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The investigations into ferromagnetic resonance and magnetic susceptibility of nanocrystalline TiBz, TiC, and
B4C powders (Ti-B—C system) doped to AISI 316L austenitic steel with different amounts (3 vol.%, 5 vol.% and
7 vol.%) have been carried out. The ferromagnetic resonance spectra were recorded in the temperature range from
helium up to room temperature. The three tested composite samples contain a number of magnetic phases in
different proportions. They reveal a structure originating from several different complex magnetic centers. The
composites revealed such magnetic phenomena as paramagnetism, (anti)ferromagnetism, and superparamagnetism.
Magnetic susceptibility investigations supported the ferromagnetic resonance studies and their analysis. Magnetic
properties of the TiBy, TiC, B4C powders doped to AISI steel may play important role in further possible appli-

cations of these composite systems.
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1. Introduction

Nanostructure materials often have unique chemi-
cal, structural, electrical, and magnetic properties [1-4]
with potential applications including information stor-
age [5], color imaging, bioprocessing, magnetic refrig-
eration [6, 7], and ferrofluids [8, 9]. Nanostructured
materials exhibit a unique type of disorder. Very-
low-energy regions (crystallites) exist at the expense of
higher-energy boundary, interface, or surface regions.
Magnetic nanoparticle and nanostructure studies cover
a broad range of synthetic and investigative techniques
from physics, chemistry, and materials science.

Our interest in magnetic study of nanostructure mate-
rials began with the study of TiC and TiN nanoparticles
in different matrices [10-13]. Titanium carbide (TiC,)
and titanium nitride (TiN,) are very important techno-
logical materials because being refractory materials they
have gained much attention due to their extraordinary
hardness. Titanium compounds are used in cutting tools
and high-temperature alloys for a wide range of engi-
neering applications. These compounds are the most
intensively studied, both experimentally and theoreti-
cally, with regard to their physical properties. Titanium
diboride (TiBg) has attracted great interest due to its
excellent mechanical properties, chemical resistance and
good thermal and electrical conductivities. Fracture and
wear resistance of TiC-TiBs composites obtained from
TiBy and TiC powders is higher than that of single TiB,
and TiC phases. For this reason, these composites are
used for manufacturing matrices and cutting tools as well
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as heat exchanger elements and combustion engine ele-
ments [14, 15].

The previous study of nanocrystalline powders sug-
gests that mainly TiBy, TiC and B4C compounds are
presented in the Ti-B-C systems doped to AISI 316L
austenitic steel [4, 5|. Titanium diboride (TiB2) and
core-shell type TiC/C are characterized by many crys-
tallographic and magnetic phases. These materials are
widely studied because of their unusual properties includ-
ing magnetic properties. The paper deals with the study
of nanocrystalline TiBs, TiC and B4C powders doped
to AISI 316L austenitic steel. The temperature depen-
dence on the FMR spectra of samples is presented and
discussed. Additionally, the magnetic susceptibility mea-
surements have been carried out and their results have
been compared with FMR measurements.

2. Experimental

Three samples numbered 7, 8, 9 with different con-
tent of magnetic impurities were synthesized. Nanocrys-
talline B4C/TiBy and TiC/TiBs composite powders were
synthesized by a non-hydrolytic sol-gel method. The
synthesis was carried out in two stages. In the first,
low-temperature stage, the precursor was obtained. In
the second, high-temperature stage, the synthesis of ce-
ramic phases under argon atmosphere was carried out.
TiC,N;_,, TiBs and B4C were obtained in this system,
depending on initial precursor composition, temperature
and time. After these processes the nanocrystalline pow-
ders were added to 316L austenitic steel. The details of
preparation of the Ti-B—C system were described else-
where [14]. The samples were characterized using X-
ray diffraction (XRD) and scanning electron microscopy
(SEM) methods. Moreover, these samples were studied
by using temperature variable ferromagnetic resonance
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(FMR) method and the magnetic susceptibility measure-
ments.

