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Abstract

The vast majority of metals production is based on the use of carbon as a reductant and/or a heating fuel. This results in a
large amount of carbon dioxide emissions and should be minimized to limit global warming. In this study, powders of copper—
nickel alloy and iron—nickel of varying compositions were produced in a single step by reduction of mixtures of Cu,0-NiO
and Fe,0;-NiO powders, respectively, using hydrogen as a reductant. Reduction was performed in a horizontal tube furnace
at 700 °C for 45 min. All processing was in the solid state and alloys were produced directly from elemental metal oxides.
Exhaust gases were analyzed using a gas analyzer to measure the water content to track the progress of the reduction. Reduc-
tion was declared complete when the water content in exhaust gases matched the level before hydrogen was introduced. Both
copper—nickel and iron—nickel alloys were produced successfully. X-ray diffractometry confirmed the absence of oxides in
the product and the presence of solid phases in agreement with the relevant binary phase diagram. Energy-dispersive X-ray
spectroscopy in a scanning electron microscope showed macroscopic homogeneity at the expected composition for each
powder mixture directly after reduction, with microscopic fluctuations of the order of several mass percent, within the limits
of fluctuations observed following typical casting processes. These promising results warrant further investigation to apply
this concept to more chemistries and to scale up the process to a pilot scale.
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Introduction

In recent years, there has been much activity concern-
ing the replacement of carbon-based reductants in iron
making. This is due to the high amount of carbon diox-
ide emitted by the iron and steel industries: in 2019, the
global emission by this sector accounted for 2.6 Gt of
carbon dioxide and this represents one-quarter of the car-
bon dioxide emitted by all industries. Around 5% of the
carbon dioxide emissions in the EU region and 7% glob-
ally come from steel industries and this value is high for
a single sector of the economy [1, 2]. However, the iron
and steel sector cannot be completely replaced as it makes
a huge contribution to the global economy and is vital to
ensure continued economic development and to increase
the standard of living in developing countries. The total
value-added contribution by the steel industry in the year
2017 accounted for US$2.9 trillion, which is 3.8% of the
global GDP [3]. Therefore, it is necessary to change the
practices in this sector to use alternative processes that do
not emit large quantities of carbon dioxide. Scrap-based
processing has a role to play in this transition, although
the limited availability of scrap and declining scrap qual-
ity means that the industry must continue to produce vir-
gin material by reduction of ores. One technology that is
investigated widely is the substitution of fossil carbon as
a reductant by either biocarbon or hydrogen. In the case of
biocarbon, it can be used as a replacement for pulverized
coal injection in blast furnaces, or it can be gasified to pro-
duce syngas and used as a reductant of ores in a solid-state
reaction to give a so-called direct reduction technique [4].
Hydrogen is also used in this way. In the 2020 technology
road map devised by the International Energy Agency, it is
stated that the utilization of green hydrogen as a primary

reducing agent in the iron and steel sector is expected to
reach a commercial scale by mid-2030s. Furthermore,
green hydrogen and carbon capture, utilization and stor-
age can cumulatively reduce emissions in the Sustainable
Development Scenario by one-quarter [1, 5]. This scenario
depicted in the 2020 technology road map can also be
realized by looking at the key hydrogen reduction technol-
ogy projects such as Hybrit (SSAB, LKAB and Vattenfall,
Sweden), Greenlron, H2 Green Steel, and Hamburg pilot
project (ArcelorMittal, Germany) [5].

Since pyrometallurgical research overwhelmingly con-
centrates on the replacement of carbon-based reductants
in iron making, most notably replacing the blast furnace,
the aim of the research work in this article is to replace or
avoid the downstream processes needed to produce alloys,
while also replacing carbon-based reductants with hydrogen.
The ultimate goal is to produce any arbitrary alloy directly
from suitable mixtures of oxides. This could be alloys in
the final compositions of products using a new production
route (Fig. 1); alternatively, hydrogen-based reduction could
produce carbon- and energy-intensive precursor materials,
such as ferroalloys, used in existing processes in the steel
industry. Both applications shall be explored in this study
and future-related work.

