Refs. [13,14] 
demonstrate the existing relation between short-range atomic order and 
diffusion of point defects, such as vacancies. Thus, a correct under-
standing of ordering processes and their relation to vacancy dynamics, 
which ultimately influence the diffusion processes, acquires key rele-
vance towards the optimization of the multifunctional properties of 
materials. 

The functional properties of Ni-Mn-Ga ferromagnetic shape memory 
alloys (FSMA) are related to the presence of a thermoelastic martensitic 
transformation (MT), which takes place between the austenite, a next 
nearest neighbors ordered cubic phase (L21 structure) and a less sym-
metric martensite phase. The MT temperature depends on the order 
degree of the L21 austenitic phase, and due to the displacive character of 
the MT, the atomic order degree is inherited by the martensitic phase 

[15–20]. The vacancy mediated diffusion determines the atomic order 
degree, which is on the basis of the observed changes in MT character-
istics [21–25]. This ordering process can be fulfilled by performing the 
so-called six-jump-cycle mechanism [12], which in the L21 structure, 
involves only Mn-Ni jumps in the first stage and Ga-Ni jumps in the 
second one [12]. However, up to now, it has not been possible to 
quantify the vacancy concentration during the complete ordering pro-
cess, thus hindering a correct understanding of diffusion processes in 
Ni-Mn-Ga alloys. 

Mérida et al. in Refs. [26,27], presented a phenomenological model 
in which the vacancy concentration was calculated throughout different 
heating-cooling cycles. The vacancy concentration measured after these 
cycles was found to be the same the one predicted by the model. This 
correspondence indicates that it is possible to determine the actual va-
cancy concentration at any given time/temperature during a certain 
thermal treatment. Thus, effectively, the proposed model should be 
valid to determine the concentration of vacancies throughout thermal 
treatments on time scales in which it is not possible to measure by 
standard techniques. That work paves the way for quantifying the va-
cancy concentration throughout any process in which they intervene (e. 
g., precipitation, phase-transitions, ...). Among those processes, this 
work will be focused on ordering dynamics. Based on the prior knowl-
edge of vacancy kinetics, the initial model will be adapted to determine 
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the vacancy concentration during the ordering process in Ni-Mn-Ga al-
loys. Combining Differential Scanning Calorimetric (DSC) measure-
ments and the prediction of the model, a clear relation between ordering 
process and vacancy dynamics will be demonstrated. 

In the present work two polycrystalline alloys with different com-
positions, Ni51Mn30Ga19 at% (P1 alloy) and Ni53Mn26Ga21 at% (P2 
alloy) have been used. In addition, a single crystal sample (hereafter 
referred to as M1 alloy, Ni50.5Mn30.4Ga19.1 at%) of a very similar 
composition to that of the P1 alloy, have also been investigated. The 
polycrystalline ingots of P1 and P2 samples were prepared from high 
purity elements by arc melting under protective argon atmosphere and 
then homogenized in evacuated quartz ampoules at 1173 K during 24 h 
[26]. In order to modify the atomic order-degree of the studied samples, 
they were subjected to quenching treatments. As a result, Ni-Mn-Ga 
samples quenched from high temperature show an exothermic peak 
during the first heating run in DSC measurements, located at higher 
temperatures than that of the MT. The fact that this peak fades away 
after the first heating run, points out the irreversible character of the 
process, which is related to recovery of the atomic disorder induced by 
quenching [16]. Thus, the ordering process has been monitored by 
tracking the evolution of the exothermic peak revealed by DSC 
measurements. 

Small samples for DSC measurements were obtained from discs 
previously cut from the center of the ingots by slow speed diamond saw. 
The single crystal M1 sample was supplied by Goodfellow. Samples were 

quenched from 1173 K into ice water in a vertical furnace [26]. DSC 
measurements were carried out in a TA Q100 DSC instrument to study 
the thermal behavior of the alloys at a heating/cooling rate of 10 K/min. 
The samples were polished after quenching in order to ensure a good 
thermal contact with the equipment. All DSC measurements were per-
formed under nitrogen atmosphere. The results of the initial character-
ization of the three studied samples are summarized in Table 1. The 
parameters governing the vacancy dynamics of P1, P2 and M1 samples 
have been obtained from Refs. [26,27]. 

