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(57)  Amaterial in the form of a powder with magnetic
properties, according to the invention, is characterised
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Ti-Mo-C-Ni system and it comprises 6-70 mass% nickel
in proportion to the sum of the mass of constituent ele-
ments containing molybdenum and titanium carbides,
with the Mo/Ti ratio between 0.1 and 0.4 g/g.

The method of preparation of the material in the form
of a powder with magnetic properties to produce com-
posite products by mixing and soaking powders, charac-
terised in that nano-structural powders of molybdenum

oxide and titanium oxide with the MoO,/TiO, mass con-
tent of 0.1+-0.4 and a carbon material in the amount of
above 45 mass% are mixed, and then a nickel powder
in the amount of 3+40 mass%, relative to the mixture
mass of titanium and molybdenum oxides and carbon.
Then all constituent elements are ground under inert at-
mosphere, in ambient temperature to homogenise. The
resulting product of grinding is isothermally soaked in the
temperature range of 1050 - 1500°C, under inert atmos-
phere, for 2 - 5 h to produce a nano-structural cermet
powder in the Ti-Mo-C-Ni system.
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Description

[0001] Thesubjectoftheinventionisapowder material
with magnetic properties and the preparation method of
the powder material with magnetic properties to be used
for manufacturing composite products, such as polymer,
ceramic and cermet composites which can be used as
alternative catalysts, instead of noble metals, in a variety
of reactions, including CO, reduction, hydrogenation re-
actions, desulphurisation, denitriding (removal of sulphur
and/or nitrogen compounds from industrial wastes and
liquid fuels, i.e. petrol and/or crude oil), isomerisation of
hydrocarbons, steam reforming, hydrodeoxygenation
(HDO), recycling of industrial wastes in the paper indus-
try, production of hydrogen, magnetic resonance imaging
in biomedicine, and for adsorption processes.

[0002] WO2005053881 provides information about a
magnetic iron-based powder which contains niobium
(formerly columbium), silicon, calcium, manganese,
magnesium, carbon, boron, aluminium, titanium, molyb-
denum, chromium, copper, gold, nickel, vanadium, phos-
phorus, or their combinations. The material can be used
in dampeners, containing a chamber and a piston that
reciprocates in the chamber. The patent description
PL115937 discussed a nickel-based magnetically soft al-
loy which contains 75.5-76.5 wt% Ni, 0.3-0.6 wt% Mn,
max 0.015 wt% C, max 0.008 wt% S, 2.5-3.5 wt% Mo,
4.8-5.8 wt% Cu, 2.5-3.5 wt% Nb, 1.7-2.3 wt% Ti, max
0.01 wt% Zr, 0.1-0.3 wt% Si, max 0.008 wt% P, max 0.01
wt% O,, with the rest being made up of Fe. Induction
smelting of the alloy is conducted in vacuum furnaces.
Zackrisson, A. Larsson and H.-O. Andren in Microstruc-
ture of the Ni binder phase in a TiC-Mo2C-Ni cermet;
Micro,32 (2001) 707-712, discussed a cermet composite
whose Ni binder phase contains TiC (titanium carbide)
and Mo,C. The cermet composite can be treated as an
attractive material used in heavy-duty cutting tools. The
composite is produced using Ti, Mo and Ni powders at
the proportions of 49, 15, 14, respectively (22 wt%), sin-
tered in vacuum at 1520°C for 90 min. YoungKwan Kim,
Jae-HyeokShim, Young WhanCho, Hyo-Seung Yang
and Jong-Ku Park in Mechanochemical synthesis of na-
nocomposite powder for ultrafine (Ti, Mo)C-Ni cermet
without core-rim structure, International Journal of Re-
fractory Metals & Hard Materials 22 (2004) 193-196, dis-
cussed a cermet composite whose Ni binder phase con-
tains ultra fine (Ti,M0)C titanium carbide. The cermet
composite can be treated as an attractive material used
in heavy-duty cutting tools. While it contains 80 mass %
TiC and 20 mass % nickel, the cermet composite is pro-
duced using Ti, Mo, graphite and Ni powders in the proc-
ess of mechanochemical grinding in a high speed grind-
er, sintered in vacuum at 1420°C for 2 h. Jon-Erik Mog-
onye in Solid Lubrication Mechanismsin Laser Deposited
Nickel-Titanium-Carbon Metal Matrix Composites. Mas-
ter of Science, University of North Texas, December
2012, discussed Ni-Ti-C composites obtained with Laser
Engineered Net Shaping (LENS), one of rapid prototyp-
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ing technologies. The resulting Ni-TiC-Graphite is char-
acterised with a low friction coefficient (0.1) and with high-
er hardness and wear resistance than those of pure nickel
obtained in the same conditions. Jasmine Imani Keene
in Characterization of a Ti(Mo)C-Ni Cermet for Use in
Impact Resistant Sandwich Panels, a thesis presented
to the faculty of the School of Engineering and Applied
Science University of Virginia, December 2013, dis-
cussed a formation method of Ti(Mo)C-Ni composite
panels with a cellular structure, characterised with high
compression strength of 2.7 GPa, elasticity module of
380 GPa, flexural strength of 520 GPa and fracture tough-
ness of 15 MPa-m/12. The composite is made up of car-
bide ceramics (83 vol%), a Ni binder phase (15 vol%)
and pores (1.6 vol%). M. M. Kulak and B. B. Khina in
Selfpropagation high-temperature synthesis in the Ti-C-
Ni-Mo system on application of powerful ultrasound,
Journal of Engineering Physics and Thermophys-
ics,87(2) (2014) 333-343, discussed a method of lower-
ing the synthesis temperature of a cermet composite in
the process of Self-Propagating High Temperature Syn-
thesis in a Ti-C-Ni-Mo system, owing to ultrasounds, an
additional source of energy.

