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n kinetics of Co doping on Ni–
Mn–Sn magnetic shape memory alloy thin films
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and Wei Caib

Co doping is an effective means to improve the performance of Ni–Mn–Sn alloy bulks and thin films.

However, the Co doping effect on the crystallization process of the Ni–Mn–Sn alloy thin films is

important but not clear. Therefore, we investigate the influence of Co doping on the crystallization

kinetics for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) magnetic shape memory alloy thin films by DSC

analysis. For the non-isothermal process, each DSC curve has a single exothermic peak, which is

asymmetrical. The crystallization peak temperatures and the activation energy of thin films both rise

gradually with increasing Co content. Then, the activation energy of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5,

4) thin films obtained by the Kissinger equation method is determined as 157.9 kJ mol�1, 198.8 kJ mol�1,

213 kJ mol�1 and 253.6 kJ mol�1, respectively. The local activation energy of thin films with different Co

content show the different variation tendency. In the isothermal crystallization, the average of the Avrami

exponent n for thin films of each Co content is approximately 1.5, suggesting that the mechanism of

crystallization is two-dimensional diffusion-controlled growth for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)

thin films.
1. Introduction

The Ni–Mn–Sn magnetic shape memory alloys (MSMAs) have
recently attracted considerable attention due to their unique
properties and potential applications.1–5 Researchers seek to
add a fourth element to enhance the properties of Ni–Mn–Sn
MSMAs, and it is found that Co addition has been shown to
have an outstanding effect on the performance of Ni–Mn–Sn
MSMAs, such as the magnetocaloric effect, magnetoresistance
effect and elastocaloric effect.6–9 Previously, Kainuma et al. ob-
tained a huge magnetic-eld-induced shape recovery strain of
about 1.0% in the Ni–Co–Mn–Sn polycrystalline alloy, and it
accompanied reverse martensitic transformation.10 Some
researchers also reported that the Co-doped in Ni–Mn–Sn alloys
are an effective way to enhance the difference in magnetization
between the martensite phase and austenite phase.11–13

Recently, Cong et al. established the complete phase diagram of
Ni50�xCoxMn39Sn11 alloys.14

Different from the bulk materials, the applications of Ni–
Mn–Sn based alloys in micro-devices such as actuators, sensors,
magnetic cooling, hybrid systems and magnetic driven micro-
electromechanical systems (MEMS) need high quality thin
lms and even free-standing thin lms.15–17 Modak et al. have
cience and Technology, Harbin 150080,

g, Harbin Institute of Technology, Harbin

hemistry 2018
reported that refrigeration capacity (RC) and magnetic entropy
change (DSm) increased by Co addition in Ni–Mn–Sn thin
lms.18 Ramudu et al. found a relatively large exchange bias
effect (EBE) in Ni–Mn–Sn–Co thin lms.19 So far, Ni–Mn–Sn–Co
alloy thin lms are well studied and they can be properly used in
the above-mentioned applications.

As we know, Ni–Mn–Sn based alloy thin lms that prepared
by magnetic sputtering at room temperature are usually amor-
phous alloys, which are at as-deposited state.20–22 The shape
memory effect, magnetocaloric effect and other signicant
properties cannot exhibit in the amorphous Ni–Mn–Sn based
thin lms. Therefore, it is a precondition that crystalline state of
alloy thin lms for investigating their properties and consid-
ering their practical application. Furthermore, the crystalliza-
tion behavior exhibits the compositional sensitivity.21 However,
the inuence of Co content on the crystallization behavior of
Ni–Mn–Sn thin lms is still unknown. Therefore, it is essential
to investigate the effect of Co doping on the crystallization
kinetics of Ni–Mn–Sn free-standing magnetic shape memory
alloy thin lms, which can be the foundation of following
research.