The time evolution of the vacancy concentration out of equilibrium, 
Cv(t), at a temperature T can be calculated by Damask and Dienes [28]: 

dCv(t)
dt

= −
Γ0

n
(
Cv(t) − Ceq

)
exp

(

−
EM

kBT

)

(1) 

Here, Ceq = exp(Sv /kB) × exp(− EF /(kBT)) is the equilibrium vacancy 
concentration at temperature T. Γ = Γ0exp(− EM /kBT) represents the 
jumping frequency of vacancies, where n is the average number of jumps 
a vacancy has to undertake before it becomes annihilated at a sink, Sv/kB 

is the entropic factor of vacancy formation, kB is the Boltzmann constant 
and EF and EM are the vacancy formation and migration energies, 
respectively. For a constant heating-cooling rate β, dT/dt = − β, the Eq. 
(1) can be rewritten as: 

Fig. 1. DSC thermogram of the (a) P1, (b) M1 and (c) P2 samples, quenched from 1173 K, and after a heating-cooling cycle. Each inset show the detail of the 
exothermic peak for each sample. 

Fig. 2. Left axis: vacancy concentration Cv(T) as a function of temperature (solid line) calculated using the parameters in Table 1 by means of Eqs. (1), (2) for (a) P1, 
(b) M1 y (c) P2 samples, for a constant heating rate of β = 10 K/min. The corresponding exothermic peak (bold-solid line) is shown for the sake of comparison 
between the calculated parameters. Right axis: scaled vacancy mediated diffusivity Nj/Γ0, (dashed line) and the relative vacancy jumping frequency Γ /Γ0 (dashed- 
dotted line), for each samples. 
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dCv(T)
dT

=

(

Cv(T) − exp
(

Sv

kB

)

exp
(

−
EF

kBT

))

(
Γ0

β⋅n

)

exp
(

−
EM

kBT

) (2) 

For a general heat-treatment, the vacancy concentration has to be 
calculated using Eq. (1), but a for thermal treatment with a constant 
heating rate β, Cv(T) can be calculated by integrating Eq. (2). However, 
the initial vacancy concentration (C0) and the values of, n /Γ0, Sv /kB, EF 

and EM quantities have to be known in advance in order to determine the 
theoretical evolution of the vacancy concentration for a given thermal 
history. On the other hand, vacancy mediated diffusivity Dv, is propor-
tional to the overall number of jumps the vacancies undertake, Dv∝Nj. In 
turn, Nj is the product of the vacancy concentration and the vacancy 
jumping frequency at a given temperature [28]: 

Nj = Cv(T) × Γ = Cv(T) × Γ0exp
(

−
EM

kBT

)

. (3) 

As will be shown, the Nj parameter is relevant to understand the 
ordering created by vacancies during diffusion, which gives an idea of 
the ability/capacity of vacancies to order the sample at a given 
temperature. 

Figure 1 shows the DSC thermograms obtained for (a) P1, (b) M1 and 
(c) P2 samples after quenching from 1173 K during two heating-cooling 
runs. The mayor exothermic and endothermic peaks correspond to the 
forward (Mp) and reverse (Ap) MT, respectively (see exact values in 
Table 1). In addition, during the second heating run the reverse MT 
temperature varies for all samples as it is evinced by the shift of Ap 

peaks. The ordering process taking place during the exothermic peak, 
enhances the L21 atomic order, and therefore the MT temperature 
changes between the subsequent heating runs [16]. In this connection, 
and as shown in the upper inset of each samples’ figure, at temperatures 
above MT, an exothermic peak appears only in the first heating cycle for 
P1, P2 and M1 alloys, highlighting its irreversible nature. 

In order to understand the vacancy dynamics during the ordering 
process (evinced by the exothermic peaks, see insets in Fig. 1), Cv(T) and 
Nj(T) are calculated by means of Eqs. (2), (3) along the same thermal 
history used in DSC measurements (β = 10 K/min). These equations are 
evaluated with the main parameters governing vacancy dynamics of the 
studied samples (see values in Table 1). It is important to notice that the 
experimental determination of Cv(T) throughout the entire heating ramp 
is not possible by means of standard experimental techniques (∼ 1h for 
PALS experiments at each T) in such a short time-scales. 