[0003] Y.F.Yang, S.B. Jinband Q. C. Jiang in Effect
of reactant C/Ti ratio on the stoichiometry, morphology
of TiCx and mechanical properties of TiCx-Ni composite;
Cryst Eng Community, 2013, 15, 852-855; DOI:
10.1039/c2ce26767e reported a method of formation of
a composite containing TiC in the Ni binder phase. Ac-
cording to the method, 30 mass% of 50 wm nickel pow-
der, 25 pm titanium and 20 nm multi-walled nanotubes
are mixed. At the first stage, the powders were pressed
to achieve 75% of theoretical density. At the second, they
were heated in vacuum at the rate of 40 deg/min until
they achieved the temperature of self-ignition, kept at the
temperature for 30 sec and then cooled down to room
temperature. Composites with a stoichiometric mole ratio
of C/Ti had the most favourable mechanical properties,
including hardness (12.6 GPa), flexural strength (270
MPa) and fracture toughness (9.8 MPam'/2). T. Viatte,
T. Cutard, G. Feusier and W. Benoitin High Temperature
Mechanical Properties of Ti(C, N)-Mo2C-Ni Cermets
Studied by Internal Friction Measurements, Journal de
Physique 1V, Colloque C8, supplement au Journal de
Physique 111, Volume 6,1996; Stellram S.A., Rte de IIE-
traz, 1260 Nyon, Switzerland, discussed a method of ob-
taining a Ti(C,N)-Mo2C-Ni composite with good mechan-
ical and chemical toughness when applied in high speed
cutting tools. The composite was sintered at 1723K for
120 min, including 60 min using the HIP method, at 30
bar, under argon atmosphere. The nickel content was 10
mass %, i.e. approximately 6.4 vol%. At high temperature
background, molybdenum had a favourable effect on the
hardness of the binder phase and positive influence on
the relaxation and long distance displacements. MA Qian
and L.C. Lim in On the disappearance of Mo2C during
low-temperature sintering of Ti(C,N)-Mo2C-Ni cermets,
Journal of materials science, 34 (1999) 3677 - 3684, dis-
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cussed a mechanism of Mo,C disappearance in nickel
during the sintering of Ti(C,N)-based or TiC-based cer-
mets at 1200 °C in vacuum. J.C. LaSalvia, D.K. Kim,
R.A.Lipsett and M.A. Meyers in Combustion Synthesis
inthe Ti-C-Ni-Mo System: Part |, Micromechanisms, Met-
allurgical and materials transactions A, 26A (1995)
3001-3009, discussed a synthesis mechanism of TiC
composites whose Ni binder phase is characterised with
varied morphology, depending on SHS process condi-
tions. Mart Viljus, Juri Pirso, Kristjan Juhani and Sergei
Letunovits in Structure Formation in Ti-C-Ni-Mo Com-
posites during Reactive Sintering, Materials science
(MEDZIAGOTYRA), 18(1) (2012) 62-65, discussed a
method of forming Ti, Ni, M and C composites with a
method of reactive sintering of nano-structural Ti, Ni, M
and C powders, with varied phase composition and mor-
phology depending on technological parameters. The
composites have a better microstructure and are cheap-
er, compared to their conventionally obtained counter-
parts. Hiroyuki Hosokawa, Kiyotaka Katou, Koji Shimo-
jima, Ryoichi Furushima and Akihiro Matsumoto in Effect
of Ni Contents on Microstructures and MechanicalProp-
erties for (Ti0.8Mo00.2)C-Ni Cermets, Materials Transac-
tions, 55(9) (2014)1451 - 1454, discussed composites
with varied nickel content (10-40 mass%) formed using
the mechanical alloying method in which at the | phase
Ti, Mo and C powders were mixed and at the second
phase Ti, Mo, C and Ni powders were mixed for 72 and
96 h, respectively. The hardness of the composite was
found to decrease with a decreasing nickel content and
its fracture toughness was increasing as the grinding was
progressing.

