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Reduced deep-sea nodules were tested as the alloying mixture for cast and rapidly solidified aluminium 
alloy. No separation of any metal was used in order to save the processing costs of the deep-sea nodules 
and to obtain “natural” ratios between the alloying elements. The resulting rapidly solidified alloys 
contained sharp-edged intermetallics, especially Al9Mn3Si phase, which was converted to rounded 
Al19Mn4 during thermal exposure. The hardness of the ribbons was almost stable during long-term 
annealing at 300 and 400 °C for 250 h. The alloy can be considered as highly thermally stable. 
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 Introduction 

Deep-sea nodules are polymetallic ores, located in 
high depts of the world’s oceans. Czech Republic has 
the access to the nodules located in Clarion-
Clipperton Zone in Pacific Ocean. The nodules 
located in this area are manganese-based ones, 
containing also other elements, such as iron, silicon, 
nickel or copper. Detailed chemical composition of 
these nodules is presented here [1]. Since all of the 
above-mentioned elements have some effect on 
aluminium’s properties, they are used as alloying 
elements. Manganese is one of the alloying elements 
with solid-solution strengthening effect and also 
added as the so-called iron corrector, which influences 
the shape of the iron-based intermetallic particles [2]. 
In the case of silicon, the role is mostly in ensuring the 
castability, leading to the frequently used Al-Si and Al-
Si-Cu based alloys [3], and also in age hardening, when 
used in combination with magnesium [4]. The effect 
of iron, which is also one of the most abundant metals 
in the nodules, is rather detrimental, forming brittle 
needle-like intermetallics with aluminium and silicon 
[5]. However, in die casting, iron is added to improve 
the striping of the casting from the die. In rapidly 

solidified or mechanically alloyed aluminium alloys, 
the iron addition can be beneficial to increase the 
thermal stability of the alloys [6]. The thermal stability 
improvement is also the role of nickel [7], which is the 
other constituent of the deep-sea nodules. Copper is 
very widely known as the element ensuring the 
precipitation hardenability [4]. The idea of this work 
was to add the reduced deep-sea nodules, which 
contain the above-mentioned elements and also some 
minor ones, to aluminium and to describe the resulting 
microstructure and phase composition in as-cast state 
and also after the rapid solidification by melt spinning. 

 Experimental 

The manganese deep-sea nodules with the chemi-
cal composition reported in [1] were reduced by alu-
minothermic process with the 20 % excess of alumin-
ium. The reduced nodules were mixed with aluminium 
in the molten state and cast by conventional gravity 
casting, leading to the alloy of a chemical composition 
presented in Table 1. The chemical composition was 
determined using X-ray fluorescence (XRF) spectros-
copy (PANalytical Axios).

Tab. 1 Chemical composition of the investigated alloy 
Element Mn Fe Si Cu Ni Co Zn Al 
wt. % 4.51 0.82 1.04 0.21 0.24 0.23 0.03 bal. 

The alloy was processed by melt spinning (MS) 
using the device developed at UCT Prague. The 
scheme of the device is listed in [8]. The alloy was 
melted in the nozzle made of refractory concrete at 
the temperature of approx. 1000 °C and then ejected 
on the wheel (made of Cr-Zr bronze) at the rotational 
speed of approx. 1300 rpm. The phase composition of 

the alloy both in the as-cast and rapidly solidified state 
was studied using X-ray diffraction (XRD) by the 
means of PANalytical X’Petr Pro diffractometer with 
Cu anode and evaluated using the HighScore Software 
Package with PDF-2 database. Microstructure was 
observed after conventional metallographic 
processing (grinding, polishing) after etching by 
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Keller’s reagent (10 ml HNO3, 5 ml HF, 85 ml H2O). 
Thermal stability of the rapidly solidified alloy was 
tested by both short-term annealing at the 
temperatures of 100 – 600 °C for 1 h followed by 
Vickers microhardness (HV 0.01) measurement, as 
well as during long-term tests at 300 and 400 °C for 
250 h. In the latter mentioned test, the samples were 
removed from the furnace in the interval of 50 h and 
the Vickers microhardness (HV 0.01) was measured. 

 Results and discussion 

 Microstructure and phase composition of the 
alloy 

Microstructure of the as-cast alloy is presented in 
Figure 1. It is composed of dendrites of aluminium-
based solid solution, containing approx. 1.1 % Mn and 
0.8 % Si, and three types of intermetallics. The fine 
ones are located in the inter-dendritic spaces, contain-
ing manganese, iron and silicon in a total amount of 
10 - 15 wt. % according to the EDS analysis. In reality, 
the content of the alloying elements can be influenced 
by surrounding aluminium matrix and hence the real 
contents could be higher. There are also coarse pri-
mary Al6Mn phases of a needle-like or sharp-edged 
morphology, where the manganese is partially substi-
tuted by iron, as proved by EDS. There are also darker 

particles inside, having higher content of manganese. 
The microhardness of the matrix reaches 54 ± 6 HV 
0.01, while the microhardness of the phases is 410-440 
HV 0.01. 

