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����������
�������

Citation: Michalcová, A.; Orlíček, M.;

Novák, P. Aluminum Alloys with the

Addition of Reduced Deep-Sea

Nodules. Metals 2021, 11, 421.

https://doi.org/10.3390/met11030421

Academic Editor: Christine Borchers

Received: 2 February 2021

Accepted: 27 February 2021

Published: 4 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Metals and Corrosion Engineering, University of Chemistry and Technology in Prague,
Technická 5, 166 28 Prague 6, Czech Republic; orlicekm@vscht.cz (M.O.); panovak@vscht.cz (P.N.)
* Correspondence: michalca@vscht.cz; Tel.: +420-220444464

Abstract: An innovative way to utilize deep-sea manganese nodules is described in this paper. The
manganese nodules were reduced by aluminothermy and subsequently added into aluminum as a
mixture of alloying elements in their natural ratio. The microstructure and properties of aluminum
alloys containing 1.2, 7.7, and 9.7 wt % of reduced nodules were studied. The alloys were formed by
Al matrix and minor amounts of Al6(Fe,Mn) and Al11Fe7 intermetallic phases. The alloys containing
a higher amount of reduced nodules are characterized by very good thermal stability. The obtained
alloys were studied by X-ray diffraction, their microstructure was observed by scanning electron
microscopy, and their local chemical composition was analyzed by energy dispersive spectrometer.
The hardness of the samples was measured on the initial materials and after long-term annealing.
Based on the obtained results, the aluminum alloys, with the addition of reduced deep-sea nodules,
can serve as precursors for processing, e.g., by rapid solidification or hot working methods.

Keywords: Al alloy; manganese nodules; natural alloy

1. Introduction

The seabed is covered by a large number of minerals, the two main classes of which
are biogenous and hydrogenous sediments. In between these two classes, there are man-
ganese nodules, also known as ferromanganese concretions. They were discovered by
the Challenger expedition in the 1870s, like many other oceanographic facts and objects.
The manganese nodules are composed of oxides and hydroxides of Mn, Fe, Cu, Co, Ni,
and other elements. They are distinguishable by their typical black color, size of around
5 cm, and mamillated shape (roundish with small humps). This unusual shape originates
from frequent overturning motions, which keep them on the very top of the seafloor. Their
growth is caused by microorganisms, which reduce the cations, with limited solubility in
seawater. Their growth rate is in millimeters per million years, which causes the formation
of growth rings containing information about Cenozoic history (modern history from
the geological point of view—from about 60 million years ago until now). The nodules
not only serve as documentation on sea conditions in history but are also promising raw
materials [1].

As mentioned above, the manganese nodules contain not only Mn but also Fe, Ni,
Cu, Co, and rare earth elements like Ce, Nd, and Dy [2]. Interestingly, the main reason for
mining manganese nodules is the possibility of extracting valuable minor elements. The
nodules are formed by fine grains (approx. 100 nm) with Fe and Mn oxide lattices, where
the other elements are present as substitutional or absorbed atoms [2]. Due to this fact, it is
not possible to enrich any fraction of milled nodules by classical methods like magnetic
separation or flotation [3]. The whole mass of deep-sea nodules has to be processed to
gain the elements of interest. Together with technologically complicated mining [4] and
the ecological aspects of mining [5], these are the reasons why the attitude towards nodule
processing is changing [6]. Recently, manganese nodules have become a popular topic
again [7].
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The processing of nodules can be divided into two main categories—pyrometallurgical
and hydrometallurgical methods [2,4]. The nodules in their original form are porous and
fragile, which makes them easy to be milled to fine powder. On the other hand, it keeps
humidity in the material, and a huge amount of energy has to be consumed only for
drying due to the porosity [8]. The problem with humidity is negligible in the case of
hydrometallurgical processing of the nodules, and, hence, this way seems to be slightly
preferred in the published works [2,9–11]. Dissolution of the whole mass of nodules leads
to the consumption of significant amounts of leaching agents (e.g., H2SO4) [9]. The solution
obtained by this process has a complex chemical composition, and the individual elements
are subsequently separated by their specific reactions, e.g., precipitation of Fe in the form of
jarosite [12]. Selective leaching of the elements of interest is a more sophisticated approach
that might be carried out in acids [10,13] and alkalis [14]. Its efficiency might be increased
by using microwaves [15], or selectivity might be provided by using fungi-mediated
leaching [16] or nonionic surfactants [17]. Pyrometallurgical treatments like chlorination,
sulfonation, and reduction roasting before leaching have also been described [2]. The
solid residue after leaching might be used as a sorbent agent [18,19], which decreases the
amount of waste produced during processing. Nevertheless, the water consumption for
leaching of materials with low concentrations of the elements of interest is problematic
when water is almost a strategic source. Pyrometallurgical reduction by the mixture of
anthracite, CaF2, SiO2, and FeS led to the concentration of the valuable elements forming the
nodules [2], and the use of the reduced material for further hydrometallurgical separation
has been suggested.