The current study aims to understand the fundamental
materials science behind producing any metal alloy by
hydrogen reduction of their respective metal oxide pow-
ders in solid state. As a proof of concept, it is preferable to
select a simple binary alloy system with oxides that exhibit
relatively low stability, that are inexpensive, that have some
direct industrial applications, and that avoid major chemical
hazards. Based on these criteria, the iron—nickel (also known
as the ferronickel) system is a strong candidate; however,
the iron—nickel system has the potential to form intermetal-
lics such as FeNi,;, which may influence the reduction and
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homogenization processes, even though it is metastable in
nature and its formation is kinetically limited above 500 °C
[6]. Such effects may include providing a low-energy route
for reduction, or forming intermediates that hinder overall
reduction or homogenization kinetics. For this reason, cop-
per—nickel, which has less industrial relevance but avoids
the formation of any intermetallics, was also selected for the
proof-of-concept study [7].

Around 0.3 Gt of carbon dioxide (of the total of 2.6 Gt
of carbon dioxide emitted from iron and steel sector) is
emitted due to the usage of lime fluxes and other steps in
the production of such ferroalloys [1]. Nickel alone con-
tributes to 23.8% of carbon dioxide emissions of the stain-
less steel industry, and the production of iron—nickel alloy
(35% Ni) and nickel pig iron (10% Ni) that are used in
stainless steel making emits 6 tCO,-equivalent/t alloy and
7 tCO,-equivalent/t alloy, respectively. The major contribu-
tion to greenhouse gas emission comes from the usage of
carbon-based reductants and fossil fuels [8]. Even though the
overall aim of current study is to provide a proof of concept
for general alloy production and not to provide a new pro-
duction route for iron—nickel alloys specifically, this shows
an example of the potential of the proposed technique to
reduce carbon dioxide emissions and energy consumption.
The application of iron—nickel alloys is not restricted to steel
production. Iron—nickel alloys are used in magnetics (Fe-
50Ni) and from the late 1970s, they have been considered
as a potential candidate to replace cobalt-based binders used
in cemented carbide tools. Cobalt is a critical raw material
and supply is heavily dependent on the Democratic Repub-
lic of the Congo, which is often in a state of civil unrest or
war [9, 10]. From the late 1990s, cemented carbide tools
produced with iron- and nickel-based binder systems have
been used commercially in woodworking and production of
special wear parts [11-13]. The iron—nickel alloy powders
used as alternative binders are produced using water and
gas atomization, where the pre-alloyed iron—nickel alloy
is melted and broken into droplets using fast-moving fluid.
This is energy-intensive. An alternative method of produc-
ing iron—nickel alloy powder mixtures is mixing iron and
nickel powder through admixing or by chemical or diffusion-
bonding processes [13]. However, no new approach has yet
succeeded in displacing cobalt-based binders and improving
the sustainability of cemented carbide tools.

The steps involved in the reduction of Fe,Oj in the ferric
and nickel oxides powder mixture using hydrogen at tem-
peratures above 570 °C are as follows: reduction of Fe,O; to
Fe;0,, followed by formation of FeO from Fe;O, and finally,
reduction of FeO to metallic iron [14]. On the other hand,
the NiO in the oxides powder mixture directly reduces to
metallic nickel. NiO is less thermodynamically stable with
respect to its elements in their standard states than FeO and
so it requires less energy to reduce [15]. This implies that the
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reduction of NiO in the mixture would be complete before
that of FeO. The Baur-Glissner diagram for Fe-O-H, shows
that higher reduction temperatures are favorable, since both
iron and FeO are stable over a wider range of conditions as
temperature increases [16].

Materials

As an initial trial, 50 wt% cuprous oxide (Cu,O, Alfa
Aesar—ThermoFisher GmbH, Kandel, Germany; country of
origin: United States of America; particles <23 um;>99.9%
purity) was mixed with 50 wt% nickel oxide (NiO, Sigma
Aldrich Chemie GmbH, Steinheim am Albuch, Germany;
country of origin: China; particles 44 um;>99% purity)
manually using a mortar and pestle for 5 min to produce 1 g
of mixed powder. At the end of every minute, the mixing
was stopped, and the powders that had spread out were col-
lected using a spatula before restarting the mixing process.
The mixing time was kept short as to prevent mechanical
alloying of the oxide powders. From the 1 g mixture, 0.10 g
was used in each reduction trial. With equal masses of both
oxides, it is expected from the atomic masses of each ele-
ment that the proportion of metal atoms that are nickel is
47 wt%, and so the reduced alloy is expected to have the
overall composition Cu-47 wt% Ni.

