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To design films with the Fe/TiB2 nanocomposite struc-
ture, which are characterized by high saturation induction 
Bs, the phase and structural states and static magnetic 
properties of Fe-TiB2 films prepared by magnetron sput-
tering and subjected to subsequent annealing have been 
studied. According to X-ray diffraction data, either 
amorphous or nanocrystalline single-phase structure (an 
α-Fe(Ti,B) supersaturated solid solution with a bcc crys-
tal lattice) is formed in the as-sputtered films. Depending 
on the film composition, the grain size of the α-Fe(Ti,B) 
phase varies from 45.6 to 6.5 nm; grains are character-
ized by high microstrain (0.21-4.96%). The annealing at 
200-500 °C leads to a decrease in the lattice parameter of 

the α-Fe(Ti,B) phase, i.e. to its depletion of titanium and 
boron and to the formation of two-phase α-Fe + Fe3B 
structure after annealing at 500 °С. The annealing at 200-
500 °C almost does not affect the grain size and mi-
crostrain of the bcc α-Fe-based phase. The amorphous 
state of the films is stable up to 500 °C. All studied films 
are ferromagnets; the saturation induction Bs (0.95-
2.13 T) and coercive field Hc (0.4-5 kA/m) of the films 
were determined. Correlations between the Bs and Hc 
magnitudes and the chemical composition of the films, 
their phase and structural states and magnetic structure 
are discussed. 

 

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 Introduction 
Principal trends of the modern development of mag-

netic microelectronics are the miniaturization and perform-
ance to ensure the efficient operation in magnetic fields of 
MHz and GHz frequencies. Therefore, the design of new 
magnetic materials, the properties of which allow one to 
implement the aforementioned tendencies, is the actual 
materials science problem. Revolutionary changes in mag-
netic microelectronics, which started in 90th of the last 
century, were substantially initiated by experimental data 
on unique magnetic properties of nanocrystalline ferro-
magnets [1]. This resulted in the development and applica-
tion of a number of Fe-based nanocrystalline alloys pre-
pared in the form of melt-spun ribbons 10-50 μm in thick-
ness [2]. 

At the same time, research community showed an in-
terest in a new class of soft magnetic nanocrystalline Fe-

Me-X alloys (Me is one of transition metals of IV Group of 
the Periodic Table and X is one of light elements N, C, O, 
B) prepared in the form of the films [3-5]. The particular 
interest in such films is related to their possible application 
as magnetic cores of read/write heads in miniature quick-
acting AV-equipment devices [6]. The physical-chemical 
approach used in choosing the chemical composition of 
new-class films and conditions for the formation of their 
structure was first formulated in [7], which, as was shown 
later by an example of Fe-Zr-N films [8], assure the com-
bination of high saturation induction Bs, low coercive field 
Hc, and high hardness. 

The approach consists in choosing a quasi-binary eu-
tectic Fe-MeX alloy, preparation of the alloyed films in 
amorphous or cluster state by magnetron sputtering, and 
subsequent annealing that forms the nanocrystalline struc-
ture in the films. The nanocrystalline structure should con-
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sist of the matrix ferromagnetic Fe-based phase and dis-
perse inclusions of nonmagnetic thermodynamically stable 
hard interstitial MeX phase, which strengthen the matrix 
phase (a Fe/MeX nanocomposite structure). 

The described approach was used for soft magnetic 
bulk Fe-based alloys prepared by casting. As a result, the 
alloys, in particular the Fe(9.5 wt.% Si-5.5 wt.% Al)-TiB2 
alloy, were developed. The alloys are characterized by the 
combination of magnetic (high saturation induction and 
magnetic permeability at MHz frequencies) and mechani-
cal (hardness and wear resistance) properties that were not 
reached for other bulk soft magnetic alloys [9, 10]. 

In contrast to data on bulk soft magnetic alloys, no data 
on the film Fe-based alloys containing hard nonmagnetic 
TiB2 phase particles are available in the literature. 