The above-presented methods, developed for the processing of deep-sea nodules, are
rather complex and costly; hence, they make the mining and use of these raw materials
even less economical. Therefore, we recently proposed an innovative approach—to reduce
the nodules without the separation of individual metals, giving rise to a novel grade of
materials [20]. The manganese nodules are predominantly formed by oxides of Mn and Fe
in various oxidation states [1,2]. The reduction of MnO2 by metallic Al is a well-known
exothermic reaction, so it may also be effective in the reduction of milled manganese
nodules [20]. We tested this method for the processing of crushed deep-sea nodules and
obtained new manganese alloys that are characterized by very good wear-resistance [20].

The progressive Al alloys are alloyed by transition metals (TMs) and, often, also by
rare earth metals (RE), where the ratios of the individual elements are variable. Many of
the alloying elements applied in aluminum alloys are the ones that are also in manganese
deep-sea nodules. For example, the addition of a small amount of Mn (0.2 wt %) into
cast Al–Si–Fe alloy increases tensile strength [21]. The addition of Mn, together with
Ca, which is an element also contained in manganese nodules, positively modified the
morphology of Al–Si–Mg–Fe alloy and increased the alloy quality [22]. Moreover, the Al–
Mn–Fe alloys are already used in the industry, e.g., under the designation of AW 3003, and
they are usually processed by continuous and semicontinuous casting processes [23–27].
The main structural features, with strengthening properties, in these alloys are plate-shaped
dispersoids of the Al6(Mn,Fe) phase [28]. This is the equilibrium phase for alloys with a
low amount of alloying elements. At higher content of alloying elements, other phases
occur. In the Al alloy with 18 at % of Mn and 10% of Fe, a stable decagonal quasicrystalline
phase, Al73.0Mn20.5Fe6.5, accompanied by Al11Mn4 and Al10Mn3 phases, is observed. The
quasicrystal material is enriched by interesting properties such as high hardness and wear-
resistance. The above-mentioned studies show that alloying by both Mn and Fe is very
promising. From the other elements obtained in manganese nodules, the role of Cu in Al
alloys is well known and described [29–31]. It is based on precipitation strengthening at
the Al2Cu phase. Ni and Co increase the number of TMs in the system, which is convenient
if the alloy should be processed by rapid solidification techniques because it increases the
glass-forming ability of the alloy [32]. The presence of RE has already been reported to
improve the thermal stability of the rapidly solidified Al alloys [33]. Due to a larger atomic
ratio of the RE, it also increases the glass-forming ability of the alloy system [32].
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Since all of the metals included in the deep-sea nodules have been already studied
or even industrially applied as alloying elements for aluminum alloys, the use of their
combination in a natural ratio seems to be promising. Therefore, this paper aims to test the
applicability of the aluminothermy-reduced deep-sea nodules as the mixture of alloying
elements for aluminum.