Figure 2 (a–c) shows DSC exothermic peaks after base line 

subtraction and normalization (bold-solid line). The position of the 
maximum of the exothermic process PM varies with both composition 
and crystallinity of the alloy, where shifts up to ∼ 70 K are observed. 
Along with it, the calculated temperature dependence of the vacancy 
concentration Cv(T) (solid line), the relative jumping frequency, Γ/Γ0 
(dashed line) and the Nj/Γ0 (dashed-dotted line, which is proportional to 
vacancy mediated diffusivity), for P1, P2 and M1 samples are shown, 
respectively. It is important to notice that although Nj is related to both 
the amount of out of equilibrium vacancies and with those in thermal 
equilibrium at the corresponding temperature (Ceq), in quenched sam-
ples Ceq is much lower than the out of equilibrium vacancies, thus 
Ceq≪Cv. As an example, at the highest temperature reached during the 
thermal cycling (673 K), Ceq ≈ 10 ppm for all cases, which is much less 
than the Cv(673K), which lies above 200 ppm. 

The behavior of both, calculated vacancy dynamics and ordering 
peaks is different for the three studied samples. During the initial stages 
of the ordering process (between 450 - 550 K), Cv diminishes slowly. At 
increasing temperatures, the vacancy concentration reduces progres-
sively in polycrystalline alloys but remains at high values in the single 
crystal sample M1. In both polycrystalline samples, the reduction in the 
vacancy concentration in the whole temperature range of the 
exothermic peak is ≈ 60 − 70%. On the other hand, for the single crystal 
M1 sample, the reduction is around of 15%. This difference in the evo-
lution of the vacancy annihilation is linked to the fact that in poly-
crystals the mean distance that a vacancy has to undertake until it is 
annihilated at a grain boundaries is much less than in the single crystal. 
This fact is reflected by the value of the parameter n/Γ0 (see Table 1), 
which is much higher for the monocrystalline M1 sample comparing 
with that of P1 sample. 

On the other hand, the Nj parameter is proportional to vacancy 
concentration and the jumping frequency Γ (see Eq. (3). Therefore, it 
accounts for the rate at which the ordering process occurs. The vacancy 
concentration diminishes slowly during the temperature range of the 
exothermic peak, but the jumping frequency Γ increases according to the 
Boltzmann distribution function. Therefore, the total number of vacancy 
jumps Nj, will evolve in balance with those two magnitudes. As shown in 
Fig. 2, Nj increases monotonically during the temperature interval at 
which the ordering process takes place for P1, P2 and M1 samples. Cv 
decrease is compensated with the increase of the jumping frequency, 
which increases the ordering capacity of the remaining vacancies. 

In contrast to the single crystal sample, in P1 and P2 samples Nj 
reaches a maximum at a particular temperature, well above the tem-
perature range where the ordering process takes place, see Fig. 2(a,c). It 
marks the point at which the reduction in the vacancy concentration 
cannot be compensated by the jumping frequency Γ factor (see Eq. (3)). 
Therefore, the ordering capacity decreases above that temperature. In 
the case of the M1 single crystal sample Nj does not reach a maximum 
within the studied temperature range, because the decrease on Cv is too 
small to compete with the increase on jumping frequency. This is 
directly related with the large number of jumps that vacancies must 
undertake to reach a sink, which hampers their annihilation. Note that 
this sample has a n/Γ0 value, at least, five times larger than the similar 
composition polycrystalline P1 sample (see Table 1). This maximum is of 
great interest, since it shows the temperature at which the ordering 
capacity is the largest. Above that temperature, the ordering capacity of 
vacancies decreases. However, in the particular cases of P1, M1 and P2 
samples, this reduction of Nj does not affect the ordering process which 
is almost completed below the maximum of Nj. Anyway, in other 
intermetallic systems this maximum and the ordering process may 
overlap, affecting the capability of vacancies to complete the ordering 
process. 

On the other hand, the lowest calculated vacancy concentration 
during the ordering process corresponds to P2 sample at 673 K with a 
value of 222 ppm. At this temperature, the equilibrium vacancy con-
centration for the three samples is around 10 ppm. Thus, it can be 

Table 1 
Composition, martensitic reverse (Ap) and forward (Mp) transformation tem-
peratures, and the temperature of the maximum of the exothermic peak (PM) of 
the studied P1, P2 and M1 alloys (see Fig. 1). The last five rows summarize the 
experimental values of the migration and formation energy (EM and EF), n /Γ0, 
Sv/kB and the initial vacancy concentration C0 used to evaluate Eq. (2), obtained 
from Refs. [27].   