In this regard, in order to study the possibility of prepa-
ration of Fe/TiB2 nanocomposite films with the high satu-
ration induction Bs, we investigated the phase and struc-
tural states and static magnetic properties of Fe-TiB2 alloys 
prepared by magnetron sputtering and subsequently an-
nealed. 

2 Experimental 
Films for the investigation were prepared by dc magne-

tron sputtering of a target, which consists of a Fe disc with 
TiB2 ceramic chips uniformly distributed on the disc (Fig. 
1). To prepare films differing in the Ti and B content, the 
number of TiB2 chips was varied (Table 1). 

 
 

 
 

Figure 1 Scheme of the Fe-TiB2 targets. 

 
Table 1 Preparation conditions and chemical composition of the 
films under study. 
No.* S**, % U,  

V 
I,  
A 

t,  
min 

h***, 
μm 

chemical composi-
tion, at.% 

0 0 500 1.5 7 1.75 Fe97.8O2.2 
I 1.9 550 1.5 5 0.4 Fe97.5Ti0.5B0.5O1.5 
II 5.1 550 1.5 5 0.5 Fe96.2Ti1.0B1.0O1.8 
III 8.3 600 1.5 5 0.4 Fe94.4Ti2.0B1.9O1.7 
IV 14 500 1.5 10 0.4 Fe87.1Ti3.7B7.2O2.0 
V 21 500 1.5 10 0.3 Fe72.4Ti5.4B19.2O3.0 

VI 37 550 1.7 10 0.3 Fe54.5Ti14.3B28.9O2.3 

* Film series. 

** Area of TiB2 chips on Fe target. 

*** Film thickness. 

The sputtering was performed in an argon atmosphere 
at the pressure РAr = 0.2÷0.3 Pa. Glass plates 1.5 mm thick 
were used as the substrates (the dielectric material is used 
in microelectronics as substrates for magnetic films or iso-
lating layers in multilayer magnetic systems). Additionally, 
the Ni-15 wt.% Cr-8.5 wt.% alloy discs were used as the 
substrates. Table 1 shows preparation conditions of the 
studied films. The average rate of film deposition was 
0.03÷0.1 μm/min. The films were annealed at 200, 300, 
400 and 500 °С for 1 h at the residual pressure 2×10-4 Pa. 

The microstructure of cross-sections of films and their 
chemical composition were studied by scanning electron 
microscopy (SEM) and energy dispersive X-ray (EDX) 
spectroscopy using Hitachi S3400N equipped with Noran 7 
Thermo Scientific. To accurately determine the content of 
light elements in the films, glow-discharge optical emis-
sion spectroscopy (GDOES) [11] was used, which was per-
formed on Horiba Jobin Yvon Profiler-2. This method was 
used to determine the element distribution across the 
thickness of film deposited on Ni alloy disc and to estimate 
the film thickness with accuracy ±15%. 

The phase composition and fine structure of the films 
(coherent domain size corresponding to grain size D and 
Gauss root-mean square microstrain ε on grain scale) were 
determined by X-ray diffraction (XRD) analysis using Ri-
gaku Ultima IV diffractometer equipped with a graphite 
monochromator, CuKα radiation, and Bragg-Brentano ge-
ometry; patterns were taken for a 2θ angular range of 20-
120º at a step of 0.2º. Scintillation and semiconductor de-
tectors were used to detect reflection. 

Experimental data were initially processed by Outset 
program [12], which was used also to calculate the lattice 
parameters. Qualitative phase analysis was performed us-
ing Phan program and Joint Committee on Powder Diffrac-
tion Standards Data [12]. Quantitative phase analysis and 
determination of the grain size and root-mean-square mi-
crostrain ε were performed using full-profile Rietveld re-
finement method and Phan% program [12]. XRD patterns 
were approximated using root-mean-square method by 
pseudo-Voigt function; this allowed us to calculated the 
centroid (2θmax) corresponding to reflections of phases in 
the studied films. 