In this study, for the rst time, we focus on the inuence of
Co doping on the crystallization kinetics of Ni50Mn37�xSn13Cox
(x ¼ 0, 0.5, 1.5, 4) free-standing magnetic shape memory alloy
thin lms. Non-isothermal crystallization and isothermal crys-
tallization of alloy thin lms have been researched by Perkin-
Elmer differential scanning calorimetric (DSC). In non-
isothermal process, every DSC curve has one exothermic peak.
RSC Adv., 2018, 8, 25819–25828 | 25819
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Fig. 1 XRD patterns of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films
after isothermal process.

Table 1 Compositions of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin
films determined by EDX analysis

Samples Ni (at%) Mn (at%) Sn (at%) Co (at%)

Co-0 50.05 36.93 13.02 0
Co-0.5 50.11 36.55 12.83 0.51
Co-1.5 49.96 35.41 13.11 1.52
Co-4 50.07 33.03 12.94 3.96
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The crystallization peak temperatures and activation energy of
the Ni–Mn–Sn–Co thin lms both rise gradually with increasing
Co content. The local activation energy of thin lms with
different Co content show the different variation tendency. In
the isothermal crystallization, the average of Avrami exponent n
for thin lms of each Co content are approximate 1.5, sug-
gesting that the mechanism of crystallization is two-
dimensional diffusion-controlled growth for Ni50Mn37�xSn13-
Cox (x ¼ 0, 0.5, 1.5, 4) thin lms. This study can elucidate the
inuence of Co content on the crystallization kinetics of Ni–
Mn–Sn magnetic shape memory alloy thin lms and provide
guidance for designing and annealing process of thin lms.

2. Experimental

The photoresist was deposited on silicon (100) substrate by
spinning, and Ni–Mn–Sn–Co alloy thin lms is deposited on
photoresist and silicon substrate by dc magnetron sputtering
from the Ni50Mn37Sn13 sputtering target aer setting working
(Ar) gas pressure at 1.5 � 10�3 mbar and sputtering power at
100 W for 2 hours. Co is doped in the thin lms by symmetri-
cally placing Co wire on the Ni–Mn–Sn target. Later, the
photoresist thin lm is separated by acetone. The elemental
composition of the Ni–Mn–Sn–Co free-standing thin lms
detected by energy dispersive X-ray analysis is found to be
Ni50Mn37�xSn13Cox (x¼ 0, 0.5, 1.5, 4). The crystallization of thin
lms are determined by the Rigaku D/max-rb rotating anode X-
ray diffraction meter (XRD) using Cu K radiation at room
temperature. The microstructure of thin lms is determined by
atomic force microscope (AFM). Non-isothermal and isothermal
crystallization of amorphous Ni–Mn–Sn–Co free-standing thin
lms samples are carried out on diamond differential scanning
calorimetry (Diamond DSC, Perkin-Elmer). In the non-
isothermal heating, a set of DSC plots is investigated at the
heating rates of 10 K min�1, 20 K min�1, 30 K min�1, 40
K min�1 and 60 K min�1. In the isothermal analysis, the
amorphous samples are rstly heated at a rate of 100 Kmin�1 to
a xed temperature (20 K below the crystallization tempera-
ture), then heated to the crystallization temperature at 20
K min�1, nally held temperature for a few minutes, until
completion of crystallization.

3. Results and discussion

Fig. 1 shows the room-temperature X-ray diffraction (XRD)
patterns of Ni50Mn37�xSn13Cox (x¼ 0, 0.5, 1.5, 4) thin lms aer
isothermal process. It is clear that all thin lms show a typical
diffraction cubic austenitic structure (L21), and the super lattice
reections such as the A(220) and A(422) peaks are observed.23 It
is also found that the super lattice reections peaks of thin lms
has no signicant difference with the increasing Co content,
which is rather similar to the Ni50Mn37�xCoxSn13 reported by
Yang.24 The compositions of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5,
4) thin lms determined by EDX analysis were shown in Table 1.

