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ABSTRACT

Purpose: Experiments on rapidly solidified (RS) and industrially manufactured (IM) Al-6Mn-3Mg alloy 
were performed to test the effect of RS on the structure and mechanical properties of the material.

Design/methodology/approach: Annealing of as-extruded RS and IM samples was performed 
at 500°C in order to test the stability of structural components and related hardness of the materials. 
Mechanical properties of as-extruded RS and IM materials as well as the samples preliminarily annealed 
at 500°C / 6 h were tested by compression at 20°C-500°C. Structural investigations were performed 
using analytical transmission electron microscopy techniques.

Findings: The flow stress for RS-samples was found to be about 240 MPa higher at 293 K than that for 
IM material. However, the difference between the flow stress values observed for RS and IM samples 
was remarkably reduced at higher deformation temperatures. Annealing at 500°C was found to result in 
reduction of the RS-material hardness due to the recovery process  and slightly marked coarsening of 
Al6Mn particles. The particles observed in both as extruded and RS-samples annealed 500°C / 7 days 
were at least 10-times smaller than that for the industrial material. 

Practical implications: Due to refined structure and the negligible particle coarsening at high 
annealing temperatures, the products made from RS Al-6Mn-3Mg alloy can be used at high service 
temperature applications. 

Originality/value: Hardening of non-heat-treatable Al-6Mn-3Mg alloy is possible due to effective 
refining of Al6Mn particles using the rapid solidification and adequate consolidation procedure of RS-
powders. The highest flow stress was observed for RS samples tested at room temperature. However, 
increasing deformation temperature was found to result in reduced difference between the flow stress 
values received for RS and IM materials. 
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PROPERTIES

 

1. Introduction 
 
Commonly known methods for strengthening of aluminum 

alloys are generally based on the grain size refining and 

precipitation hardening. More advanced methods including 
mechanical alloying (MA) and powder metallurgy (PM) procedures 
are also reported to be very successful technique for effective 
refining of structural components and strengthening of alloys [1-4]. 

1.  Introduction
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However, the methods are definitely more expensive than the rapid 
solidification (RS) of alloys, which consume less time at relatively 
low production costs. Rapid solidification provides effective grain 
refining accompanied with an oversaturation of solid solution and 
refining of structural constituents [5-8]. Moreover, the rapid 
solidification usually result in the development of transition 
structures of fine particles, which are formed at RS alloys  
Zn–Mg–Sc, Cu–Ga–Mg–Sc, Zn–Mg–Yb and Zn–Mg–Ti as well as 
aluminum alloys containing alloying elements such as Cu, Mg, Mn, 
Fe, Cr, Zn, Pd and other transition metals [9-12]. Quasicrystalline 
structure of particles in RS Al-Mn alloys was extensively studied 
since Shetchman et al. published in 1984 crystallographic details 
of icosahedral and decagonal structures [13]. It was found that the 
particles morphology and their crystallographic structure differ 
from typical constituent phases observed in aluminum alloys 
produced by means of industrial metallurgy methods (IM). 

Rapid solidification is an effective method for the particles 
refining in aluminum alloys, which cannot be hardened due to 
conventional heat treatment and ageing procedures. It is commonly 
believed that both the solidification rate and chemical 
composition of the alloy substantially affect the particles 
morphology and their structure. However, following consolidation 
of RS powders by means of the hot compression and hot extrusion 
procedures may transform the particles structure and their 
distribution that finally affect the bulk material properties. 
Therefore, experiments on the rapid solidification of Al-Mg-Mn 
alloy, combined with mechanical consolidation of RS powders, 
were performed. Structure and mechanical properties of the bulk 
RS-material were analyzed with respect to the properties of IM 
material in order to test the effect of the production method on the 
structure and mechanical properties of received materials.  

 

2. Material 
 
Experiments were performed on aluminum alloy containing 

5.71 wt% Mn and 2.82 wt% Mg named hereafter Al-6%Mn-3%Mg 
alloy. Tested materials were produced by means of a common 
metallurgical technology, i.e. industrial method (IM) and powder 
metallurgy method combined with rapid solidification of the 
material (RS). Hot extruded IM rods, 7 mm in diameter, were 
manufactured from as-cast material using cross-section reduction 
ratio of =19. Rapid solidification of the alloy was performed 
by means of a spray deposition of the melted alloy on water-cooled 
copper cylinder. High pressure nitrogen was used for the spray 
deposition to avoid the oxidation of the melt. Fine RS-flakes were 
compressed in a thin-wall AA6061 container of 40 mm in diameter, 
using 100-tonn press and following vacuum degassing at 400ºC. 
The RS-charge was extruded at the same conditions as used for IM 
material. The materials were produced in Nihon University 
laboratories in Tokyo – Japan, and delivered for further testing 
to the University of Science and Technology in Cracow – Poland. 