2. Materials and Methods

The milled manganese nodules from the Clarion–Clipperton zone were reduced by
a stoichiometric amount of Al. Detailed information on the reduction process is given
in [20]. The reduced material was melted with technically pure aluminum (min. 99.5 wt %
Al) in the induction furnace in an argon atmosphere. The total weight of each sample
before melting was 200 g. The melt was cast to a mold of 20 mm in diameter. The chemical
composition was measured by an fluorescence spectrometer (XRF, Axios, PANanalytical,
Almelo, The Netherlands). Phase composition was determined by a X-ray diffractometer
(XRD, PANanalytical X’pert PRO, Almelo, The Netherlands) with Co anode, using a step
of 0.026◦ 2 Th. and the measuring time per step of 1 s. The materials were examined by an
Olympus PME 3 (Olympus, Tokyo, Japan) light optical microscope (LOM) and a TESCAN
VEGA 3 LMU scanning electron microscope (SEM, TESCAN, Brno, Czech Republic), with
an accelerating voltage of 20 kV and a working distance of 15 mm for energy dispersive
spectroscopic analysis (EDS, Oxford Instruments, Abingdon, UK). Backscattered electrons
(BSEs) were used for imaging. The samples were observed after etching in the 0.5%
solution of HF for 3 s. Point analysis was measured at least three times on microstructurally
equivalent places (e.g., matrix or intermetallic phase). In the results, the part for each alloy
presented only one representative spectrum. Image analysis was performed by ImageJ
1.43 software. The Vickers microhardness (136-degree diamond pyramid indenter) was
measured using a Future-Tech FM-700 device (Future-Tech Corp, Tokyo, Japan) with a load
of 1 kg and a dwell time of 15 s. The presented value is an average of 10 measurements.

The alloys are labeled according to the approximate total amounts of the alloying
elements—1, 7, and 9.

The materials were annealed at 450 ◦C for 100 h in a resistance furnace (Martinek) in
an air atmosphere with subsequent air cooling.

3. Results and Discussion

The chemical composition of all three tested materials (1, 7, and 9) is given in Table 1.
The content of Si is higher than expected in all alloys; this is probably caused by the
presence of Si in the technically pure aluminum, which was used for their preparation. The
amount of alloying elements in Alloy 1 is lower than expected, which is probably caused by
the burning-out of the alloying elements during melting or by improper homogenization
of the melt.

Table 1. Chemical composition of studied materials given in wt % (X-ray fluorescence spectrome-
ter (XRF)).

Element/Sample 1 7 9

Al 98.80 ± 0.20 92.30 ± 0.20 90.26 ± 0.20
Mn 0.31 ± 0.03 4.23 ± 0.10 5.57 ± 0.10
Fe 0.07 ± 0.01 1.24 ± 0.06 1.64 ± 0.06
Si 0.71 ± 0.04 1.35 ± 0.05 1.30 ± 0.05
Ni 0.03 ± 0.01 0.37 ± 0.03 0.45 ± 0.03
Cu 0.04 ± 0.01 0.28 ± 0.02 0.46 ± 0.03
Zn 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
P 0.01 ± 0.01 0.03 ± 0.01 0.04 ± 0.01
S 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01

The phase composition of all alloys is shown in XRD patterns in Figure 1. In Alloy 1,
the aluminum matrix with a negligible amount of a minor Al6(Fe,Mn) phase was detected.
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In Alloys 7 and 9, the presence of Al6(Fe,Mn) and Al11Fe7 phases was observed in addition
to the aluminum matrix. Minor elements are probably dissolved in the major phases.
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Figure 1. XRD pattern of the as-cast alloys.

The optical (LM) and electron (SEM-BSE) micrographs of the studied alloys are pre-
sented in Figures 2–4. The microstructure of Alloy 1 is composed predominantly of an Al
matrix, which is in agreement with the phase composition documented in Figure 1.
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Figure 2. Microstructure of Alloy 1: (a) light optical microscope (LOM) and (b) electron (SEM-BSE) micrographs.

The black spots in Figure 2a, which appear as dark grey spots in Figure 2b, might be
formed by Si that originates from the impurities in the initial Al. More probably, these
particles are SiC abrasive particles extracted from the grinding paper. This alloy has
extremely low hardness, and hence, it is impossible to preclude this contamination during
the sample preparation. The minor intermetallic phases are visible as the bright elongated
particles in Figure 2b.
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Figure 3. Localization of point EDS analyses shown in Table 2; SEM-BSE.