Fig. 2 shows the microstructure of annealed Ni50Mn37�x-
Sn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms determined by AFM. The
size of selected area is 1 mm � 1 mm. The surface morphology of
25820 | RSC Adv., 2018, 8, 25819–25828
thin lms is composed of dened grains, which demonstrate
the thin lms have fully crystallized. It can be clearly seen that
the grain size decreases gradually with increasing Co content. In
Fig. 2, it is found that the grains are unevenly distributed. This
is because the motion of sputtering particles is uncontrollable,
particles are randomly sputtered onto the substrate. The inset
of Fig. 2 is themicrostructure of as-deposited Ni50Mn37Sn13 thin
lms shows disordered structure without any grains. It indi-
cates that the as-deposited Ni50Mn37Sn13 thin lms are amor-
phous alloys.

Fig. 3 shows the DSC curves of Ni50Mn37�xSn13Cox (x¼ 0, 0.5,
1.5, 4) thin lms obtained from the heating rates of 10 K min�1,
20 K min�1, 30 K min�1, 40 K min�1 and 60 K min�1 in non-
isothermal crystallization. Each DSC curve has a single
exothermic peak, indicating that the occurrence of one-step
crystallization. The exothermal peaks with different Co
content are all moved to higher temperatures gradually with
increasing heating rates. This manifests that the crystallization
behavior is in a marked kinetic nature.25–27 The values of the
onset of crystallization temperature Tx and the crystallization
peak temperature Tp for the different heating rates of samples
are given in Table 2. It is found that the Tp are signicantly
shied to higher temperatures with increasing Co content from
Table 1. For example, the crystallization peak temperatures are
determined at 542 K, 562.7 K, 568.7 K and 574.2 K at the heating
rates of 40 K min�1, respectively. This can be attributed to the
grain renement effect of Ni–Mn–Sn lms.28 From Fig. 2, the
grain size of Ni–Mn–Sn–Co thin lms decreases gradually with
increasing Co content, which means the grain boundaries of
thin lms increase with increasing Co content. The plenty of
grain boundaries can act as potential barriers. They separate the
individual grains, and limit movement of atomics, thereby
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 AFM images of annealed Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films, the inset is AFM image of as-deposited Ni50Mn37Sn13 thin films.
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imposing constraints on the nucleation and growth of crystal-
lization process, such as crystallographic symmetry.29 Thus, the
crystallization peak temperatures Tp rise gradually with
increasing Co content.

In the cause of further conrming the effects of Co addition
on the crystallization kinetics of thin lms, the activation
energy of crystallization Ec is calculated. The Ec can be deter-
mined by the Kissinger equation:30

ln(b/T2
p) ¼ �Ec/RTp + constants (1)

where Tp is the crystallization peak temperature, R is the gas
constant, b is the heating rate. Therefore, the activation energy
Ec of crystallization for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)
magnetic shape memory alloy thin lms can be calculated from
the slope of ln(b/T2p) vs. 1/Tp. Fig. 4 shows the dashed lines ob-
tained by plotting ln(b/T2p) vs. 1/Tp with each Co content. The
activation energy Ec can be derived from the slope of these
dashed lines.31,32 With the Co content increases from 0 at%, 0.5
at%, 1.5 at% to 4 at%, the activation energy Ec is 157.9 kJ mol�1,
198.8 kJ mol�1, 213 kJ mol�1 and 253.6 kJ mol�1, respectively. It
is evident that the activation energy Ec increase with increasing
This journal is © The Royal Society of Chemistry 2018
Co content. This can be attributed to the microstructure of
ternary Ni–Mn–Sn alloy thin lms markedly changes. When the
Mn atomic is substituted by Co atomic, the addition of Co
changes the number of grain boundaries of Ni–Mn–Sn alloy
thin lms, the grain renement effect of the thin lms is
obvious, and the activation energy Ec of thin lms rise with
increasing Co content. Moreover, there is few theoretical basis
for the change of activation energy. Some researchers tried to
explain this by e/a before. Here, we consider that the change of
activation energy is related to the phase stability. We consider to
calculate the bind energy by rst principles calculation to
determine the phase stability. Thus, the relation between the
phase stability and activation energy will be established. This
work has a great research value and will be carried out in our
further study.