Annealing tests at 500ºC were performed at 500ºC for 5min – 
7 days on IM and RS samples. Hardness of the samples was 
measured by means of a micro-Vickers tester at an indenter load 
of 9.8 N. More than 10 measurements were performed to determine 
an average hardness of the sample. 

Samples for compression tests, 10 mm in high and 6 mm 
in diameter, were machined from as-extruded rods. Compression 
tests at 20ºC-500ºC were performed using constant true strain rate 
5.10-3 s-1. The tests were performed both for as-extruded samples 
and samples annealed at 500ºC / 6 h. Deformation finish at the 

compression was limited to the true strain of t  0.4 in order 
to avoid barreling of the sample. Flaky graphite was used to reduce 
the friction between the sample and anvils. 

Samples for light microscopy and scanning microscopy 
observations were prepared using standard metallography methods 
and fine etching with 10% water solution of Tucker’s reagent. 
Thin foils for TEM/STEM observations were prepared by means 
of mechanical grinding and final ion thinning on Gatan's PIPS-
691 machine. Structure observations were performed using 
transmission electron microscope JEM 2010, equipped with the 
scanning transmission electron microscopy (STEM) device and 
the energy disperse X-ray analysis system (EDX) controlled by an 
INCA software. 

 

3. Results and discussion 
 
The structure of as-extruded industrial (IM) and rapid solidified 

(RS) Al-6Mn-3Mg samples observed by means of scanning 
electron microscopy is shown in Fig. 1a and Fig. 1b respectively. 
Relatively coarse particles observed in IM microstructure are 
typical for commonly observed structures of industrial Al-6Mn-
3Mg products. The size of particles in IM material is varied 
within 10-100 m. Large particles were fractured during the hot 
extrusion that resulted in the increase of the material porosity. 

Rapid solidification results in efficient refining of the 
particles, which are 50-600 nm in size. Some variation of the 
particles morphology in the RS-material structure was observed 
on the cross-sectioned rod, as shown in Fig. 1b. The last effect 
is related to some differences of the solidification rate for 
particular RS-flakes that depend on the melt-drop size. Therefore, 
primary flakes can be relatively easily discriminated in a bulk RS-
material structure. It is worth stressing that both SEM and 
following STEM/TEM observation did not reveal any noticeable 
fracturing of fine particles in RS material. 

Typical structure of as extruded RS Al-6Mn-3Mg alloy, 
observed by means of STEM method, is shown in Fig. 2. Uniform 
distribution of fine Mn-rich particles in Al-Mg matrix is observed 
locally if the area that belongs to the single pre-existing flake. 
The material was well consolidated and the pores on the border 
between the flakes were not found.  

Long-term annealing of RS material at 500ºC results in the 
particles coarsening. The particles size reached 1-3 m after 
annealing at 500ºC / 7 days. As mentioned above, the particle size 
distribution is not uniform (see: Fig. 1b). Therefore, the parameters 
mentioned above were measured at the area containing the 
smallest particles observed in tested RS-samples. For comparison 
purposes, an initial structure of as-extruded RS material and the 
structure of the sample annealed at 500ºC / 7 days are shown 
in Fig. 3a and Fig. 3b respectively.  

Detailed analysis of the material structure was performed by 
means of analytical transmission electron microscopy (TEM/EDX). 
For example, the chemical analysis of Mn-rich particle shown in 
Fig. 4 revealed Al:Mn:Mg atomic ratio to be 87.3 : 12.1 : 0.6 that 
is close to the stoichiometry of Al6Mn phase i.e. 85.7 : 14.3 : 0. 
Some excess of both aluminium and magnesium at EDX analysis 
can be ascribed to the additional radiation of the neighbouring 
Al(Mg) matrix. Selected area diffraction pattern analysis (SAD) 
of the particle “A” (Fig. 4) confirmed typical structure of Al6Mn 
phase, which is characterized by the following orthorhombic lattice 
parameters: a=0.75518 nm, b=0.64978 nm, c=0.88703 nm, space 
group Cmcm [8, 9].  