Samples  

P1 P2 M1 

Ni(%at) 51 53 50.5 
Mn(%at) 30 26 30.4 
Ga(%at) 19 21 19.1 
Ap (K) 447 470 427 
Mp (K) 431 458 419 
PM (K) 543 508 580 
EM (eV) 0.60(3) 0.55(5) 0.63(3) 
EF (eV) 1.01(3) 0.90(7) 1.01(6) 
n /

Γ0(10− 3s)
9(1) 17(7) 50(15)

Sv /kB (eV) 5.9(4) 4(1) 6.2(9)
C0 (ppm) 2000(400) 1100(200) 1500(700)  
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concluded that Cv≫Ceq, and therefore the parameters used for the 
calculation of the equilibrium vacancy concentration (EF and Sv) have 
little impact. When Cv≫Ceq, Eq. (2) reads: 

dCv(T)
dT

= Cv(T)
(

Γ0

β⋅n

)

exp
(

−
EM

kBT

)

(4) 

The factor n/Γ0, which affects the rate of reduction of the vacancy 
concentration (see Eq. (2)), also affects Nj through Cv (see Eq. (3)). 
However, in the present case Cv changes slowly along the exothermic 
peak or during the ordering process, while Γ varies by several orders of 
magnitude. As a result, in the three samples, n/Γ0 has little effect in the 
vacancy mediated diffusivity Nj, and the latter is mainly influenced by 
the migration energy as defined in Eq. (3). Therefore, it can be 
concluded that the ordering process is mainly mediated by quenched-in 
vacancies, and among the five parameters used to characterize the va-
cancy dynamics presented in Ref. [27], C0 and EM become the most 
significant ones to analyze the ordering process in Ni-Mn-Ga samples. 

Regarding C0, by comparing the calculated positron lifetime values 
associated with Ni vacancies reported in Ref. [29], and the experimental 
values obtained from quenched Ni-Mn-Ga alloys in Refs. [26,27], it can 
be concluded that the ordering process is assisted by Ni vacancies. The 
small differences on C0 observed between different samples can be also 
due to the specific characteristics of the structural configuration of the 
samples, like grain size, dislocations, internal stresses and other defects 
that restrict vacancy mobility. 

On the other hand, PM is directly correlated with the value of the 
vacancy migration energy EM. Figure 3 compares the exothermic peaks 
and the inset shows the temperature of the maximum of the exothermic 
peak PM as a function of the measured vacancy migration energy for P1, 
M1 and P2 samples. P2 sample has the lowest migration energy and so, 
its exothermic peak takes place at the lowest temperature, P1 has an 
intermediate value between the three samples and M1 shows the highest 
migration energy and consequently the exothermic peak occurs at the 
highest temperature. This mutual relationship evidences that the 
migration energy of Ni vacancies is one of the key parameters which 
govern the atomic ordering process in these samples. 

In the present work, a model has been used to quantify the vacancy 
dynamics during the ordering process in three Ni-Mn-Ga samples. The 
results demonstrate that quenched-in vacancies (and not thermal equi-
librium ones) play the fundamental role in atomic ordering in Ni-Mn-Ga 
alloys. The vacancy concentration retained during quenching is two 
orders of magnitude larger than the equilibrium concentration at tem-

peratures corresponding to the ordering process, Ceq (673 K) = 10 ppm 
≪Cv (673 K) = 200 ppm. In this context, vacancy formation energy EF 
and its entropic factor Sv/kB, are not so essential for vacancy mediated 
ordering processes. Besides, during the ordering process, Cv shows a 
small variation and n/Γ0 affects little the diffusivity. Therefore, from the 
point of view of diffusivity the main influence on the ordering process 
comes from the initial vacancy concentration C0 and its migration en-
ergy EM. 

Funding 

This research was funded by Projects RTI2018-094683-B-C5 (4,5) 
(MCIU/AEI/FEDER, UE) and Basque Government Grant IT-1005-16. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] K. Ullakko, J. Huang, V. Kokorin, R. O’Handley, Scr. Mater. 36 (1997) 1133, 
https://doi.org/10.1016/S1359-6462(96)00483-6. 
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