Magnetic hysteresis loops were measured in magnetic 
fields up to 1.27 MA/m using a LakeShore 7407 vibrating-
sample magnetometer. To determine the saturation induc-
tion of material’s unit volume, the magnetic moment of 
sample, which was measured in emu units 
(emu = 10000T·cm3/4π), was divided by the film volume 
that was calculated using the film surface area and film 
thickness determined by GDOES. All measurements were 
performed at room temperature. 

3 Results and discussion 
According to chemical analysis data (Table 1), all the 

films contain Fe, Ti, B, and O; as the percentage of TiB2 
chips increases, the Ti and B contents increase and vary 
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from 0 to 14.3 and 28.9 at.%, respectively. The presence of 
oxygen can be explained by insufficient pump-down of 
vacuum chamber (the residual pressure is ~10-3 Pa) and the 
presence of impurity oxygen in the operating gas atmos-
phere (the purity of used argon and nitrogen gases is 
99.993 and 99.999%, respectively) and in cathode raw ma-
terials as well. Taking into account the fact that the oxygen 
content in the films mainly does not exceed 2.5 at.% 
(1 wt.%), we can consider, according to data of [13], the 
prepared films as ternary Fe-Ti-B alloys (Fig. 2). 

 
Figure 2 Chemical compositions of studied as-sputtered films in 
the nanocrystalline (open circles) and XRD amorphous (filled 
circles) states. 

 
According to SEM data, the studied films have a dense 

structure and are free from pores (Fig. 3a). Element distri-
bution profiles obtained by GDOES (Fig. 3b) show the 
uniform distribution of the principal components across the 
film thickness. 

The Fe97.8-72.4Ti0-5.4B0-19.2O1.5-3.0 films (series 0, I-V) in 
the as-sputtered state have single-phase crystal structure. 
XRD patterns of the films (Fig. 4a) indicate peaks corre-
sponding to 2θ = 44.7, 65.0 and 82.4°, which can be re-
spectively identified as the (110), (200) and (121) reflec-
tions of the α-Fe-based phase with a bcc crystal lattice 
(from herein, bcc phase). As the Ti and B contents in the 
films increase, the angular positions of the reflections shift 
to the low-angle range; this indicates an increase in the 
crystal lattice parameter. The higher the Ti and B contents, 
the more the crystal lattice increases (Fig. 5). Taking into 
account the fact that the equilibrium titanium solubility in 
α-Fe is low (2.9 at.% at 500 °C [14]) and the fact that the B 
solubility is almost absent (≤0.001 at.% at 500 °C [14]), 
the observed increase in the lattice parameter indicates the 
formation of α-Fe-based solid solution that, under high-
energy synthesis conditions, is supersaturated with boron 
and titanium. It is possible because of the high titanium af-
finity to oxygen, that partially or completely fixes oxygen 
available in the material to form either Ti(O) solid solution 
or one of equilibrium oxide phases in the Ti-O system [14]. 
The obvious high dispersion of the phase and its small 
amount do not allow us to detect it by XRD analysis. The 
as-sputtered Fe54.5Ti14.3B28.9O2.3 films (series VI) are amor-
phous. 

 

 

Figure 3 (a) Microstructure (SEM image) of cross section of the 
Fe94.4Ti2.0B1.9O1.7 film and (b) element distribution profile 
(GDOES) across the thickness of the Fe72.4Ti5.4B19.2O3.0 films. 

 
 
The films of series 0 and I-V have the nanocrystalline 

structure. In this case, the bcc-phase grain size in the films 
containing 3.7-5.4 at.% Ti and 7.2-19.2 at% B (series IV 
and V) is substantially lower (5-12 nm) than 25-35 nm in 
the films with 0.5-2.0 at.% Ti and 0.5-1.9 at.% B (series I-
III, Fig. 5). This fact confirms the formation of solid solu-
tions and indicates hindered diffusion processes, which 
lead to the difficult grain growth in solid solutions with the 
higher alloying element concentrations.  