2.  Material

3.  Results and discussion

 

a) 

 
b) 

 
 
Fig. 1. Structure of as-extruded Al-6Mn-3Mg alloy: a) IM material; 
b) RS material (longitudinal cross-section; SEM) 
 

 
 

Fig. 2. Structure of as-extruded RS Al-6Mn-3Mg alloy (STEM) 

a) 

 
b) 

 
 
Fig. 3. Effect of annealing on the structure of RS Al-6Mn-3Mg 
alloy: a) as extruded material; b) sample annealed at 500oC / 7 
days (light microscopy)  

 
Similar SAD pattern analyses were performed for a number of 

fine particles in RS material, but any quasicrystalline structures 
were found. The development of quasicrystals having icosahedral 
and decagonal structures was reported for aluminium alloys 
containing some transition metals including manganese additions 
[8, 12]. However, the development of quasicrystalline structures 
of Mn-rich particles in RS Al-6Mn-3Mg material was not confirmed. 
It seems reasonable to conclude that the hot compression of RS-
flakes and the following extrusion at 400ºC resulted in the transfor-
mation of transition phases into the stable Al6Mn-type structure. 
Unfortunately, as-solidified flakes were not tested by TEM. 
Therefore, the development of expected metastable structures in Al-
6Mn-3Mg alloy was not confirmed for the unprocessed RS-material. 

Applicability of RS aluminium alloys to the manufacture of 
products designed for a high temperature service is considerably 
limited if the coarsening of structural components occurs and causes 
the deterioration of mechanical properties. Therefore, experiments 
on annealing of RS alloys at high temperature range are necessary 
to provide essential information on the stability of the material 
structure and the related stability of mechanical properties. 
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However, the methods are definitely more expensive than the rapid 
solidification (RS) of alloys, which consume less time at relatively 
low production costs. Rapid solidification provides effective grain 
refining accompanied with an oversaturation of solid solution and 
refining of structural constituents [5-8]. Moreover, the rapid 
solidification usually result in the development of transition 
structures of fine particles, which are formed at RS alloys  
Zn–Mg–Sc, Cu–Ga–Mg–Sc, Zn–Mg–Yb and Zn–Mg–Ti as well as 
aluminum alloys containing alloying elements such as Cu, Mg, Mn, 
Fe, Cr, Zn, Pd and other transition metals [9-12]. Quasicrystalline 
structure of particles in RS Al-Mn alloys was extensively studied 
since Shetchman et al. published in 1984 crystallographic details 
of icosahedral and decagonal structures [13]. It was found that the 
particles morphology and their crystallographic structure differ 
from typical constituent phases observed in aluminum alloys 
produced by means of industrial metallurgy methods (IM). 

Rapid solidification is an effective method for the particles 
refining in aluminum alloys, which cannot be hardened due to 
conventional heat treatment and ageing procedures. It is commonly 
believed that both the solidification rate and chemical 
composition of the alloy substantially affect the particles 
morphology and their structure. However, following consolidation 
of RS powders by means of the hot compression and hot extrusion 
procedures may transform the particles structure and their 
distribution that finally affect the bulk material properties. 
Therefore, experiments on the rapid solidification of Al-Mg-Mn 
alloy, combined with mechanical consolidation of RS powders, 
were performed. Structure and mechanical properties of the bulk 
RS-material were analyzed with respect to the properties of IM 
material in order to test the effect of the production method on the 
structure and mechanical properties of received materials.  

 

2. Material 
 
Experiments were performed on aluminum alloy containing 

5.71 wt% Mn and 2.82 wt% Mg named hereafter Al-6%Mn-3%Mg 
alloy. Tested materials were produced by means of a common 
metallurgical technology, i.e. industrial method (IM) and powder 
metallurgy method combined with rapid solidification of the 
material (RS). Hot extruded IM rods, 7 mm in diameter, were 
manufactured from as-cast material using cross-section reduction 
ratio of =19. Rapid solidification of the alloy was performed 
by means of a spray deposition of the melted alloy on water-cooled 
copper cylinder. High pressure nitrogen was used for the spray 
deposition to avoid the oxidation of the melt. Fine RS-flakes were 
compressed in a thin-wall AA6061 container of 40 mm in diameter, 
using 100-tonn press and following vacuum degassing at 400ºC. 
The RS-charge was extruded at the same conditions as used for IM 
material. The materials were produced in Nihon University 
laboratories in Tokyo – Japan, and delivered for further testing 
to the University of Science and Technology in Cracow – Poland. 