Fe-Ni alloy powders with varying composition of Fe
and Ni, were produced using the same procedure as the
Cu-Ni alloy. Ferric oxide (Fe,0;, Sigma Aldrich Chemie
GMBH, Steinheim am Albuch Germany, country of origin:
China, <5 pm, > 96% purity) and NiO powders (as above)
were mixed in various proportions to achieve different final
alloys, as listed in Table 1. Furthermore, Fig. 2 shows the
morphology of the Cu,0, Fe,0; and NiO powders (precur-
sors) used to produce the mixtures mentioned in this section.

Experimental Methods

The experimental setup consists of a gas inlet for gases such
as argon and hydrogen, a plug valve to switch between the
gas connection and the vacuum pump, an overpressure valve
and a pressure gauge, and a push rod connected to a cru-
cible containing the raw material (Fig. 3). The horizontal
quartz tube in the furnace is isolated from the inlet chamber

Table 1 Compositions (wt%) of mixtures of Fe,O; and NiO for alloy
production

Raw material sample 1 2 3 4 5

Fe,0, 80 60 50 40 18

The residue of the sample is NiO



Journal of Sustainable Metallurgy (2024) 10:1156-1169

1159

Fig.2 Secondary electron
images of the precursors: a
Cu,0, b Fe,0; and ¢ NiO
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Fig.3 Experimental setup containing horizontal quartz tube furnace with a push rod mechanism to handle the sample, thermocouples (TC), a
gas inlet, and a gas outlet connected to a photoacoustic multi-gas monitor (PAS) and a dew point meter (DPM)

using a ball valve, during vacuum pumping and raw mate-
rial charging operations. Thermocouple 1 (TC1) provides
the temperature of the hot zone where the sample is placed;
the temperature near the wall of the quartz tube is recorded
using thermocouple 2 (TC2). The outlet of the quartz tube
is divided and off-gas flows to a photoacoustic multi-gas
monitor and a dew point meter simultaneously. The dew
point meter measures moisture content in parts per million
by volume; the photoacoustic multi-gas monitor analyzes

the gas composition and moisture content (in parts per mil-
lion by volume) of the off-gas at one-minute intervals. As
the dew point meter is calibrated for argon as a carrier gas,
its data are considered to be strictly qualitative when other
gases make up the majority of the experimental atmosphere,
as in the current study, where hydrogen is the main compo-
nent of the exhaust gas mixture. The photoacoustic multi-
gas monitor is calibrated for hydrogen atmosphere and is,
therefore, considered the main source of data to track the
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reduction process in the current study. From the 1 g sample
of each oxide mixture, 0.10 g was used in each reduction
trial, in order to not to exceed the moisture content limit of
the photoacoustic multi-gas monitor (ca. 14,000 ppm).

In each experiment, the crucible was placed at one end
of the push rod and the lid was tightly fastened to make
the environment gas-tight. The air in the inlet chamber was
then removed using the vacuum pump and the chamber was
then filled with argon at 1 NI min~! before heating. The
photoacoustic multi-gas monitor was turned off to avoid the
accumulation of water from the environment, which could
saturate the detector. In initial trials, three different tempera-
tures: 425 °C, 562 °C and 700 °C were used for isothermal
reduction of separate samples of the Cu,0-NiO mixture. The
minimum reduction temperature (425 °C) was obtained from
literature, even though the composition of Cu,0-NiO mix-
ture used in the current study is different from the published
data [17]. When the water concentration in the off-gas was
below 100 ppm according to the dew point meter (which is
the appropriate tool, since at this point in the trial the atmos-
phere is predominantly argon), hydrogen was introduced at
a flow rate of 0.6 N1 min~!. The photoacoustic multi-gas
monitor was then turned on and the crucible with the sam-
ple was pushed into the hot zone of the quartz tube furnace.
All samples were exposed to the hydrogen atmosphere for a
fixed time of 45 min, based on the experience of the furnace
operator. A peak in the water concentration was observed
immediately after the sample was introduced to the hot zone,
before slowly returning to its initial level. The rise of mois-
ture content to the maximum level and its drop to the initial
level happened within the 45 min fixed reduction time. The
trial was terminated after the moisture content in the off-
gas returned to the level at the start of the trial, implying
that no water was being generated from the sample, and the
sample was cooled under argon inside the quartz tube but
outside the hot zone of the furnace. The temperature at the
hot zone and near the furnace wall was continually recorded
during the trial. The argon supply was stopped when the
reduced product (Cu-Ni alloy powder) in the crucible was
observed to have reached ambient temperature, after which
the furnace lid was opened. The product was removed and
was immediately stored in an airtight package. The airtight
package was then stored in a vacuum desiccator.