Magnetic resonance absorption measurements were
carried out with a conventional X-band (v = 9.43 GHz)
Brucker E 500 spectrometer with 100 kHz magnetic field
modulation. The measurements were performed in the
temperature range from helium to room temperature
with AT = 0.1 K stability using an Oxford cryogenic
system. Magnetic susceptibility measurements were car-
ried out with a MPMS-7 SQUID magnetometer in the
temperature range 4-300 K and magnetic fields up to
10 kOe in the zero-field-cooling (ZFC) and field cooling
(FC) modes.

3. Results and discussion

We focused on the investigation of the samples marked
as 7, 8, and 9. These are the composites of austen-
ite steel 316L containing 3%, 5% and 7% Ti-B-C sys-
tem, respectively. Ti—-B—C system consists of titanium
boride (TiBy), titanium carbide (TiC) and B4C ceramics
powders. Austenitic steel type 316L is an extra-low car-
bon version of austenitic chromium nickel stainless steel
containing molybdenum. 316L austenitic steel consists
of: chromium 16-18%, nickel 10-14%, molybdenum 2-
3% plus trace amounts of carbon, nitrogen, manganese,
phosphorus, sulfur, silicon (information based on Prod-
uct Data Sheet 316/316L Stainless Steel). XRD spec-
trum of composite Ti-B—C system (20 vol.%) and 316L
austenite steel reveals the presence of titanium boride
(TiB3), austenite, ferrite, titanium carbide (TiC) and
Cr;C3 peaks.

The representative examples of FMR spectra of sam-
ples 7 and 9 recorded at different temperatures are pre-
sented in Fig. 1 and Fig. 2, respectively. The intense and
slightly asymmetric shape of FMR spectrum is clearly
visible. It can be noticed that the FMR resonance line is
much more intense at both low and high temperatures in
sample 9 than in sample 7. Additionally, the FMR spec-
tra of sample 9 have more asymmetric shape than the
FMR spectra of sample 7 (see Figs. 1 and 2). Samples 7
and 9 have low or high admixture of ceramics powders,
respectively. The FMR spectra of sample 8 are similar
to those of sample 9 and therefore are not shown.

Figure 3 shows the examples of FMR spectra of the
samples 7, 8, and 9 at two different temperatures: low
temperature, about 10 K, and high temperature, about
240 K, for comparison. The asymmetries of the over-
lapped lines can be explained by assuming that the spec-
trum is a superposition of several separate resonance
lines. It can be seen that asymmetries grow with increase
of concentration of impurities. It should be noticed that
sample 8 FMR spectrum behavior is different from that
of other samples. FMR spectrum of sample 8 with 5%
of impurities is much more intense than the spectrum of
sample 9 with 7% of impurities in low temperature range
(see Fig. 3).

It is easy to notice that main resonance line splits
into two lines when the temperature increases to about
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Fig. 1. FMR spectra of sample 7 recorded at different
temperatures.
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Fig. 2. FMR spectra of sample 9 recorded at different
temperatures.

260 K for sample 9 (see Figs. 2 and 3). The FMR spec-
tra of samples 7 and 9 suggest that the resonance sig-
nal may originate from several different magnetic cen-
ters. However, we cannot rule out other possibilities
such as high conductivity of the samples. Trivalent Ti3*
complexes in nanocrystalline TiC/C systems were de-
tected previously [10, 11]. The addition of boron (B) to
noncrystalline samples formed molybdenum-titanium—
carbide (Mo-Ti—C) system, significantly changed the ap-
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Fig. 3. The comparison of FMR spectra of sample 7, 8,
and 9 at low ~ 10 K and in high ~ 240 K temperature
ranges.
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pearance and the temperature dependence of the FMR
spectra of the Mo—Ti—C system, and increased the num-
ber of paramagnetic centers [10-13|. Boron is the element
whose properties place it on the borderline between met-
als and non-metals (semimetallic).
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Fig. 4. The temperature dependence of the integrated
intensity of the FMR spectra for sample 7. The two fit-
ted Curie-Weiss curves (solid lines) in the temperature
ranges: from 66 to 200 K and from 4 to 10 K are marked
in main part and inset, respectively.
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Fig. 5. The temperature dependence of the inverse in-
tegrated intensity of the FMR spectra (upper part) and
the product of integrated intensity and temperature
(lower part) for sample 7.