Annealing tests at 500ºC were performed at 500ºC for 5min – 
7 days on IM and RS samples. Hardness of the samples was 
measured by means of a micro-Vickers tester at an indenter load 
of 9.8 N. More than 10 measurements were performed to determine 
an average hardness of the sample. 

Samples for compression tests, 10 mm in high and 6 mm 
in diameter, were machined from as-extruded rods. Compression 
tests at 20ºC-500ºC were performed using constant true strain rate 
5.10-3 s-1. The tests were performed both for as-extruded samples 
and samples annealed at 500ºC / 6 h. Deformation finish at the 

compression was limited to the true strain of t  0.4 in order 
to avoid barreling of the sample. Flaky graphite was used to reduce 
the friction between the sample and anvils. 

Samples for light microscopy and scanning microscopy 
observations were prepared using standard metallography methods 
and fine etching with 10% water solution of Tucker’s reagent. 
Thin foils for TEM/STEM observations were prepared by means 
of mechanical grinding and final ion thinning on Gatan's PIPS-
691 machine. Structure observations were performed using 
transmission electron microscope JEM 2010, equipped with the 
scanning transmission electron microscopy (STEM) device and 
the energy disperse X-ray analysis system (EDX) controlled by an 
INCA software. 

 

3. Results and discussion 
 
The structure of as-extruded industrial (IM) and rapid solidified 

(RS) Al-6Mn-3Mg samples observed by means of scanning 
electron microscopy is shown in Fig. 1a and Fig. 1b respectively. 
Relatively coarse particles observed in IM microstructure are 
typical for commonly observed structures of industrial Al-6Mn-
3Mg products. The size of particles in IM material is varied 
within 10-100 m. Large particles were fractured during the hot 
extrusion that resulted in the increase of the material porosity. 

Rapid solidification results in efficient refining of the 
particles, which are 50-600 nm in size. Some variation of the 
particles morphology in the RS-material structure was observed 
on the cross-sectioned rod, as shown in Fig. 1b. The last effect 
is related to some differences of the solidification rate for 
particular RS-flakes that depend on the melt-drop size. Therefore, 
primary flakes can be relatively easily discriminated in a bulk RS-
material structure. It is worth stressing that both SEM and 
following STEM/TEM observation did not reveal any noticeable 
fracturing of fine particles in RS material. 

Typical structure of as extruded RS Al-6Mn-3Mg alloy, 
observed by means of STEM method, is shown in Fig. 2. Uniform 
distribution of fine Mn-rich particles in Al-Mg matrix is observed 
locally if the area that belongs to the single pre-existing flake. 
The material was well consolidated and the pores on the border 
between the flakes were not found.  

Long-term annealing of RS material at 500ºC results in the 
particles coarsening. The particles size reached 1-3 m after 
annealing at 500ºC / 7 days. As mentioned above, the particle size 
distribution is not uniform (see: Fig. 1b). Therefore, the parameters 
mentioned above were measured at the area containing the 
smallest particles observed in tested RS-samples. For comparison 
purposes, an initial structure of as-extruded RS material and the 
structure of the sample annealed at 500ºC / 7 days are shown 
in Fig. 3a and Fig. 3b respectively.  

Detailed analysis of the material structure was performed by 
means of analytical transmission electron microscopy (TEM/EDX). 
For example, the chemical analysis of Mn-rich particle shown in 
Fig. 4 revealed Al:Mn:Mg atomic ratio to be 87.3 : 12.1 : 0.6 that 
is close to the stoichiometry of Al6Mn phase i.e. 85.7 : 14.3 : 0. 
Some excess of both aluminium and magnesium at EDX analysis 
can be ascribed to the additional radiation of the neighbouring 
Al(Mg) matrix. Selected area diffraction pattern analysis (SAD) 
of the particle “A” (Fig. 4) confirmed typical structure of Al6Mn 
phase, which is characterized by the following orthorhombic lattice 
parameters: a=0.75518 nm, b=0.64978 nm, c=0.88703 nm, space 
group Cmcm [8, 9].  

