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Abstract
The diffusion processes and sintering kinetics in micro- and nanodispersed ”Fe-Ni”
powder systems during sintering in α- and γ-regions with free and spark plasma
sintering (SPS), as well as the structure and properties of metastable powder steels
on the basis of these systems are studied. The diffusion coefficient (D) in iron-nickel
systems was 2-3 times higher in systems with nanodispersed nickel powder than in
the system with microdispersed powder. The SPS provides, at lower temperatures and
a time, an increase of D by an order of magnitude or more, compared to free sintering.
The coefficients of the equation of the Ivensen sintering kinetics are calculated. The
use of SPS for the iron-nickel powder system significantly reduced the activation
energy of sintering. In the SPS process, as in free sintering, in the carbide steels of the
”iron-nickel-titanium carbide” system, a ferrite-austenite structure is formed in which,
after abrasion friction, a metastable austenite is transformed into a martensite of
deformation, while the volume of conversion is larger, the higher were the hardness,
microhardness and wear resistance. The use of nanodispersed powders of nickel
and titanium carbide for the manufacture of diamond tools have improved its cutting
ability.

1. INTRODUCTION

Cutting and grinding toolswithmetal bond, is themost sought after tools for processing
non-metallic materials (natural stone, building materials, fig. 1), as it has high thermal
conductivity, wear resistance, provides high speed grinding [1]. One of the effective
methods of manufacturing the composite powder of diamond tools is powder met-
allurgy. The improved properties of the composite material can be achieved through
the use of nanodispersed metal powders [2]. However, the consolidation of nanosized
powders typically require sintering with the application of pressure, such as plasma-
spark sintering [3, 4]. Another way of improving the properties - the formation of the
structure of metastable austenite [5], which is in the process of the work hardened due
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to the formation of deformation martensite [6] that as a result improves the fixation
of the diamond grains increases the strength of the ligaments and cutting properties
of the tool [5].

The work purpose is research of structure and properties of powder bonds for dia-
mond tools of systems, ”Fe – Ni” on the basis of the fine iron powder and micro - and
nanodispersed powders of Nickel and titanium carbide with the sintering and spark
plasma sintering (SPS) and carbidsteels ”Fe – Ni – TiC” and the diamond tool ”Fe – Ni –
TiC – C (diamond)”.

2. EXPERIMENTAL PROCEDURE

Samples were made from powder mixtures that contain 6-18 wt. % Nickel, 8 wt. per-
cent titanium carbide, 7, 5 wt. % of diamond grains, the rest is iron. It have been used
as the basis of carbonyl iron powder with an average size of 5 microns; the titanium
carbide powders: the first, made by the carbothermically with an average size of 5
microns, and the second, obtained by the method of the explosive mechanochemical
synthesis in a planetary mill from titanium and graphite. It has been added powders of
nickel carbonyl PNK – UT3 with sizes of 3-5 µm or nanosized with the size 50-80 nm,
restored salt, as well as synthetic diamond powder AC 32 400/315. Mixture of powders
was mixed in a mixer for 8 hours. Then the powders were pressed at a pressure of
400 MPa and were annealed for removing internal stresses in hydrogen for 2 hours at
a temperature of 600 ∘C, the samples were then re-extruded to reduce porosity at a
pressure of 600 MPa and sintered finally in hydrogen for 5 hours at a temperature of
900-950 ∘C.

Diffusion couples ”iron-nickel” extruded at a pressure of 600 MPa. Sintering was
conducted at temperatures of 800, 900 and 1100 ∘C, using thermo-mechanical analyzer
(dilatometer) Setaram (France) in argon atmosphere under a load of 0.07 MPa, and the
installation of the spark plasma sintering Dr. Synter SPS-1050b in argon atmosphere
at temperatures of 800-900 ∘C and a pressure of 30 MPa, exposure 5 min. Diffusion
coefficients were calculated by the method of Matano-Boltzmann. The coefficient of
variation in the concentration of nickel was determined as the ratio of the concentra-
tion dispersion related to its average value. Description of the sintering kinetics was
carried out according to the empirical equation of V.A. Ivencen (1):

𝑉 = 𝑉ℋ (𝑞𝑚𝜏 + 1)−1/𝑚 (1)

where V, Vℋ - are the pore volumes at the current time of sintering and at the
beginning of isothermal aging, q – const, the physical meaning of which is the relative
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reduction in pore volume at the time of isothermal sintering, h−1, m – const, whose
physical meaning is the characteristic intensity of reduction in the rate of reduction in
pore volumewith sintering time (dimensionless), τ - isothermal aging time in sintering,
h.

