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The paper presents a study of interdiffusion processes in a binary Fe-Ni system (obtained by elec-
troconsolidation of nickel and iron powders) by X-ray energy dispersive spectroscopy. Well-separated
regions of almost pure iron and nickel have been discovered. The content of nickel, estimated from
the concentration dependence of the interdiffusion coefficient, which determines the kinetics of the ho-
mogenization process of the electroconsolidated Fe-Ni composite sample, was =~ 70 at.%. The value
of the interdiffusion coefficient of the electroconsolidated Fe—Ni composite is significantly higher than
that of the alloy of similar composition which probably results from the effect of spark plasma sintering
technology (pressure and current along the same direction during consolidation) but also from a signif-
icant contribution of diffusion with mass transfer along the particle boundaries in the composite.
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nology and mass transfer effect

1. Introduction

Binary metallic systems are important in modern
technology as they are widely used in metallurgy
and for specialized high-tech applications. In this
regard, the Fe-Ni system combines the availabil-
ity of components and specific properties. This bi-
nary system is used in modern technologies, e.g.,
as a matrix for OLED displays, which has stimu-
lated research in the direction of improving the elec-
trodeposition methods of this alloy [1, 2]. The use
of Fe—Ni-based composite structures is widespread,
e.g., as protective coatings [3|, basis for catalysts
used in plastic processing [4, 5], water splitting [6-9|
and hydrogen storage [10, 11]. Notably, Fe-Ni,
along with other bimetallic systems [12], is consid-
ered as a bifunctional element for the extraction and
reduction of oxygen in fuel cells and air-zinc accu-
mulators [13]. Highly ordered Fe-Ni alloys (the so-
called tetrataenite ordered) are regarded as an af-
fordable alternative to modern powerful magnets
made on the basis of rare-earth materials [14, 15].

It should be noted that, despite a wide develop-
ment of various, primarily electrochemical, methods
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of obtaining structures based on Fe—Ni, metallurgi-
cal methods, in particular sintering, continue to be
the basis of many modern technologies.

Electroconsolidation technologies, such as field
activated sintering technique (FAST) and spark
plasma sintering (SPS) [16], are very effective for
the manufacture of composites of hardly sintering
materials and compounds. In such technologies,
electric current is passed along the applied external
pressure, generating considerable heat (both field
and direct effect), making it possible to significantly
accelerate heating and reduce the sintering time to
several minutes. In such short processes, large crys-
talline grains do not have time to form, that is, com-
paction is faster than grain growth [17] and thereby
a high-density and finely dispersed composite struc-
ture [18] is ensured.

During consolidation, mass transfer by surface
and bulk diffusion as well as plastic deformation are
activated by temperature which during electrocon-
solidation is within 0.5T et < Tuint < Tmert [19]-
At the sites of point contacts of grains, they deform
and the area of the boundaries increases many times
which also increases mass transfer.
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Electro-discharge processes occur along grain
boundaries which accelerates consolidation due to
local welding of powder particles and additional
mass transfer due to internal temperature gradients
in the composite under the influence of inhomoge-
neous electric current density between pores [20].

Local plasma formation as a result of electric dis-
charges leads to the cleaning and activation of the
surface of sintered powders which significantly con-
tributes to the chemical purity of the final product
and compaction of sintered powders [21].

At the same time, diffusion processes occurring
in the Fe—Ni binary system both during its produc-
tion and during its operation have not been studied
enough, especially since the diffusion processes fi-
nally determine not only the possibility of forming
structures with specified functional properties but
also their safety over time.

In this work, we study the concentration depen-
dence of the diffusion coefficient in Fe-Ni samples
obtained by electroconsolidation (SPS).

2. Experiment

The samples were obtained by electroconsolida-
tion of nickel and iron powders for 10 min at a tem-
perature of 1100°C, a pressure of 35 MPa and a cur-
rent of ~ 5 kA. The heating rate was ~ 200°C/min.
The studied sample of the composite had the shape
of a bar with a rectangular cross section with di-
mensions 15 x 4 x 6 mm?3.

The surface was carefully polished and examined
using a TescanVega 3LMH scanning electron micro-
scope (SEM) equipped with a Bruker X Flash 5010
EDS characteristic X-ray detector.

The elemental composition was determined in the
detector self-calibration mode. To determine the
spatial distribution of the elements, the sample was
scanned in the direction parallel or perpendicular
to that of the electric current passing through the
sample and the pressure applied during sintering.
The spatial step of the probe during the transition
from one scanning point to another was 1 or 2 um
and the signal accumulation time from one point
was usually chosen as 32 s. For all elements except
iron and nickel, the “deconvolution only” mode was
selected. To take into account a possible influence
of the initial particle shape and surface effects on

Fig. 1.

Results of elemental mapping (left) and
SEM image (right, BSE mode) of an Fe-Ni com-
posite sample obtained by electroconsolidation.

the mass transfer of matter, in a separate series
of experiments, the electron probe was sequentially
passed along the same line on the sample surface us-
ing different accelerating voltage values. Since the
penetration depth of electrons and, consequently,
the generation region of the characteristic X-ray sig-
nal strongly depend on the initial electron energy,
this procedure permitted gaining some information
about the influence of the form factor on diffusion
processes in the sample.