Fig. 5 shows the plots of the relation between temperature
and crystallized volume fraction of Ni50Mn37�xSn13Cox (x ¼ 0,
0.5, 1.5, 4) magnetic shape memory alloy thin lms at different
heating rates severally. It is found that temperature-crystallized
volume fraction curves are mainly sigmoid curves in each Co
content. It indicates that crystallization process of Ni50-
Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms are not surface
RSC Adv., 2018, 8, 25819–25828 | 25821
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Fig. 3 DSC curves of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films obtained from different heating rates, respectively.

Fig. 4 Plot of ln(b/T2p) vs. 1000/Tp for the Ni50Mn37�xSn13Cox (x ¼ 0,
0.5, 1.5, 4) thin films.
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crystallization but bulk crystallization.33 As shown in Fig. 5, the
curves shi to the higher temperature gradually with the
increase of Co content.

The activation energy obtained from Kissinger equation is
apparent activation energy. The apparent activation energy
represent the average of activation energy in the whole crystal-
lization process. The activation energy is diverse because the
different stages of crystallization have the different mechanism
of nucleation and growth. Thus, for purpose of reecting the
change of activation energy, it is essential to investigate the
local activation energy. Therefore, the local activation energy of
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) free-standing thin lms
are calculated by Doyle method. Its relation is34
25822 | RSC Adv., 2018, 8, 25819–25828
lg B ¼ lg
AE

RFðxÞ � 2:315� 0:4567
E

RT
(2)

where A is the frequency factor, B is the heating rate, T is the
temperature, x is the crystallized volume fraction, R is the gas
constant, and F(x) is a crystallization function that relate to x.

Fig. 6 shows the local activation energy Ec(a) versus the
crystallized volume fraction a of the Ni50Mn37�xSn13Cox (x ¼ 0,
0.5, 1.5, 4) free-standing thin lms. From Fig. 5, we can found
that the Ec(a) of thin lms with different Co content show the
different variation tendency. As Co ¼ 0, Ec(a) increase with
increasing crystallized volume fraction. As Co ¼ 0.5 and 1.5,
Ec(a) decrease with increasing crystallized volume fraction. As
Co ¼ 4, Ec(a) basically remains at 250 kJ mol�1. It indicates that
the a has obvious inuence on the variation of Ec(a), and the
crystallization mechanism of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5,
1.5, 4) thin lms changed constantly. The average of local
activation energy with each Co content calculated by Doyle
method is close to the apparent activation energy obtained from
Kissinger's equation, indicating that the activation energy
calculated by two methods have little error.

In order to investigate the effect of Co content on the
nucleation and growth of crystallization process, the isothermal
crystallization process of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)
magnetic shape memory alloy thin lms were also observed.
Fig. 7 shows a set of the isothermal DSC curves of Ni50-
Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms at each corre-
sponding temperatures, respectively. The isothermal
crystallization temperature of thin lms with each Co content
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Plots of the relation between crystallized volume fraction and temperature of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 9
:0

2:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
are selected below the non-isothermal crystallization tempera-
ture at 10 Kmin�1 with each corresponding Co content, in order
to ensure the completion of full crystallization. The single
exothermic peaks of all DSC curves appeared aer passing
a certain incubation time. The incubation time decreases with
Fig. 6 The local activation energy versus the crystallized volume fractio

This journal is © The Royal Society of Chemistry 2018
increasing isothermal temperature. It implies that the crystal-
lization process is inuenced by the isothermal temperatures.21

In order to reveal the crystallization mechanism of Ni50-
Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) free-standing thin lms, the
plots of crystallized volume fraction-isothermal time for
n a of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films.

RSC Adv., 2018, 8, 25819–25828 | 25823
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Fig. 7 Isothermal DSC curves of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films at different temperatures.

Fig. 8 Plots of crystallized volume fraction–time curves for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films in isothermal crystallization.