The same experimental procedure was used to produce
all Fe-Ni alloy powders. Five 0.10 g samples, obtained
from different raw material mixtures, designated RMx,
wherel < x < 5, were reduced isothermally at 700 °C using
hydrogen gas with a flow rate of 0.6 NI min~!, to produce
Fe-Ni alloys, designated FNx, where 1 < x < 5. In both these
cases, the value of x indicates the raw material mixture from
which each alloy was produced. These designations have
been extensively used in the RESULTS AND DISCUS-
SION section. Furthermore, the reduction temperature was
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fixed at 700 °C, based on the results in existing literature
[16, 18-21]. This reduction temperature was also tried in
the reduction of pure Fe,0;, Fe;0,, FeO and NiO powders
individually before using it for the reduction trials involving
the raw materials mixtures. The reduction time for all the tri-
als was 45 min, as for the Cu-Ni trials and the reduction of
all the oxide powder mixtures was observed to be complete
within this time.

Calculation of Total Oxygen Content in Off-Gas

For all the Cu-Ni and Fe-Ni experimental trials, curves were
fitted to the water concentration data using the Cauchy dis-
tribution (Eq. 1) [22].

x—a\]™!
i (52)
where a and b are fitting variables and k is a constant that
has been used to normalize the density function so that it
integrates to 1.

In this curve fitting method, different combinations of
variables and normalizing constants were identified and
optimized using the Solver tool in Microsoft Excel (Ver-
sion 2402). The combination of variables which gave the
lowest value in a chi-square value was chosen. The function
was then integrated between time limits at which the water
concentration levels correspond to the base level. The area
under curve (total water content) obtained through integra-
tion was used to calculate total oxygen loss that occurred
during effective reduction time of each trial. The total oxy-
gen loss was then compared with estimated oxygen content
in the respective raw material, to confirm the completion of
the reduction process and to test the reliability of the meas-
urements. In all the calculations, the minimum amount of
raw material mixture was considered to be 0.10 g and the
maximum amount to be 0.12 g, as these limits were the
acceptance criteria while weighing the raw material before
all reduction trials.

Characterization

X-ray diffractometry (XRD) analysis was performed using
a Siemens D5000 diffractometer with a copper source. The
XRD instrument was operated in the traditional Bragg—Bren-
tano geometry to confirm the absence of oxides and to
identify the phases present in the reduced products. In the
XRD analysis of the Cu-Ni alloys, a nickel filter was used
to reduce the intensity of the copper Kf line. In the XRD
analysis of the FNx alloys, the nickel filter was removed,
and a graphite monochromator was used instead to avoid
fluorescence from the iron atoms.
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SEM analyses of the raw materials and reduction prod-
ucts were performed using a Hitachi S-3700N instrument.
Energy-dispersive X-ray spectroscopy (EDX) of the samples
was performed with an accelerating voltage of 15 kV. The
X-ray spectra from different regions in the sample were ana-
lyzed through EDX mapping, point, area, and line analysis,
using the software ESPRIT v.19.1. The morphology of the
samples was studied using this same instrument in second-
ary electron and backscatter electron modes.