The high microstrain in bcc-phase grains (Fig. 6), 
which is 0.21-0.44% for the Fe97.8-87.1Ti0-3.7B0-7.2O1.5-2.2 
films (series 0, I-IV) and 4.96% for the Fe72.4Ti5.4B19.2O3.0 
films (series V), attracts the attention. The physical origin 
of so high microstrain in the studied films calls for specific 
investigations. 
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Figure 4 X-ray diffraction patterns of (a) as-sputtered films and 
(b) the series V film annealed at 500 °C (the blue and red bar dia-
grams correspond to α-Fe and Fe3B phases, respectively). 

 

 
Figure 5 Lattice parameter (filled circles) and grain size (open 
circles) of the bcc phase as functions of the total Ti and B con-
tents in as-sputtered films. 

 
The annealings of the films lead to changes in XRD 

patterns (as compared to those for the as-sputtered state, 
Fig. 4b). Angular positions of bcc-phase reflections shift to 
the higher 2θ angles. The higher the annealing temperature 
is, the more substantial is the shift. This fact indicates the 
decrease in the lattice parameter of the bcc phase. Thus, as 
the annealing temperature increases, alloying elements 
leave the solid solution, and the lattice parameter of the bcc 
phase approaches to pure α-Fe (2.866 Å, Fig. 6a). The  
fact that the lattice parameter (2.857 Å) of the 
Fe72.4Ti5.4B19.2O3.0 film (series V) annealed at 400 and  
500 ºС is lower than that of α-Fe (Fig. 6a) attracts the at-
tention. Differences between the lattice parameters of met-
als and alloys with nanocrystalline and microcrystalline 
structures were discussed in a number of works [15, 16]. 
The annealing of the Fe72.4Ti5.4B19.2O3.0 films (series V) at 
500 ºC leads to the formation of the two-phase α-Fe + Fe3B 
structure; the volume ratio of the phases is 4:1, respec-
tively (Fig. 4b). According to the equilibrium phase dia-
grams [13, 14], the composition of the series V films (Fig. 
2) should correspond to the three-phase α-Fe + Fe3B + 
Ti2B region. The absence of the Ti2B phase in films of se-
ries V indicates the fact that, when the phase composition 
forms, kinetics factors prevail over thermodynamic factors. 
Indeed, despite of the fact that the enthalpy of formation of 
the Ti2B compound (-ΔHf = 324 kJ/mol) is substantially 
higher than it of the Fe3B compound (-ΔHf = 18 kJ/mol), 
the later compound forms because its components are pre-
sent in the films in greater amount (law of mass action). 

The annealing of series I-IV films at all temperatures 
under study almost does not affect the grain size of the bcc 
phase and its microstrain; in this case, the differences be-
tween the grain size and microstrain of the films with low 
Ti and B contents (series I-III) and those of the films with 
high Ti and B contents (series IV, V) remain (Figs. 6b, c). 
The absence of grain growth and remained sufficiently 
high microstrain allow us to assume that boron atoms leav-
ing the solid solution during annealing are used to form the 
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Fe3B phase; the structure becomes two-phase (bcc α-Fe-
based phase + Fe3B). One of the lattice parameters of the 
Fe3B tetragonal lattice (a = 8.625 Å) is almost equal to the 
threefold lattice parameter of α-Fe; this creates conditions 
for the lattice coherency of these phases. In this case, the 
formed Fe3B particles, despite of their high dispersion and 
insignificant amount (XRD analysis does not reveal the 
phase), suppress the bcc-phase grain growth and remain 
the high microstrain during annealing. It is possible also 
that boron atoms leaving the solid solution partially “de-
posite” at bcc-phase grain boundaries (since boron is the 
surface active element [17, 18]) and prevent the bcc phase 
grain growth. 

Titanium partially was present in the solid solution and 
leaves it during annealing. Subsequently titanium forms 
one of oxygen-containing Ti-O phase, which, as was men-
tioned above, begins to form already during deposition of 
the films [19]. 