The composition corresponding to the bright particles is shown as Spectrum 1 in
Table 2. The localization of point EDS analyses is shown in Figure 3. The size of the bright
particles is too small, and, therefore, the point EDS spectra also contain signals from the Al
matrix. It can be suggested that the minor phase is Al6(Mn,Fe), which is in agreement with
the XRD results shown in Figure 1.

Table 2. EDS point analyses of Alloy 1. The location of individual spectra is shown in Figure 3.

Element/Spectrum 1 2 3

Al 88.1 ± 0.3 31.5 ± 0.2 99.6 ± 0.1
Mn 0.6 ± 0.1 - 0.4 ± 0.1
Fe 6.3 ± 0.2 - -
Si 3.4 ± 0.1 68.5 ± 0.2 -
Ni 1.5 ± 0.2 - -
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The microstructure of Alloy 7 is formed by the Al matrix, minor Si-rich particles, and
needles rich in Mn and Fe. The needles have a core with a higher content of alloying
elements, as can be seen in Figures 4b and 5.
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Table 3. EDS point analyses of Alloy 5. The location of individual spectra is shown in Figure 5.

Element/Spectrum 4 5 6

Al 62.5 ± 0.3 79.3 ± 0.3 99.0 ± 0.1
Mn 30.4 ± 0.3 16.5 ± 0.2 1.0 ± 0.1
Fe 4.6 ± 0.2 4.2 ± 0.2 -
Si 2.5 ± 0.1 - -

The average total content of Mn and Fe in the core parts of the needles is about 35 wt %.
The content of these elements in the Al6(Mn,Fe) phase is 25 wt %. The difference between
the measured and theoretical composition may be caused by the low accuracy of the EDS
analysis, or the cores may be the residues of unreacted reduced manganese nodules.

When all point EDS analyses given in Table 3 are compared, they reveal that the
content of Fe is the same in the core and in the shell of the needles. This disclaims the
theory of unreacted residues. The shells of needles (Spectrum 5) are formed by the Fe-rich
phase, and it was probably Al11Fe7 that was observed in Figure 1.

In the microstructure of Alloy 9, interconnected oxide particles (randomly in few
places) were observed, which are illustrated in Figure 6a as a black stripe. In the detailed
view given in Figure 6b, a microstructure formed by needles and fine particles can be
observed.

The total content of Mn and Fe in the needles in Alloy 9 was estimated to be about
35 wt %; in this case, see also Table 4. These particles are formed by the Al6(Mn,Fe) phase.
The fine particles occupying the interdendritic spaces are rich in iron and might be formed
by the Al11Fe7 phase. However, this morphology is typical for the Al13Fe4 phase [33]. The
fact that this phase was not detected by the XRD given in Figure 1 may be caused by the
very small size of the particles and a content lower than 5 wt %.

The fact that the EDS result for Mn and Fe might be overestimated is confirmed by
Spectra 7 and 8 in Table 4, which were measured in the Al matrix. The measured content
of alloying elements was far behind the equilibrium solubility of those elements in the Al
matrix [34].
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Figure 6. Microstructure of Alloy 7: (a) LOM, (b) SEM-BSE.

Table 4. EDS point analyses of Alloy 7. The location of individual spectra is shown in Figure 7.

Element/Spectrum 7 8 9 10

Al 60.4 ± 0.3 61.3 ± 0.3 87.9 ± 0.3 98.3 ± 0.1
Mn 32.1 ± 0.3 31.3 ± 0.3 4.5 ± 0.1 1.7 ± 0.1
Fe 5.1 ± 0.2 5.1 ± 0.2 4.3 ± 0.2 -
Si 2.3 ± 0.1 2.3 ± 0.1 1.4 ± 0.1 -
Ni - - 1.4 ± 0.1 -
Cu - - 0.5 ± 0.1 -
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The area fraction of minor phases (and the content of the elements included in them)
increases with an increase in the amount of the alloying elements, as shown in Table 5.
However, the increase in the amount of minor phases is not fully proportional to the content
of alloying elements. The explanation may be the presence of different types and mutual
ratios of minor phases in each alloy.
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Table 5. Area fraction of minor phases in the as-cast alloys.