Results and Discussion
Cu-Ni Alloy

Three isothermal reduction trials were performed at three
different temperatures: 425 °C, 562 °C, and 700 °C. These
trials were used for validating the experimental setup. In
all these trials, the water concentration in the off-gas was
measured using the photoacoustic multi-gas (PAS) monitor,

just before pushing the oxide powder mixture into the hot
zone (Fig. 4). The water concentration was observed to be
78 ppm, 77 ppm, and 99 ppm, respectively, at the begin-
ning of all three Cu-Ni trials. These trials were performed
for 45 min, and the water concentration in the off-gas was
observed to peak within a few minutes after introducing the
oxide powder mixture into the hot zone, after which it gradu-
ally decreased back to the initial value after approximately
30 min and certainly well within the 45 min experimental
time. This suggests that the oxygen in the oxide powder mix-
ture has been removed and, hence, that the reduction process
is complete. The peak values are observed to descend with
increase in temperature and this has to do with the frequency
at which the H,O concentration data was collected by the
PAS monitor. Data were collected every minute, and there
is a possibility that the actual peak caused by a more spon-
taneous release of H,O at 700 °C, compared to 425 °C and
562 °C, was not captured.

Figure 5 shows a curve plotted using the probability dis-
tribution function for the Cauchy distribution and Eq. 2 its
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function. The summation of chi-square values for the H,O con-
centrations calculated using the variate and constant combina-
tion shown in Eq. 2 was observed to be the lowest compared to
other combinations. Therefore, the curve generated using Eq. 2
is a good fit. Area under the curve was determined by definite
integration of the curve function, and this area represents the
total amount of water emitted from the beginning of reduc-
tion process and until the time when the water concentration
reached the initial concentration (99 ppm). In the Cu-Ni iso-
thermal reduction trial performed at 700 °C, it can be calcu-
lated from the area under the curve that the off-gas contained
24 mg of oxygen. 0.10 g of Cu,0—50 wt% NiO (raw material)
contains 16 mg of oxygen, and 0.12 g of the same raw material
contains 20 mg of oxygen. Since the total oxygen content in

the off-gas is higher than the total oxygen content in the raw
material prior reduction, and the difference between them is
small, the reduction process can thus be declared complete and
the measurements are consistent with expectations.

The curve function is,

floy=| 92712 @

2
=324
L+ ( 0.40 >
where ¢ is reduction time in minutes.

X-ray diffractograms (Fig. 6) of the samples following
reduction supported the conclusion that all oxygen had been
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removed from the sample, as the peaks present no longer
correspond with the oxides added in the mixture, but to
face-centered cubic crystals with lattice parameters typi-
cal of copper—nickel alloys. This is in accordance with the
copper—nickel equilibrium phase diagram [23]. The alloys
obtained from trials run at 425 °C and 562 °C generated two
separate families of peaks that each followed the systematic
absences attributed to a face-centered cubic crystal, and lat-
tice parameters (3.608 +0.001) A and (3.522 +£0.001) A,
respectively, which are very close to those of pure copper
and pure nickel [24, 25]. In contrast, the alloy produced
at 700 °C generated a single set of sharp peaks consistent
with a face-centered cubic crystal with a lattice parameter

Fig.7 Secondary electron image of the Cu-47 wt% Ni alloy produced
at 700 °C

Fig.8 Backscattered electron
image and energy-dispersive
X-ray spectroscopy mapping of
Cu-47 wt% Ni alloy produced
at 700 °C