The aforementioned assumptions on the annealing-
induced formation of two-phase structure in the series I-IV 
films, which consists of the matrix bcc α-Fe-based solid 
solution and the coherent high-dispersed Fe3B precipitates, 
agree adequately with XRD data for the series V films an-
nealed at 500 °С. According to XRD data, the two-phase 
α-Fe + Fe3B structure is formed in these films; the grain 
size of the Fe3B phase and its amount are sufficient to 
identify the phase by XRD (Fig. 4b). In this case, the lat-
tice coherency is likely to be violated. This fact explains 
the substantial decrease in the microstrain ε from 4.992% 
for the as-sputtered film to 0.305% for the film annealed at 
500°С. Among the films under study, the minimum lattice 
parameter (2.857 Å) of the bcc phase in these films an-
nealed at 400 and 500 ºС (Fig. 6) indicates the fact that  
α-Fe, rather than the α-Fe-based solid solution, is the ma-
trix phase in these films. 

The amorphous state formed in the Fe54.5Ti14.3B28.9O2.3 
films (series VI) with the highest Ti and B content was 
found to be stable up to 500°С. 

All the films under study are ferromagnets. The satura-
tion induction Bs of as-sputtered series I-V films, which, 
according to XRD data, are single-phase nanocrystalline 
(bcc α-Fe-based solid solution), varies from 0.95 to 1.8 T 
and increases as the Ti and B contents in the films increase 
(Fig. 7a). According to data of [20], the presence of boron 
in the α-Fe-based solid solution decreases its saturation in-
duction Bs. This is explained by the fact [20] that in the 
case of boron being present in the solid solution, boron 
electrons fill 3d bands of Fe atoms, decrease the number of 
unpaired spins and, therefore, boron leads to a decrease in 
Bs. The observed increase in Bs of the series I-V films (Fig. 
7a) should be related to the fact that, these films in the as-
sputtered state are characterized by the presence of another 
ferromagnetic phase (along with the ferromagnetic α-Fe-
based solid solution), the saturation induction of which ex-
ceeds that of the α-Fe-based solid solution. Among the 
possible phases formed in the studied films, the Fe3B phase 
with Bs = 1.6 T [21] can be the cause for the increase in Bs. 

The low volume fraction and high dispersion of the phase 
do not allow us to find the phase by XRD. However, the 
observed increase in Bs of the films with increasing B con-
tent (Fig. 7a) makes the assumption reasonable. 

 

 
Figure 6 Effect of annealing on (a) the lattice parameter, 
(b) grain size, and (c) microstrain of the bcc α-Fe-based phase. 

 
For all films under study, the annealing at 200 °C leads 

to the increase in the saturation induction to 1.9-2.1 T 
(Fig. 7a). This is explained by the fact that B and Ti atoms 
leave the solid solution (the lattice parameter of the α-Fe-
based phase decreases, Fig. 6a); in this case, the amount of 
the ferromagnetic Fe3B phase increases. This is confirmed 
by the identification of the phase in the series V films an-
nealed at 500 °C (Fig. 4b). The further increase in the an-
nealing temperature almost does not affect or weakly af-
fects the Bs magnitude. Variations of the Bs magnitude in 
range of 1.9-2.1 T, which are observed in Fig. 7a after an-
nealings higher 200 °C, are related to the fact that the sput-
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tering flow from magnetron is nonuniform relatively to the 
target erosion zone; this leads to variations in the film 
thickness. As was mentioned above, the film thickness 
magnitude is used to determine the saturation induction 
magnitude. As a result, the measurement error of the satu-
ration induction is ±15%. 