[0004] The mechanical properties of (Ti,Mo)C- com-
posites (a Ni-based solid solution) are partly known. How-
ever, there exists no body of literature on methods of
formation of Ti-Mo-C-Ni systems with attractive magnetic
features.

[0005] A materialinthe form of a powderwith magnetic
properties, according to the invention, is characterised
in that it is a nano-structural cermet powder in a Ti-Mo-
C-Ni system and it comprises 6-70 mass% nickel in pro-
portion to the sum of the mass of constituent elements
containing molybdenum and titanium carbides, with the
Mo/Ti ratio between 0.1 and 0.4 g/g.

[0006] The purpose of the presentinvention is a meth-
od of preparation of a material in the form of a powder
with magnetic properties to produce composite products.
The present invention is characterised in that through
mixing and soaking of powders a mixture of nano-struc-
tural powders of molybdenum oxide and titanium oxide
is formed, with the MoO3/TiO, mass proportion in the
range of 0.1+0.4 and carbon material in excess of 45
mass%. In the following stage, 3+-40 mass% nickel pow-
der relative to the mass of the mixture is added and then
the whole mixture is being ground under inert atmos-
phere, at ambient temperature to homogenise. Then, the
resulting product of grinding is isothermally soaked in the
temperature range of 1050 - 1500°C, under inert atmos-
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phere (e.g. that of argon), for 2 - 5 h to form a nano-
structural cermet powder in a Ti-Mo-C-Ni system.
Activated carbon and/or black carbon and/or nano-struc-
tural carbon is used as the carbon material.

The reduction of nickel oxides occurs at the temperature
of approximately 700°C, the carbothermal reduction of
molybdenum oxide occurs at 900°C and above 1050°C
the carbothermal reduction of titanium oxides to titanium
carbide takes place. While TiC is being formed, a cermet
powder is formed. The powder contains, among others,
(Ti,Mo)C phases, Ni alloy and elemental carbon (C),
which is easy to remove.

[0007] The advantage of the invention is that powder
obtained in this way displays specific magnetic proper-
ties, i.e. paramagnetism, ferromagnetism, antiferromag-
netism and superparamagnetism while at the same time
it is accompanied by attractive mechanical properties,
such as high hardness. The solution can be obtained at
the phase boundary, i.e. an intermediate layer is formed
on the surface of ceramic and metal particles which binds
the base with the reinforcement which provides condi-
tions enabling the consolidation of the elements of the
composite whichis characterised with attractive mechan-
ical and magnetic properties.