Figure 4 shows the temperature dependence on the in-
tegrated intensity of the FMR spectra of sample 7. The
integrated intensity was obtained either by numerical in-
tegration of the FMR absorption spectra or by double nu-
merical integration of the first derivative spectrum usu-
ally registered by the EPR spectrometer. There are a few
types of behavior of integrated intensity. Firstly, the in-
tegrated intensity decreases with the increase of temper-
ature from 4 K up to 9.93 K. Secondly, the integrated in-
tensity increases reaching its maximum at 25.2 K. Above
this point, the integrated intensity decreases with the in-
crease of the temperature (see Fig. 4). However, this
decrease is not homogeneous. The integrated intensity
points are very well fitted by the Curie-Weiss curves in
the low temperature range from 4 K to 10 K (Fig. 4,
inset) and in the high temperature range between 63 K

and 200 K (Fig. 4). The Curie-Weiss law

const

Iew(T) = 7= O (1)
describes the behavior of the integrated intensity cor-
rectly only in these two ranges. The calculated Curie
temperature Ocw = 2.0 + 1.8 K means that the fer-
romagnetic interaction dominates for the low tempera-
ture range. The calculated Curie temperature Ocw =
—135 + 28 K is negative for the high temperature range
between 63 K and 200 K. Figure 5 shows the temper-
ature dependence on the inverse of integrated intensity
(I7Y(T), upper part) and the product of the integrated
intensity with temperature (I T(T), lower part). These
kinds of dependences may reveal the presence of different
magnetic interactions in the investigated systems.

One can see the upswing of the inverse of integrated
intensity of the FMR spectra in the temperature range
of 12-20 K and the nonlinear increase with increasing
temperatures (Fig. 5, upper part). The product of the
integrated intensity of the FMR spectra with tempera-
ture (I T(T)) is proportional to square of the effective
magnetic moment. Three temperature ranges reveal dif-
ferent magnetic interactions as illustrated in Fig. 5 lower
part. Magnetic moment increases with the temperature
increasing up to ~ 100 K. This may confirm that the
antiferromagnetic interaction dominates below ~ 100 K.
Above the maximum of 97.75 K the magnetic moment
decreases with the temperature growth, which indicates
a prevailing ferromagnetic interaction. There are small
differences visible for the temperature above 220 K. It
can be said that there is another range above 220 K.
This behavior was unidentified due to insufficient data.
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Fig. 6. The temperature dependence of the integrated
intensity of the FMR spectra for sample 8. The two
fitted Curie-Weiss curves (solid lines) in the tempera-
ture ranges: from 81 to 244 K and from 4.6 to 11 K are
marked in main part and inset, respectively.

Figure 6 presents the temperature dependence on the
integrated intensity of the FMR spectra I(T) for sam-
ple 8. The temperature dependence on the integrated
intensity of the FMR spectra I(T') for sample 8 is very
similar to the previously described sample 7. The first
point at 3.44 K is different. The integrated intensity
points are very well fitted by the Curie-Weiss curves in
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TABLE I

The Curie temperature obtained from fitting of the
Curie-Weiss law to the integrated intensity of the FMR
spectra curve for samples 7, 8, 9.

Sample Ocw [K] at temperature range
low high
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Fig. 7. The temperature dependence of the inverse in-
tegrated intensity of the FMR spectrum (upper part)
and the product of integrated intensity and tempera-
ture (lower part) for sample 8.

the temperature range from 4.6 K to 11 K and in the
high temperature range between 81 K and 244 K (see
Fig. 6, inset). The Curie temperatures are gathered in
Table I. The temperature dependence on the inverse of
integrated intensity of the FMR spectra (I~1(T), upper
part) and the product of the integrated intensity of the
FMR spectra with temperature (I T(T'), lower part) for
sample 8 are shown in Fig. 7.
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Fig. 8. The temperature dependence of the integrated

intensity of the FMR spectra for sample 9. The fitted

Curie—Weiss curve (solid line) in the temperature range
from 120 to 275 K is marked.