The concentration of elements was determined using an analytical field emission
scanning electron microscope ULTRA 55/60 Carl Zаiss with an energy dispersive
analyzer. Sintered samples were tested on density and calculated porosity, the HRC
hardness, microhardness, strength in three-point bending specimens without cracks
according to standard procedures on 3 samples per point, and measurement error was
10 %. The study of microstructure was performed on thin sections, etched in nital,
using the metallographic microscope Carl Zeiss Axiovert 40MAT by increasing 100-
200. X-ray phase analysis was performed using the Shimadzu XRD – 6000 in the Kα
radiation of Cu c Ni filter. Tribological tests were carried out on the friction machine
SMTS – 2 at a frequency of 300 rpm. Steels and diamond tools were tested on the wear
by friction on the counterbody of corundum, we calculated the relative wear as a ratio
of loss of mass of the sample and the counterbody [5].

3. EXPERIMENTAL RESULTS

The diffusion coefficient (D) in the ”Fe – Ni” as with micro-dispersed and nano-
dispersed powder of nckel, at a temperature near the phase transformation in iron
(900 ∘C) was higher than that at 1100 ∘C, fig.1, tab.1. In systems with nano-sized
particles of nikel powder D at temperatures of 900 and 1100 ∘C were 2-3 times higher
than in the system with the ultrafine powder. SPS provides increase in D by an order
of magnitude in comparison with the free sintering at more lower temperatures and
the 5-minute time. When the temperature SPS was increased from 800 to 900 ∘C,
the diffusion coefficient increased about 2 times. The calculated coefficients of the
equation of kinetics of sintering of Evensen, tab. 2. The addition of nanosized Nickel
powder to micron-sized powder of iron lowers the activation energy several times,
with 45 to 7 kJ/mol. The use of SPS for the system powders ”iron-nikel” significantly
lowers the activation energy of sintering by maintaining a high concentration of
structural defects to the beginning of isothermal sintering at high heating rate and
the application of pressure in the process of consolidation (of 5.2 and 3.6 kJ/mol for
the system with the ultrafine powder of Nickel and nano-dispersed, respectively).
The values of the coefficients of the equation of kinetics of sintering confirm that
intense shrinkage occurs already during heating; and sintering under pressure during
isothermal exposure is much more intense.
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Figure 1: Coefficient of mutual diffusion in iron-nickel systems in the range of iron concentrations Niℋ -
particle size 50 nm, Ni - particle size 5 μm, Fe - particle size 5 μm.

Table 1: Coefficient of mutual diffusion in iron-nickel systems, D·10−10, sm2/s.

Systems of powders Sintering SPS

900 ∘С, 6 h 1100 ∘С, 6 h 800 ∘С, 5
min

900 ∘С, 5 min

Fe (5 mkm)-Ni (5 mkm) 7,0 3,2 2,9 6,8

Fe (5 mkm)- Ni (50 nm) 14,3 4,5 4,4 7,9

Fe (50 nm)-Ni (5 mkm) - - 4,7 5,5

Fe (50 nm)-Ni (50 nm) - - 5,7 5,5

When you add the powder titanium carbide to the system of powders of iron and
Nickel activation energy of sintering increases by 10 times when the free sintering due
to the reduction of area of metallic contact is 85 kJ/mol, while at SPS is only 2 times (up
to 11 kJ/mol). Grain size in the sintering composition materials, contain nanodispersed
powders of nikel and titanium carbide was 4 µm, with the ultrafine additives - 8 µm.

In the process of SPS, as with the free sintering, in system ”iron-nickel-titanium
carbide” is formed by ferrite-austenitic structure with different coefficient of variation
of concentration V𝑁𝑖, in which, after the friction on the abrasive is the transformation of
metastable austenite to martensite deformation. The volume of transformation (Δγ)
in materials by the friction with nanosized alloying additions was 30 %, and was 10
% in material with micro powders; analogically thus, the greater was the amount
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Table 2: Coefficients of the Evenensen equation 𝑉 = 𝑉=(𝑞𝑚𝜏 + 1)−1/𝑚and activation energy of sintering at
900 ∘C for iron-based powder systems.