The material obtained according to the invention has dif-
ferent magnetic sources (which was confirmed in EPR
examinations). Several magnetic phenomena, such as
paramagnetism, ferromagnetism, (anti)ferromagnetism
and superparamagnetism were determined in investigat-
ed samples. Magnetic ions (Ti ions) are formed in the
material obtained according to the invention. The sam-
ples contained the phases of (Mo, Ti)C and Ni displaying
different magnetic properties.

The powder material is magnetically dense, comprises
nanoparticles for whom surface effects are of signifi-
cance and nanoparticles form agglomerates.

[0008] The invention is presented in more detail in the
below examples of synthesis and graphically in Fig. 1
showing EPR spectrum of "A" sample, Fig. 2 showing
charts of integrated intensity and its reverse of "A" sam-
ple, Fig. 3 showing the total width of EPR line (the line
consists of aminimum of two lines) and g, a spectroscopic
factor, in the function of temperature for "A" sample, Fig.
4 showing the dependence of magnetic susceptibility on
temperature, measured in decreasing temperature con-
ditions with field cooling and with zero field cooling for
"A" sample, Fig. 5 showing hysteresis loops taken at 52K
and 150K for "A" sample, Fig. 5a showing chart close
ups from Fig. 5 which present the values of coercive field
and residual, Fig. 6 showing magnetic susceptibility in
the function of temperature for "B" sample in FC and ZFC
modes, in the magnetic field of 1000 Oe; the insert
presents ZFC points in the temperature range of 5-55K
with an adjusted Curie - Weiss curve, Fig. 7 showing the
magnetic hysteresis of "B" sample, recorded at 160K
(blue squares and lines) and at 290K (red squares and
lines), the insert presents a close-up of the area in the
neighbourhood of zero, Fig. 8 showing the values of co-
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ercivefield and residual for "B" sample (90K), Fig. 9 show-
ing magnetic susceptibility in the function of temperature
for "C" sample in FC and ZFC modes, in the magnetic
field of 1000 Oe, Fig. 10 showing the magnetic hysteresis
of "C" sample, recorded at 75K, Fig. 11 showing the val-
ues of coercive field and residual for "C" sample (75K),
Fig. 12 showing the EPR spectrum of "C" sample, Fig.
12a showing the EPR spectrum of "B" sample, Fig. 13
showing integrated intensity in the function of tempera-
ture for "C" sample and its reverse (inserts), Fig. 13a
showing integrated intensity in the function of tempera-
ture for "B" sample and its reverse (inserts) and Fig. 14
showing the width of EPR line and the resonance position
of the line in the function of temperature for "B" sample.
[0009] A discussion about the properties of materials
according to examples | - lll: Fig. 1 showing the EPR
spectrum of "A" sample from example |. EPR examination
was carried outin the temperature range of 3.75K - 290K.
"A" sample is characterised with an asymmetric and wide
spectrum, containing signals from different phases. Up
to the temperature of ~50 K, the spectrum does not
change significantly. However, when temperature in-
creases in excess of 50K, one of its spectral components
is shifted, its amplitude [increase] and line width [de-
crease] are distinctly changed. Fig. 2 shows the depend-
ence of integrated intensity in the function of temperature,
which corresponds to the so-called EPR magnetic sus-
ceptibility. Up to the temperature of ~20K, a typical be-
haviour, common to a paramagnetic material, is ob-
served (intensity decreases along with the temperature).
The analysis of reverse integrated intensity charts dem-
onstrates that an approximated value of the Curie-Weiss
parameter Ty, =- 102 Kis obtained which reveals strong
antiferromagnetic interactions in the sample. Above 20K,
integrated intensity increases as temperature goes up to
260K and then suddenly soars above it. As shown, the
total width of EPR line undergoes insignificant changes
up to the temperature of ~100 K and then it decreases
which it characteristic to ions whose rate of relaxation
increases along with temperature. A similar change at
~100 K is observed for the dependence of the spectro-
scopic factor on temperature (g parameter) (Fig. 3). Fig.
4 shows the dependence of magnetic susceptibility on
temperature, measured in decreasing temperature con-
ditions with field cooling and with zero field cooling for
"A" sample from example |. Fig. 5 shows hysteresis loops
taken at 52K and 150K for "A" sample from example |.
The magnetic susceptibility of samples was examined in
decreasing temperature conditions with field cooling and
with zero field cooling. As can be seen in Fig. 1, sample
cooling with field cooling causes an increase of the sam-
ple’s magnetic susceptibility. The spectrum can be divid-
ed into three temperature intervals:

e ~2K-50K

e ~55K-120K
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* ~125K-300K

The three intervals probably reflect three magnetic phas-
es present in the sample. The first phase which affects
the shape of magnetic susceptibility in the temperature
range up to 50K is paramagnetic in its character [as
shown by EPR examinations] (Fig. 2). Strong antiferro-
magnetic interactions are observed in this phase. The
other two phases have superparamagnetic properties.
The phase with the largest percentage share and the
smallest nanoparticle size provides a strong superpara-
magnetic signal with the blocking temperature of ~240
K. The other phase provides a superparamagnetic signal
in the temperature range of 55K - 120K.

Fig. 5 below shows the close-ups of chart parts which
display the values of coercive field and residual for "A"
sample from example I. The presence of superparamag-
netic phases confirms the presence of coercive field and
residual, observed in hysteresis loops taken for the sam-
ple at 52K and 150K. The coercive fields were H,=~48
Oe and H.=~35 Oe, and residual values were
B,=~1.8x10-3 and B~=~1.5x103, respectively (Fig. 5).
Saturation magnetisation occurs in the temperature
range of 52K - 150K. A rapid increase of sample mag-
netisation (which occurs in a narrow band of 2000 Oe)
can provide evidence for very weak dipole-dipole forces
among nanoparticles interacting with one another.

Fig. 6 shows magnetic susceptibility in the function of
temperature for "B" sample from example Il, in FC and
ZFC modes, in the magnetic field of 1000 Oe, with the
insert presenting ZFC points in the temperature range of
5-55K, with an adjusted Curie - Weiss curve. Fig. 7 shows
the magnetic hysteresis of "B" sample from example II,
recorded at the temperature of 160K (blue squares and
lines) and 290K (red squares and lines), with the insert
showing a close-up of the area in the neighbourhood of
zero.

Figs. 9-11 show results obtained for "C" sample from ex-
ample lll. Figs. 12-14, for comparison purposes, show
measurement results for "C" and "B" samples. The pres-
ence of superparamagnetic phases confirms the pres-
ence of coercive field and residual, observed in hyster-
esis loops taken for "B" and "C" samples at 75K and 90K.
The coercive fields were H.=~46 Oe and H =~37 Oe,
and residual values were B,=~4.9x10-3 and B,=~10x1073,
respectively (Figs. 8 and 11).

The analysis of magnetic susceptibility up to 70K dem-
onstrated that the Curie-Weiss temperature for "C" sam-
ple in FC and ZFC modes was respectively -5.12 K and
-1.5 K while that of "B" sample was respectively -21.8 K
and -6.54 K. The results demonstrate that "C" sample
displays weak and "B" sample displays strong antiferro-
magnetic interactions.

The magnetic properties of "B" and "C" samples are very
similar to those of "A" sample. EPR examinations were
conducted on obtained materials, using an EPR spec-
trometer, manufactured by Brucker ELEXSYS E 500 CW
(9.4 GHz, 100 frequencies of 100 kHz magnetic field
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modulation), operating in X band. EPR measurements
for "A" sample were performed at temperatures from he-
liumtoroom, andfor"B"and "C" samples attemperatures
from nitrogen to room. A helium-nitrogen cryostat, Oxford
Instruments, was used in the examinations. The analysis
of temperature dependence of EPR spectra was con-
ducted by determining the total insensitivity of EPR line,
its width and the value of the spectroscopic parameter
g, which determines the location of the middle of reso-
nance line.