 

Fig. 1 Microstructure of the investigated alloy in the as-cast 
state 

X-ray diffraction analysis (Figure 2) confirmed al-
uminium-based solid solution, Al6Mn (orthorhombic, 
Ccmm) and Al19Mn4 (cubic, Pm-3) as the constituents 
of the alloy. Based on the EDS results we can con-
clude that the lighter phase is Al6Mn, while the darker 
inner one is Al19Mn4, because the lighter phase con-
tains lower amount of manganese. 

 

Fig. 2 X-ray diffraction patterns of the as-cast and rapidly solidified alloys 

The rapid solidification by the means of the melt 
spinning method led to overall refinement of the mi-
crostructure of the alloy, see Figure 3. The microstruc-
ture is composed of irregular-shaped and needle-like 
particles in the aluminium-based matrix. According to 

XRD, the intermetallics are Al6Mn and Al19Mn14 (Fig-
ure 2). However, the diffraction pattern of the latter 
phase is in a strong overlap with Al9Mn3Si phase, having 
similar crystal structure. According to the EDS   
chemical     analysis,   the   needle-like     particles 
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contain high amounts of silicon and hence can be ra-
ther determined as Al9Mn3Si phase, while the rounded 

particles are almost silicon-free, being probably 
Al19Mn4. 

 

Fig. 3 Microstructure of the investigated alloy after melt spinning (a), detail (b) 

Microhardness of the rapidly solidified ribbon is 94 
± 16 HV 0.01. 

 Thermal stability of the alloy 

 

Fig. 4 Microhardness (HV 0.01) vs. temperature of 
annealing for 1 h 

 

Fig. 5 Microstructure of the alloy annealed at 600 °C for 1 h 

Thermal stability of the alloy was tested by both 
short-term and long-term annealing. The short-term 
annealing was carried out at the temperatures of 100 – 
600 °C for 1 h. The result is presented in Figure 4. A 
slight strengthening effect was observed at the tem-
perature of 200 °C, probably being connected with the 

decomposition of a supersaturated solid solution ob-
tained by rapid solidification. Moreover, microstruc-
ture observation of the sample of the ribbon annealed 
at 600 °C revealed that the spheroidization of interme-
tallics occurs, see Figure 5. This microstructural 
change is probably given by the decomposition of 
Al9Mn3Si needle-like intermetallics and formation of 
new rounded Al19Mn4 phase, which has very similar 
crystal structure as the Al9Mn3Si. However, the micro-
structure of the alloy remains very fine. 

Long-term annealing tests of thermal stability 
showed that the hardness grows slightly after anneal-
ing for 100 h at 300 °C and after that it decreases to 
the same value as after 50 h and keeps constant (Figure 
6). At 400 °C, this strengthening effect is negligible. 
This effect is probably connected with the decompo-
sition of the supersaturated solid solution, producing 
precipitates of intermetallics. They then tend to 
coarsen and therefore the hardness decreases to a sta-
bilized state. The changes in the phase composition 
are probably connected especially with the transfor-
mations between two structurally similar phases – 
Al9Mn3Si and Al19Mn4, see Figure 7. 

 

Fig. 6 Microhardness (HV 0.01) vs. duration of annealing 
at 300 and 400 h 
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Fig. 7 X-ray diffraction patterns of the rapidly solidified alloy 
before and after annealing at 300 and 400 °C for 250 h 

 Conclusion 

This paper is a part of the research dealing with 
non-conventional processing of deep-sea nodules. In 
this work, the nodules reduced by aluminothermic 
process were added to aluminium in the amount of 10 
wt. %. The alloy was processed by gravity casting and 
by rapid solidification by the means of a melt spinning 
technology.  The as-cast alloy contained aluminium-
based solid solution, equilibrium phase Al6Mn with 
dissolved iron and the Al19Mn4 phase. After rapid so-
lidification, only the solid solution and Al19Mn4 phase 
were detected by XRD. In reality, there are mainly 
needle-like particles of Al9Mn3Si, which is structurally 
similar to Al19Mn4 phase. Thermal exposure during 
thermal stability tests caused the needle-like Al9Mn3Si 
to transform to nearly spherical Al19Mn4 phase. The 
hardness did not change significantly during long-term 
annealing at 300 and 400 °C for 250 h and therefore 
the alloy can be considered as thermally stable. 
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