Figure 8 shows the temperature dependence on the in-
tegrated intensity of the FMR spectra for sample 9. The
temperature is varied from helium (= 4 K) up to room
temperature. Three regions are visible in Fig. 8. The
integrated intensity of the sample 9 increases with the in-
crease of temperature in the low temperature range from
~ 4 up to 70 K. However, the behavior of the integrated
intensity of sample 9 is not clearly visible below = 20 K.
The integrated intensity of the FMR spectra decreases
with the temperature increase up to 260 K after reaching
its maximum at 70 K. In the third region above 260 K,
the integrated intensity increases again as the tempera-
ture grows (see Fig. 8). The integrated intensity points
are very well fitted by the Curie-Weiss law in the tem-
perature range between 120 and 270 K. The Curie tem-
perature is presented in Table I.

Figure 9 presents the temperature dependence on
the inverse integrated intensity of the FMR spectrum
(1/I(T), lower part) and the temperature dependence
on the product of integrated intensity and temperature
(I(T) T, upper part) for sample 9.
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Fig. 9. The temperature dependence of the inverse in-

tegrated intensity of the FMR spectra (lower part) and
the product of integrated intensity and temperature
(upper part) for sample 9.
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Fig. 10. The comparison of the integrated intensity of
the FMR spectra for samples 7, 8, and 9.

The comparison of the integrated intensity of the FMR
spectra for samples 7, 8, and 9 is shown in Fig. 10. It
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Fig. 11. Magnetic susceptibility measured in FC and
ZFC modes in magnetic fields H = 10 Oe (lower part),
H =100 Oe (middle part) and H = 10 000 Oe (upper
part) for sample 9.

can be seen that the integrated intensity of the FMR
spectra of sample 9 is much greater than the integrated
intensity of sample 7 in the temperatures of up to about
200 K. The integrated intensities of samples 7 and 9 are
nearly the same at temperature above 200 K. In spite of
this, the integrated intensity of sample 8 is greater than
that of sample 9 at temperature below =~ 100 K. The
integrated intensity of the FMR spectra of sample 8 is
between integrated intensity of sample 9 and 7 only at
temperature above 100 K (see Fig. 10).

Figure 11 shows the temperature dependences of dc
magnetic susceptibility measured in FC and in ZFC
modes in magnetic fields H = 10 Oe (lower part), H =
100 Oe (middle part) and H = 10000 Oe (upper part).
Large differences between ZFC and FC magnetization
branches below certain temperature of irreversibility in-
dicate the presence of a strong magnetic anisotropy [16].
ZFC branches exhibit a broad maximum at tempera-
ture ~ 180 K for very weak magnetic field 10 Oe (see
Fig. 11, lower part). ZFC branches exhibit a broad and
soft maximum at temperature 7' =~ 140 K for magnetic
field H = 100 Oe, too (Fig. 11, middle part). The mag-
netization measured in ZFC mode at low temperatures
(below =~ 160 K) saturates and decreases further (for tem-
perature below & 20 K) for low magnetic fields: 10 and
100 Oe. It can be seen that the magnetization measured
at FC mode approaches saturation only for very weak
magnetic field 10 Oe and constantly increases for weak
and strong magnetic fields 100 and 10000 Oe. The third
magnetic susceptibility measured at strong magnetic field
H = 10000 Oe shows no peaks (Fig. 11, upper part).
Data points taken in FC and ZFC modes are difficult to
distinguish.

Generally, the ZFC susceptibility shows a peak for
both superparamagnets and spin glasses. It is usually
seen that the temperature dependence on the FC suscep-
tibility becomes saturated below the peak temperature
(freezing temperature Ty) for spin glasses and continues
to increase below that temperature (blocking tempera-
ture T) for superparamagnets [17]. Separation of ZFC

and FC curves in low temperature range indicates the
presence of magnetic anisotropy that is removed only in
high magnetic field — 10000 Oe (Fig. 11, upper part).