[0010] Magnetic measurements were conducted using
a SQUID MPMS-7 magnetometer, in the temperature
range of 2 - 300K in different magnetic fields, in the fol-
lowing modes: a) with field cooling, b) with zero field cool-

ing.
EXAMPLE |

the synthesis of Mo-Ti-C/Ni powder (marked with "A"
code)

[0011] A mixture of anatase-TiO, (~30nm), MoO5 ox-
ide (~20nm) and black coal in the mass content of 0.5;
0.05; 0.45, respectively, was mixed with a nickel micro-
crystalline powder, with the mass content of 0.03 g/g. To
homogenise the powder, the mixture was ground for ap-
proximately 5 min and then soaked under argon atmos-
phere at 1500°C, for approximately 2 h. During soaking,
a cermet powder is formed. During soaking, a (Ti,Mo)C-
6 mass%Ni cermet powder is formed and excess carbon.
[0012] The obtained material is characterised by the
content of Mo/Ti=0.10 [g/g].

EXAMPLE II

the synthesis of Mo-Ti-C/Ni powder (marked with "B"
code)

[0013] A mixture of anatase-TiO, (~30nm), MoO3 ox-
ide (~20nm) and carbon in the mass content of 0.2; 0.07;
0.73, respectively, was mixed with a nickel microcrystal-
line powder, with the mass content of 0.4 g/g. To homog-
enise the powder, the mixture was ground for approxi-
mately 5 min and then soaked under argon atmosphere
at 1050°C, for approximately 5 h. During soaking, a cer-
met powder is formed. During soaking, a (Ti,Mo)C-70
mass%Ni cermet powder is formed and excess carbon.
[0014] The obtained material is characterised by the
content of Mo/Ti=0.40 [g/g].

EXAMPLE Ill

the synthesis of Mo-Ti-C/Ni powder (marked with "C"
code)

[0015] A mixture of anatase-TiO, (~30nm), MoO3 ox-
ide (~20nm) and amorphous carbon in the mass content
of 0.35; 0.07; 0.58, respectively, was mixed with a nickel
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microcrystalline powder, with the mass contentof 0.2 g/g.
To homogenise the powder, the mixture was ground for
approximately 5 min and then soaked under argon at-
mosphere at 1200°C, for approximately 3.5 h. During
soaking, a (Ti,M0)C-40 mass%Ni cermet powder is
formed and excess carbon.

[0016] The obtained material is characterised by the
content of Mo/Ti=0.20 [g/g].

Claims

1. A material in the form of a powder with magnetic
properties, characterised in that it is a nano-struc-
tural cermet powder in a Ti-Mo-C-Ni system and it
comprises 6-70 mass % nickel in proportion to the
sum of the mass of constituent elements containing
molybdenum and titanium carbides, with the Mo/Ti
ratio varying between 0.1 and 0.4 g/g.

2. The method of preparation of the material in the form
of a powder with magnetic properties to produce
composite products by mixing and soaking powders,
characterised in that nano-structural powders of
molybdenum oxide and titanium oxide with the
MoO;/TiO, mass content of 0.1+0.4 and a carbon
material in the amount of above 45 mass% are
mixed, and then a nickel powder is added in the
amountof 3+-40 mass%, relative to the mixture mass
of titanium and molybdenum oxides and carbon, and
then all constituent elements are ground under inert
atmosphere, in ambient temperature to homogenise
and then the resulting product of grinding is isother-
mally soaked in the temperature range of 1050 -
1500°C, under inert atmosphere, for 2 - 5 hours to
produce a nano-structural cermet powder in the Ti-
Mo-C-Ni system.

3. The method of preparation according to claim 2,
characterised in that activated carbon and/or nano-
structural carbon and/or black coal is used as the
carbon material.
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