Systems Sintering SPS

Fe - 5 mkm 50
nm

+ + + + + + + +

Ni - 5 mkm 50
nm

+ + + + + +

ТiС - 5 mkm 50
nm

+ +

q, ч −1 0,42 5,94 0,17 1,98 - 0,05 0,02 -

m 12 70 8,1 10,5 - 36,2 28,9 -

E𝑎, KJ/mol 16,2 160 45 7,2 85 5,2 3,6 11

αNℋ , h −1 5,04 416,0 1,38 208 - 320 390 -

of transformation, the higher was the hardness, microhardness and wear resistance,
tab.3.

After friction on the abrasive, metastable austenite was transformed into a marten-
site of deformation-in materials with nanodispersed doping additives, the volume of
Δγ was 30 %, and with a microdisperse 10%, Table. 3. In the material with nanodis-
persed additives of nickel and titanium carbide powders, hardness, microhardness and
wear resistance were higher, Table. 3, due to the fine grain and large volume of the
phase transformation.

The maximum value of the grinding coefficient (K) for corundum in a matrix of a
diamond tool with microdispersed additives was 25, and with nanodispersed - 50, Fig.
2.

Table 3: Volume of transformation and physical and mechanical characteristics of sintered materials.

Material V𝑁𝑖 Δγ, vol. % Porosity, % HRB HV, МPа σ 𝑓𝑙𝑒𝑥, MPa

Fe (5 mkm) –
base, Ni (5 mkm)
- 14 %. ТiС (5
mkm) - 8 %

25 10 19,0±1,0 65±3 3070±120 540±50

Fe (5 mkm) –
base, Ni (50 nm) -
14 %, ТiС (5 mkm)
- 8 %

35 30 18,0±1,0 70±1 3850±220 580±40

Moreover, the dependencies on the time of work were different: in an instrument
containing nanodispersed nickel powder, K was the maximum section at the initial
time, which may be due to the high degree of non-homogeneity of the metastable
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Figure 2: Change in the grinding coefficient of the diamond tool with the time of work on corundum: 1 -
contains nanodispersed nickel powder 2 - contains microdispersed nickel powder.

austenite and the instantaneous onset of the phase transformation; in an diamond
tool containing a microdispersed nickel powder, K was at a 2-time lower value than
case (1), which may be due to the need for an incubation period to initiate the decay
of a metastable austenite, probably more homogeneous than austenite (1), then, with
increasing friction time, the section increased to 33. The groove was proportional to
the volume of the phase transformation for all materials under identical test conditions
with the same chemical composition, differing in the degree of inhomogeneity due to
the parameters of the sinter and dispersible powders, Fig. 3.

4. CONCLUSION

The SPS of the ”Fe-Ni” powder systems provides, at lower temperatures and a 5-
minute isothermal holding time, an increase in the diffusion coefficient D by an order
of magnitude or more, compared to free sintering.

The addition of nanodispersed nickel powder to the micron powder of iron reduces
the activation energy of sintering several times. The use of SPS for the system of
iron-nickel powders significantly reduced the activation energy of sintering. When the
powder of titanium carbide is added to the system of iron and nickel powders, the
activation energy of sintering increases by a factor of 10 with free sintering, in view
of the reduction in the area of the metal contact, and in the case of the SPS, only by a
factor of 2 times.
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Figure 3: Dependence of the grinding coefficient of the diamond tool (for a friction time of 40 s) • -
contains nanodispersed nickel powder □, ■ - contains microdispersed nickel powder, □ - data [5].

In the SPS process, as in free sintering, in the carbide steels of the ”iron-nickel-
titanium carbide” system, a non-homogeneous ferrite-austenite structure is formed
in which, after abrasion friction, a metastable austenite is converted into a martensite
of deformation. The dependence of the grinding coefficient of the diamond tool on the
volume of the phase transformation of the metastable austenite into the martensite of
deformation is established. The grain sizewhen using nanodispersed powders of nickel
and titanium carbide was 2 times less, which led to increased values of physicome-
chanical characteristics of the materials. The use of nanodispersed nickel and titanium
carbide powders to fabricate a matrix of a diamond tool ”Fe-Ni-TiC-C (diamond)” by
plasma spark-sintering has resulted in an increase in the physicomechanical, tribo-
logical and cutting properties of the material due to the increased volume of phase
transformation of metastable austenite in martensite deformation.
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