The coercive field Hc magnitudes of all studied as-
sputtered and annealed films remain corresponding to soft 
magnetic materials (Fig. 7b). As is seen from Fig. 7b data 
compared to Fig. 6, the Hc magnitude depends, according 
to a random anisotropy model [22], on the ratio of magni-
tudes, namely, grain size and grain microstrain, which de-
termine the magnetocrystalline and magnetoelastic anisot-
ropy, respectively. The increase in the Hc magnitude with 
the annealing temperature increase (Fig. 7b) is explained 
by the presence of, at least, two phases (such as the α-Fe-
based solid solution and Fe3B) having different saturation 
inductions and by the appearance, in this regard, of addi-
tional magnetostatic anisotropy [23]. 

The Fe54.5Ti14.3B28.9O2.3 films (series VI) are amor-
phous (in terms of X-ray diffraction) in both as-sputtered 
and annealed at all studied temperatures states. These films 
are weak ferromagnets, the saturation induction of which 
varies from 0.08 to 0.15 T depending on the annealing 
temperature. 

 

 
Figure 7 (a) Saturation induction and (b) coercive field of the 
films as functions of the annealing temperature. 

4 Conclusions 
1. The Fe97.8-54.5Ti0-14.3B0-28.9O1.5-3.0 films prepared by 

magnetron sputtering were subjected to 1 h annealing at 
temperatures of 200-500 °C. 

2. According to XRD data, the as-sputtered 
Fe97.8-72.4Ti0-5.4B0-19.2O1.5-3.0 films have the single phase 
crystal structure, which consists of the α-Fe-based solid so-
lution that have a bcc crystal structure and is supersatu-
rated with Ti and/or B and presumably of high dispersion 
Ti-O phases. The bcc α-Fe-based phase grain size de-
creases from 45.6 to 6.5 nm with increasing Ti and B con-
tents in the films. The Fe54.5Ti14.3B28.9O2.3 films are amor-
phous. 

3. The as-sputtered films are characterized by high mi-
crostrain ε of bcc-phase grains, which is 0.21-0.44% for 
the Fe97.8-87.1Ti0-3.7B0-7.2O1.5-2.2 films and increases to 4.96% 
for the Fe72.4Ti5.4B19.2O3.0 films. 

4. Annealing at temperatures of 200-500 °C leads to 
depletion of the bcc solid solution of titanium and boron 
(the decrease in the bcc α-Fe-based phase lattice parame-
ter); after annealing at 500°С the two-phase α-Fe + Fe3B 
structure is formed in the Fe72.4Ti5.4B19.2O3.0 films. The an-
nealing at all temperatures almost does not affect the grain 
size and microstrain of the bcc α-Fe-based phase. The 
amorphous state of the Fe54.5Ti14.3B28.9O2.3 films is stable 
up to 500 °C. 

5. All the films under study are ferromagnets. The satu-
ration induction Bs of the as-sputtered nanaocrystalline films 
varies from 0.95 to 1.8 T and increases with increasing Ti 
and B contents. This fact indicates the presence of the other 
ferromagnetic phase that is likely to be Fe3B. Because of the 
high dispersion and small amount, the phase cannot be re-
vealed by XRD. It is characterized by saturation induction Bs 
(1.6 T) which is higher than the α-Fe(Ti,B) matrix ferro-
magnetic phase. With respect to the as-sputtered films the 
annealing at 200 °C leads to the increase in the saturation 
induction to 1.9-2.13 T. This fact indicates the further in-
crease in the content of the Fe3B phase. 

6. The coercive field magnitudes Hc of all studied films 
in the as-sputtered and annealed states correspond to soft 
magnetic materials and depend on the ratio of magnitudes, 
namely, grain size and grain microstrain, which determine 
the magnetocrystalline and magnetoelastic anisotropy, re-
spectively. The increase in the Hc magnitude with the an-
nealing temperature increase is explained by the appear-
ance of additional magnetostatic anisotropy that is induced 
at the interface of α-Fe(Ti,B) and Fe3B phases character-
ized by different saturation inductions. 

7. The Fe54.5Ti14.3B28.9O2.3 films with the amorphous 
structure are weak ferromagnets, the saturation induction 
Bs varies from 0.08 to 0.15 T depending on the annealing 
temperature. 
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