of (3.555+0.001) A, typical of a near-equiatomic cop-
per—nickel alloy [26]. The copper and nickel FCC peaks
measured following reduction at 425 °C are sharper and
more distinct from each other, compared to those observed
following reduction at 562 °C. These results suggest that at
the lowest temperature, copper and nickel remained mostly
confined to the particles in which they began, either Cu,O
or NiO, and remained as separate phases. Conversely, at the
highest temperature tested, the two types of atoms interdif-
fused extensively to create a single phase. The intermedi-
ate temperature resulted in intermediate behavior, with two
distinct phases, but a more similar chemistry and broader
peaks, suggesting a partial homogenization had occurred.
Scanning electron microscopy and energy-dispersive
X-ray spectroscopy were performed on three separate
regions of the sample reduced at 700 °C. Figure 7 shows
the powder after reduction at 700 °C. Notably, the parti-
cles are significantly larger than both the precursor powders
(Fig. 2), suggesting that the original oxide particles are no
longer distinct and have sintered together to form new par-
ticles. The spongy nature of the particles is consistent with
similar solid—gas reduction reactions [27-29]. The EDX data
showed that the average composition of Cu-47 wt% Ni was
found in all three regions of the sample, although there were
fluctuations in the composition from one point to another
within the regions (Fig. 8). The mean composition was
found to be 57 +2 wt% copper in all three regions tested,
with the most copper rich point exhibiting 90 + 17 wt% cop-
per and the most nickel-rich at 32+ 17 wt% copper. The
slight discrepancy in composition could be explained eas-
ily by slight measurement or mixing errors during sample
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preparation: the small sample mass makes the overall com-
position extremely sensitive to small variations in weighing
or incomplete mixing. The large variation in composition
from one point to another is unsurprising given the short
heating time, the fact that each of the precursor materials
only contained one type of metal atom, meaning that the
copper and nickel atoms were entirely segregated at the start
of the process. Each EDX measurement point is an average
over a volume of the order of 1 um in each direction, and so
could easily detect compositional data from within a region
that contained only one type of metal atom at the start of the
process. The X-ray diffractometry data can be understood as
peaks centered on the position with the lattice parameter of
the average composition, but with peak broadening caused
by the inhomogeneities and associated small variations in
local lattice parameter. Since the initial goal of using the
experimental setup was to achieve complete reduction of the
oxide powders mixture to produce a binary metal alloy, the
concept has been proven. While the mean composition was
clearly within experimental error of that expected, the alloy
was not chemically homogeneous on a microscopic scale.
However, the alloy was chemically homogeneous on a mac-
roscopic scale, and it is likely that an additional homogeniza-
tion step, or a longer hold time at the elevated temperature,
is needed to achieve a more homogeneous alloy.

Fe-Ni Alloys

Using the same procedure as for the copper—nickel alloys,
a series of iron—nickel alloys, pure iron, and pure nickel
were produced separately by isothermally reducing appro-
priate mixtures of Fe,O; and NiO powders using hydro-
gen gas at 700 °C (Table 2). Similar to the trials using the
copper—nickel alloy, the water concentration in the off-gas
peaked within a few minutes after the initiation of the trials
and it declined to the initial level after approximately ten
minutes of reduction, and well within the set trial time of
45 min (Fig. 9).

Figure 10 and Table 3 show total water content in the off-
gas emitted during the production of the Fe-Ni alloys and
the total oxygen content calculated from it. The total oxygen
content removed from the raw material in all the Fe-Ni tri-
als is higher than the total oxygen content present in the raw
material prior to reduction. In the trials involving produc-
tion of FN1, FN2, and FN4 alloys, the difference between

these two values is small. In the other trials, the difference
is large, and this could have happened due to the emission of
moisture from the furnace or a leak of ambient air into the
furnace during the reduction. However, this does not affect
the conclusion that reduction was complete after these two
trials as the water concentration declined to its initial level
within the set trial time.

All samples were subjected to X-ray diffraction analysis
(Fig. 11). In all cases, no peaks consistent with metal oxides
were observed, which implies that the reduction was com-
plete. Alloy FNI1contained y (FCC) and a (BCC) phases.
X-ray diffractograms of the rest of the FNx alloys show the
presence of a single y (FCC) phase. These X-ray diffraction
results are in accordance with the iron—nickel equilibrium
phase diagram [30]. However, the presence of y (FCC) and
a (BCC) phases in FN1 and a single y (FCC) phase in FN5
does not agree with previously published results, in which an
intermetallic, FeNi,, was identified [18]. A major difference
in the current study is that the samples are cooled rapidly
from the reduction temperature to room temperature. This
could suppress the formation of low-temperature phases,
such as FeNi;; in the previously published work, samples
were allowed to cool slowly, giving sufficient time for low-
temperature, lower-symmetry phases, including FeNis, to
form by diffusional rearrangement of atoms. The presence
of single y (FCC) phase in FN2 and FN3 alloys confirms that
they were cooled at a faster rate, similar to FN1 and FNS5.
Slow cooling would have instead resulted in the formation
of FeNi, phase in the FN2 and FN3 alloys. This could be
investigated by altering the sample cooling rate, but that is
beyond the scope of the current study.