25824 | RSC Adv., 2018, 8, 25819–25828 This journal is © The Royal Society of Chemistry 2018
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Fig. 9 The JMA plots for the isothermal crystallization of the Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films at different crystallization
temperatures.

Table 2 Values of Tx and Tp determined at different heating rates for the Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films

Heating rates (K min�1)

Co0 Co0.5 Co1.5 Co4

Tx (K) Tp (K) Tx (K) Tp (K) Tx (K) Tp (K) Tx (K) Tp (K)

10 519 525.8 539 545.8 535 547 551 561
20 517 531.1 537 551.7 541 553.7 553 566.4
30 514 535.1 538 555.3 545 559 554 570
40 518 540 539 562.7 548 568.7 565 574.2
60 535 544.8 539 569.2 543 575.7 566 579.1

Table 3 Avrami exponent n of the Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5,
4) thin films during isothermal crystallization

Avrami exponent n

Co0 Co0.5 Co1.5 Co4

1.62 1.59 1.56 1.55
1.42 1.39 1.53 1.52
1.26 1.28 1.50 1.51

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 9
:0

2:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms in isothermal
crystallization are shown in Fig. 8. From Fig. 8, almost all curves
are sigmoidal. Then, crystallization kinetics can be analyzed by
the theoretical Johnson–Mehl–Avrami (JMA) equations:35

ln[�ln(1 � x)] ¼ n ln k + n ln(t � s) (3)

where x is crystallized volume fraction, n is the Avrami exponent
which reects the mechanism of nucleation and growth, s is the
incubation time, k is the reaction rate and k follows the Arrhe-
nius relation:

k ¼ A exp

�
�EA

RT

�
(4)

here A is a constant. EA is the activation energy of isothermal
crystallization.

Fig. 9 shows the plots of ln[ln(1/1 � x)] versus ln(t � s) at
corresponding temperature of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5,
This journal is © The Royal Society of Chemistry 2018
1.5, 4) free-standing thin lms. Evidently, the data of ln[ln(1/1�
x)] versus ln(t � s) are approximate to straight lines, and the
value of Avrami exponent n could be obtained from the slope in
Fig. 9. The data of 5% < x < 90% are almost on a straight line,
a slight deviation in linearity can be put down to the non-steady
nucleation in the nal stage of crystallization.26 The Avrami
exponents at different temperatures are shown in Table 3. The
RSC Adv., 2018, 8, 25819–25828 | 25825
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Fig. 10 Plot of lnk vs. 1000/T of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)
thin films for isothermal crystallization process.
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Avrami exponents n for all Ni50Mn37�xSn13Cox (x¼ 0, 0.5, 1.5, 4)
thin lms are mainly in the range of 1.3 to 1.6. Averaging the n
of each Co content respectively, the average of Avrami exponent
for each Co content are all nearly 1.5. On the basis of the rela-
tion between the crystallization mechanism of nucleation and
growth and Avrami exponent n in isothermal conditions,35–38 it
can be found that the main mechanism of nucleation and
growth for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms are
all diffusion-controlled two-dimensional growth. Co content
has a small inuence on the crystallization mechanism of
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) free-standing thin lms.
Fig. 11 The local Avrami exponents n(x) versus crystallized volume fract

25826 | RSC Adv., 2018, 8, 25819–25828
Moreover, we have a discussion about the process of nucle-
ation. Firstly, the alloy nucleates by diffusion-control near the
small number of clusters that formed during the formation of
amorphous structures preferentially at a certain temperature.
With the increase of temperature or the extension of time, the
small clusters formed by a large number of atoms nucleates by
diffusion-control successively. The small clusters that near the
preferential-formed nucleus grow up gradually, until all grains
form and end up with colliding with each other.

Fig. 10 shows the plot of lnk vs. 1000/T of Ni50Mn37�xSn13Cox
thin lms for isothermal crystallization process. According to
eqn (4), the activation energy EA can be calculated by the slope
of lnk vs. 1000/T. With increase of Co content, the EA is
152.3 kJ mol�1, 171.3 kJ mol�1, 220.2 kJ mol�1 and
229.8 kJ mol�1, respectively. These values of EA obtained by JMA
equation are close to the Ec calculated from Kissinger equa-
tions, implying that the mechanism of two crystallization
methods are similar for Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)
thin lms.