The evolutions of the integrated intensity of FMR spec-
tra of samples: 7, 8, 9 are presented in Figs. 4, 6, 8, and
together in Fig. 10. These dependences are similar. Tem-
perature evolutions of integrated intensity of FMR spec-
tra can be divided into three main groups. Integrated
intensity of the FMR decreases with the temperature in-
crease in the low temperature range, for example in the
interval 4.6-11.0 K for sample 8. The Curie-Weiss law
is fulfilled in this interval. Then, the integrated intensity
starts to increase with the temperature growth until it
reaches its maximum. There is a second interval, from
11.0 K to 31 K for sample 8 (Figs. 6, 9). This tempera-
ture may be called blocking temperature and is different
for each sample. The maximum of the integrated inten-
sity occurs at temperatures =~ 25 K, =~ 31 K, = 90 K
for sample 7, 8, and 9, respectively. It can be observed
that the blocking temperature increases with the grow-
ing amount of impurities. In the third interval, above the
blocking temperature, the integrated intensity decreases
with the temperature increase. However, the rate of de-
cline varies. The Curie-Weiss law is fulfilled in some
temperature ranges in different samples. In addition, an
increase of the integrated intensity FMR is observed in
high temperatures, for example in sample 9. There is
also a fourth range. It can be said that in each inter-
val different magnetic interaction dominates. The Curie
temperatures in low temperature range have positive and
negative signs for samples 7 and 8, respectively (see Ta-
ble I). This denotes the presence of ferromagnetic and
antiferromagnetic interaction in sample 7 and 8 in the
range of low temperatures. It seems that the paramag-
netic ions, such as trivalent Ti®*, may be responsible for
these (anti)ferromagnetic interactions.

The growth of the integrated intensity with an increas-
ing amount of dopant shows that impurities or possible
composite impurities containing iron (Fe) or chromium
(Cr) from steel are responsible for magnetic interactions.
Abnormally high intensity of sample 8 shows that there
exists a unique amount of impurity in steel in which mag-
netic interactions are extremely strong. The temperature
dependences of the product of the integrated intensity
(I T(T)) reveals similar behavior: an increase, a maxi-
mum and then a decrease (see Figs. 5, 9, 11). The in-
crease and decrease are approximately linear. Maximum
occurs at &~ 100 K for samples 7, 8, and ~ 140 K for
sample 9. It means that the magnetic moment increases
with the temperature increasing up to a maximum. This
may confirm that the antiferromagnetic interaction dom-
inates below a maximum. Above the maximum the mag-
netic moment decreases as the temperature grows, which
indicates a prevailing ferromagnetic interaction. There
are small differences visible for the temperature above
220 K in sample 9. It can be assumed that there is an-
other range above 220 K. The temperature dependences
of the product of the integrated intensity (I T(7T')) con-
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firm (anti)ferromagnetic interactions in wide intervals of
temperatures in all three samples.

We suggest that superparamagnetic phase of nanopar-
ticles is consistently responsible for behavior observed by
means of the two methods used: FMR and SQUID in the
temperature range between =~ 20 K and =~ 240 K with the
characteristic blocking temperature. The magnetic sus-
ceptibility measurements also revealed the presence of the
anisotropy field. Magnetic anisotropy is smoothed out by
thermal fluctuation at high temperature. Paramagnetic,
(anti)ferromagnetic and superparamagnetic phases and
interaction are observed in tested samples 7, 8, 9 in all
temperature ranges.

4. Conclusions

Three samples of nanocrystalline TiBs,TiC, B4C pow-
ders (3%, 5%, 7%) doped to AISI 316L austenitic steel
were prepared. The three tested samples contained a
number of crystalline and magnetic phases in different
proportions. The FMR measurements were carried out
in the 4-300 K range. Magnetic susceptibility mea-
surements were made as well. The FMR measurements
were taken in the temperature range from helium up to
room temperature. The changes of the integrated in-
tensity of FMR spectra versus temperature were ana-
lyzed. The temperature dependence on the integrated
intensity of the FMR spectra of the investigated com-
posites revealed different magnetic phenomena such as
paramagnetism, (anti)ferromagentism, and superparam-
agnetism. Magnetic susceptibility measurements par-
tially confirmed results of FMR studies. Magnetic prop-
erties of the TiBy,TiC, B4C powders doped to AISI steel
are important because these kinds of composite may find
broad applications in various technical devices in the fu-
ture.
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