FN1, FN3, and FN5 were subjected to SEM analysis to
study their morphology (Fig. 12) and check if the targeted
composition is homogeneously present throughout the sam-
ple (Fig. 13). As with the copper—nickel samples, the prod-
uct particles are much larger than the precursor particles
(Fig. 2). EDX showed that the respective targeted composi-
tions, Fe-22 wt% Ni in the case of FN1 and Fe-84 wt% Ni
for FNS5, in some areas of the sample and iron- and nickel-
rich areas outside these regions, but never pure iron or pure
nickel. From Fig. 13 and Table 4, it can be understood that
homogenization was ongoing at the end of the heating time,
and a longer heating time, or separate homogenization treat-
ment, is needed to achieve a completely even composition
on the meso- and microscopic scale.

Table2 Summary of materials,

. Alloy designation
expected iron content and

Iron FN1 FN2 FN3 FN4 FN5  Nickel

background off-gas water
content for reduction trials in
the iron—nickel system

Raw material designation
Fe,O; content/wt%

Fe,0; RM1 RM2 RM3 RM4 RMS5 NiO
100 80 60 50 40 18 0

Expected Fe content in the reduced product/wt% 100 78 57 47 37 16 0
Background water concentration in off-gas/ppm 87 124 91 71 92 68 87
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Conclusion the material and a metal alloy was formed. The main con-

Samples consisting of mixtures of iron oxide, nickel oxide,
and copper oxide powders were produced and subjected
to a hydrogen atmosphere at elevated temperature for an
extended time. In all cases, oxygen was eliminated from

clusions of this study are as follows:
e It is feasible to form Cu-Ni and Fe-Ni alloys directly

from mixtures of pure oxide powders using hydrogen as
a gaseous reducing agent on a laboratory scale.
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Table 3 Total oxygen content in the off-gas emitted during the production of Fe-Ni alloys, and its comparison with the expected oxygen content

in off-gas

Alloy designation FN1 FN2 FN3 FN4 FN5
Total H,O concentration in off-gas/ul/l (Area under curve) 19,743 26,916 157,259 31,080 119,323
Total H,O in off-gas/mg 40 50 651 83 414
Total O, in off-gas/mg 35 45 579 74 368
Minimum expected O, content in off-gas/mg (0.10 g raw material) 28 27 26 25 23
Maximum expected O, content in off-gas/mg (0.12 g raw material) 34 32 31 30 28

Fig. 11 X-ray diffractograms of
Fe-Ni alloys: a FN1, b FN2, ¢
FN3, d FN4 and e FN5
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Fig. 12 Secondary electron
images of: a Fe-22 wt% Ni
(FN1) alloy and b Fe-84 wt% Ni
(FN5) alloy

Fig. 13 Backscattered electron
image and energy-dispersive
X-ray spectroscopy mapping of
Fe-53 wt% Ni alloy (FN3)

Table4 Summary of energy-dispersive X-ray spectroscopy data for
the FN1 and FN5 alloys

Alloy Minimum Maximum Mean
FN1 57+9 98+9 86+1
FN5 7+9 46+9 201

All values are for iron in wt%. The residue is nickel

e The alloys form with no release of carbon dioxide or
greenhouse gases, assuming that the electricity required
to heat the sample is from carbon-free sources.

e This has the potential to greatly reduce greenhouse
gas emissions from metals industries associated with
secondary metallurgical processes. With appropriate
supporting technologies, such as electricity supply
and refractory production, the process can conceivably
become entirely carbon-free.

To develop this concept further, the trials must first be
scaled up toward an industrially relevant scale. In these
scaled up trials, oxygen content will be accurately iden-
tified and measured using combustion analysis, and the
kinetics and thermodynamics of the reduction process
will be studied at each level of upscaling. It must also be
proven that it is possible to form materials that are homo-
geneous on microscopic and mesoscopic scales. The trials
must be extended to more alloy systems and higher-order
mixtures. Hydrogen reduction trials involving raw materi-
als that are widely available, including both real ores and
waste products such as slag, mill scale, and flue gas dust
will also be carried out in future to obtain valuable metals.
A techno-economic assessment and an assessment of the
impact on sustainable development of the method must be
performed to motivate and justify its development.
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