The crystallization process can exhibit different nucleation
and growth behavior at different stages. Thus, in order to study
the details of crystallization mechanism, it is essential to
investigate the local Avrami exponent of crystallization process.
Radlinski and Calka have suggested an analysis method for
isothermal DSC, which can obtain the local Avrami exponent
n(x) with crystallized volume fraction x efficiently.39 The local
Avrami exponent n(x) can be calculated by the following
equation:
ion of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin films.

This journal is © The Royal Society of Chemistry 2018
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nðxÞ ¼ d ln½�lnð1� xÞ�
d lnðt� sÞ (5)

Fig. 11 shows the local Avrami exponents n(x) versus crys-
tallized volume fraction x at different temperatures of Ni50-
Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms. It can be seen that
the change of local Avrami exponents n(x) with different Co
content is roughly similar. They all rst decrease, then tend to
be at, and rise rapidly in the end. It implies that the change in
Co content has a small inuence on the crystallization mecha-
nism of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms. The
local Avrami exponent n z 2 in the beginning, and decreased
from 2 to 1.5 in the range of 0 < x < 0.2. Then, the local Avrami
exponent stays around 1.5 in the range of 0.2 < x < 0.8. Finally,
the local Avrami exponent quick rises to 3 in the range of 0.8 < x
< 1. Therefore, the crystallization process is divided into three
stages approximately: in the rst stage that x ranges from 0 to
0.2, implying the mechanism of nucleation and growth is
diffusion-controlled two-dimensional growth, and the nucle-
ation rate decreased in this stage. x ranges from 0.2 to 0.8 in the
second stage, implying that the crystallization mechanism is
diffusion-controlled two-dimensional growth, and the nucle-
ation rate is zero. x ranges from 0.8 to 1 in the third stage,
implying that the crystallization mechanism is diffusion-
controlled three-dimensional growth, and the nucleation rate
increases. The variation of local Avrami exponents n(x)
demonstrates that the mechanism of nucleation and growth for
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) free-standing thin lms
changes constantly.
4. Conclusions

In conclusion, the effects of Co doping on the crystallization
kinetics of Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) free-standing
magnetic shape memory alloy thin lms have been investi-
gated by using XRD analysis, AFM analysis, non-isothermal and
isothermal DSC analysis. Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4)
thin lms are typical cubic austenitic structure (L21). The grain
size of thin lms decreases gradually with increasing Co
content. In non-isothermal crystallization, the activation energy
calculated by Kissing's method is 157.9 kJ mol�1,
198.8 kJ mol�1, 213 kJ mol�1 and 253.6 kJ mol�1, respectively.
The crystallization peak temperatures and apparent activation
energy both rise gradually with increasing Co content, which
could be due to the fact that Co doping changes the number of
grain boundaries of Ni–Mn–Sn alloy thin lms. The local acti-
vation energy of thin lms with different Co content show the
different variation tendency. In isothermal crystallization, the
isothermal temperatures inuence the crystallization process of
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms. The average of
Avrami exponent n for thin lms of each Co content is
approximately 1.5. The activation energies obtained in non-
isothermal crystallization and isothermal crystallization are
close, implying that the mechanisms of the two crystallization
methods are similar. The variation of local Avrami exponents
n(x) demonstrates that the crystallization mechanism of
This journal is © The Royal Society of Chemistry 2018
Ni50Mn37�xSn13Cox (x ¼ 0, 0.5, 1.5, 4) thin lms changes
constantly, from diffusion-controlled two-dimensional growth
to diffusion-controlled three-dimensional growth. The nucle-
ation rate decreases rstly, then remains zero for some time,
and nally increases.
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B. Krumme, H. Wende, O. Yildirim, K. Potzger and
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