3. Results and discussion

Figure 1 shows the map of distribution of ele-
ments and SEM images of an Fe-Ni sample after
sintering. It can be seen that it is a two-phase sam-
ple, with clearly separated regions of almost pure
iron and nickel. The contrast between the phases
is well-observed not only in a backscattered elec-
tron (BSE) but also in a secondary electron (SE)
mode. It is probably due to a different hardness of
nickel and iron which causes morphological contrast
during polishing.

A typical dependence of the concentration of
nickel (or iron) on the coordinate of the probe is
shown in Fig. 2. The left edge of the SEM image
was taken as a reference point. The frame size and
its location were chosen in such a way as to cap-
ture the areas of phase zones free from the second
component (see Fig. 3).

Figure 4 presents the results of constructing the
distribution of elements along the scan line obtained
at different accelerating voltage. Scanning was car-
ried out along the same line, without moving the
sample (see Fig. 3). Figure 4 gives some idea of
the distribution of elements along the depth of the
sample. It can be seen that, in the central re-
gion of the distribution, the difference between the
concentrations obtained at the same point of the
sample at probe energies of 15 and 30 keV reaches
20-25 at. frac. For comparison, we indicate that for
the dependences obtained at the same accelerating
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Fig. 2. Dependence of nickel concentration on the

coordinate along the scan line.
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Fig. 3. Cropping example to obtain a series of en-
ergy dispersive X-ray spectra (EDS). The SE image
shows the effects of carbon pollution, stimulated by
the multiple passage of an electron beam.
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Fig. 4. The coordinate dependences of the iron
concentration obtained at different energies of the
electron probe.

voltage during successive scanning cycles, this dif-
ference is only 1-2% and is random. The observed
effect may be due to the peculiarities of the dis-
tribution of matter in a narrow layer on the grain
surface, which can have a decisive influence on the
behavior of nanocomposite structures. The stud-
ies in [15] have shown that, due to the size depen-
dence of the diffusion coefficient, the synthesis of
functional structures of the L10 phase type Fe—Ni
turned out to be possible at a temperature of only
320°C. However, a detailed explanation of this phe-
nomenon needs a separate study.

To obtain the concentration dependence of the
diffusion coefficient, we used the data obtained at
the probe energy of 30 keV. As it can be seen
in Fig. 4, with increasing the probe energy, the
experimental dependences asymptotically approach
those obtained at the accelerating voltage of 30 kV.
Apparently, they characterize the diffusion pro-
cesses occurring in the bulk of the sintered material.

Using the Boltzmann—Matano method, we cal-
culated the concentration dependence of the in-
terdiffusion coefficient (C) from the Cx;(z) curve
(Fig. 2) [22]. The results of calculations of the dif-
fusion coeflicient concentration dependence are pre-
sented in Fig. 5. Notably, we did not find a signif-
icant effect of the passage direction of the probe
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Fig. 5. The concentration dependence of the inter-

diffusion coefficient D(CNi) in the Fe-Ni composite.

(relative to the direction of transmission of the cur-
rent applied during sintering) on the value of the
diffusion coefficient.

The C dependence has the form of a smooth
curve with a maximum in the region of
~ 70 at. % Ni, according to the literature data for
the interdiffusion coefficient in the Fe-Ni system
(see, e.g., [23-26]) and is correlated with the
concentration dependence of the partial coefficients
diffusion of components in the Fe-Ni binary alloy
with unlimited component solubility.

The maximum in the C' dependence is associated
with the shape of the equilibrium diagram for
the Fe-Ni binary system [27], in which the lig-
uidus and solidus curves for alloys with a con-
tent of 5.9-100 at.%Ni have the form of a sagging
chain with a minimum at 1436°C and a content of
68 at.%Ni. As known, the diffusion of atoms in an
alloy of variable concentration is the higher, the
lower the melting temperature of the alloy [28].
That is the reason why the interdiffusion coefficient
of the alloy concentration = 70 at.%Ni has a maxi-
mum value.

However, the diffusion coefficient obtained here
is much higher than in the literature [23-26]. For
instance, in [24], D(1100°C) = 3.2 x 10~'% m?/s.
High values of diffusion coefficients can be associ-
ated with the impact of the electric current flowing
through particles of Fe and Ni. The current causes
local heating and cleaning of the surface of the par-
ticles which activates the diffusion process. In addi-
tion, due to a large area of interparticle (interphase)
boundaries in the composites, the diffusion mass
transfer along the boundaries can become pivotal.

4. Conclusions

Concentration dependence of the interdiffusion
coefficient, which determines the kinetics of the
homogenization process of an electroconsolidated
Fe-Ni composite sample, was obtained by EDS.
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The indicated dependence has a maximum at
a nickel content of &~ 70 at.%. This is similar to the
concentration dependence of the interdiffusion coef-
ficient in Fe—Ni alloys.

The value of the interdiffusion coefficient in
an electroconsolidated Fe-Ni composite is signifi-
cantly larger than in an alloy of a similar compo-
sition which indicates the probable effect of SPS
technology (pressure and current along one direc-
tion during consolidation) together with a signifi-
cant contribution in mass transfer of diffusion along
the particle boundaries in the composite.
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