Alloy 1 7 9

Area fraction/% 10.8 ± 1.7 15.6 ± 3.1 17.3 ± 1.1

The Vickers hardness (HV1) of alloys is presented in Table 6. The hardness of Alloy 1
corresponds to pure Al [35]. With an increasing amount of alloying elements, the hardness
values are also increasing. This may be caused by the presence of a higher amount of
hard intermetallic phases by solid solution strengthening or the combined effect of both
mechanisms mentioned.

Table 6. Microhardness (HV1) of the as-cast alloys.

Alloy 1 7 9

Microhardness (HV1) 23 ± 1 69 ± 3 75 ± 5

The thermal stability of studied materials was determined by annealing at 450 ◦C for
100 h, and the micrographs of annealed alloys are presented in Figure 8. The elongated
particles in Alloy 1 were spheroidized. The microstructure of Alloy 7 exhibited the most
significant change. The cores of the needles disappeared, and precipitation of a minor phase
in the interdendritic spaces took place. The microstructure of Alloy 9 remained unchanged.
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Although some microstructural changes were observed after annealing, the area
fraction of minor phases remained unaffected within the experimental errors, as shown in
Table 7.

Table 7. Area fraction of minor phases in the alloys after annealing at 450 ◦C for 100 h.

Alloy 1 7 9

Area fraction/% 11.2 ± 0.8 16.2 ± 0.6 17.7 ± 1.4

The thermal stability of alloys was also confirmed by hardness measurement after
annealing (the results are given in Table 8), which was also maintained at the same levels
as before the annealing.

Table 8. Microhardness (HV1) of the alloys annealed at 450 ◦C for 100 h.

Alloy 1 7 9

Microhardness (HV1) 26 ± 2 72 ± 4 75 ± 4
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The microstructure of Alloys 7 and 9 have the same morphology as the equilibrium
precursors for rapidly solidified Al alloys described in our previous works [33]. Alloy 9,
with the highest amount of alloying elements, especially exhibited high thermal stability
in the cast state, which is a necessary assumption for obtaining thermally stable rapidly
solidified fine-grained alloys.

4. Conclusions

It is proven in this paper that the natural alloy obtained by the reduction of milled
manganese nodules by aluminum can be successfully used for the production of Al–Mn–Fe-
based alloys. When the content of alloying elements was 7 and 9 wt %, the alloys exhibited
high thermal stability. The alloys described in this study have the potential to be processed
by unconventional techniques like rapid solidification, with the aim to obtain promising
structural materials.
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20. Novák, P.; Vu, N.H.; Šulcová, L.; Kopeček, J.; Laufek, F.; Tsepeleva, A.; Dvořák, P.; Michalcová, A. Structure and Properties of
Alloys Obtained by Aluminothermic Reduction of Deep-Sea Nodules. Materials 2021, 14, 561. [CrossRef] [PubMed]

21. Kim, H.Y.; Han, S.W.; Lee, H.M. The influence of Mn and Cr on the tensile properties of A356–0.20Fe alloy. Mater. Lett. 2006, 60,
1880–1883. [CrossRef]

22. Sreeja Kumari, S.S.; Pillai, R.M.; Pai, B.C. A study on the structural, age hardening and mechanical characteristics of Mn and Ca
added Al–7Si–0.3Mg–0.6Fe alloy. J. Alloy. Compd. 2008, 453, 167–173. [CrossRef]

23. Poková, M.; Cieslar, M.; Lacaze, J. TEM Investigation of Precipitation in Al-Mn Alloys with Addition of Zr. In Proceed-
ings of the International Conference Microscopy and Non-destructive Materials Testing 2012, Litoměřice, Czech Republic,
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