 

a) 

 
b) 

 
 
Fig. 1. Structure of as-extruded Al-6Mn-3Mg alloy: a) IM material; 
b) RS material (longitudinal cross-section; SEM) 
 

 
 

Fig. 2. Structure of as-extruded RS Al-6Mn-3Mg alloy (STEM) 

a) 

 
b) 

 
 
Fig. 3. Effect of annealing on the structure of RS Al-6Mn-3Mg 
alloy: a) as extruded material; b) sample annealed at 500oC / 7 
days (light microscopy)  

 
Similar SAD pattern analyses were performed for a number of 

fine particles in RS material, but any quasicrystalline structures 
were found. The development of quasicrystals having icosahedral 
and decagonal structures was reported for aluminium alloys 
containing some transition metals including manganese additions 
[8, 12]. However, the development of quasicrystalline structures 
of Mn-rich particles in RS Al-6Mn-3Mg material was not confirmed. 
It seems reasonable to conclude that the hot compression of RS-
flakes and the following extrusion at 400ºC resulted in the transfor-
mation of transition phases into the stable Al6Mn-type structure. 
Unfortunately, as-solidified flakes were not tested by TEM. 
Therefore, the development of expected metastable structures in Al-
6Mn-3Mg alloy was not confirmed for the unprocessed RS-material. 

Applicability of RS aluminium alloys to the manufacture of 
products designed for a high temperature service is considerably 
limited if the coarsening of structural components occurs and causes 
the deterioration of mechanical properties. Therefore, experiments 
on annealing of RS alloys at high temperature range are necessary 
to provide essential information on the stability of the material 
structure and the related stability of mechanical properties. 
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a) 

 
b) 

 
 
Fig. 4. Microstructure of as extruded RS Al-6Mn-3Mg alloy: 
a) TEM picture; b) diffraction pattern received from the particle 
“A”, which correspond to the Al6Mn-type structure (see: Tab. 1) 

 
Table 1.  
Calculated and measured values for interplanar distances d(hkl) and 
related angle between {hkl} planes marked in the SAD pattern 
displayed in Fig. 4b 

Interplanar distances 
for d(hkl) 

Calculated 
for Al6M 

Measured 
from SAD 

pattern 

Difference 
% 

d(021) 0.3474 nm 0.34 nm 2 
d(113) 0.2535 nm 0.25 nm 1.3 

Angle between (021) 
and (113) planes, deg.: 49.9 49.0 1.7 

 
The effect of annealing at 500ºC on the RS and IM material 

hardness is shown in Fig. 5. The highest hardness value was 
observed for as-extruded RS material. The hardness was reduced 
from 157 HV to 93 HV for as-extruded material and the sample 
annealed at 500ºC / 7 days, respectively. The hardness of as-
extruded RS material was higher ~75% than that for IM material. 
Reduction of the hardness due to the annealing was relatively low 

for the IM material as the coarsening of large particles was 
practically negligible in comparison to the noticeable coarsening of 
highly refined particles in RS material. After prolonged annealing 
of IM material, the hardness value was reduced from 90 HV 
to 78 HV for as-extruded and annealed samples, respectively. 
 

 
 
Fig. 5. Effect of annealing at 500oC on the hardness of RS and IM 
Al-6Mn-3Mg alloy 

 
Mechanical properties of Al-6Mn-3Mg alloy were tested by 

means of compression tests at 20ºC-500ºC performed at constant 
true strain rate. True stress vs. true strain curves received for as-
extruded RS and IM materials are shown in Fig. 6a and Fig. 6b, 
respectively. Compression tests were also performed for RS and 
IM samples annealed at 500ºC / 6 h to test the annealing effect on 
the high-temperature flow stress characteristics. It is a common 
believe that an intense dynamic recovery at high enough 
deformation temperatures is responsible for the steady-state flow 
regime observed on t- t curves. Strain hardening at 20ºC-150ºC 
is not followed by the steady-state flow within the limited strain 
range used in experiment. 

Maximum flow stress vs. deformation temperature is shown 
in Fig. 7. The flow stress is reduced with temperature because 
of the temperature effect and intensified dynamic recovery process. 
The maximum flow stress for RS material was reduced from 
626 MPa to 18 MPa at 20ºC and 500ºC, respectively. It is worth 
stressing that the flow stress at 20ºC-150ºC was measured at 

t  0.4 i.e. before the steady state flow was reached. Therefore, 
the flow stress value was measured at t  0.002 for selected 
samples and the data for 0.002 were shown in Fig. 7 to display the 
effect of strain hardening during deformation at low temperatures. 
Relatively high flow stress values for both RS and IM materials 
were observed with respect to the results received for technical 
purity aluminium [14]. However, the difference between the flow 
stress for tested IM and RS samples becomes unexpectedly low 
at high deformation temperature range (250ºC-550ºC). The last 
effect suggests that the refinement of Al6Mn particles for the  
RS-material result in very limited particles strengthening of the 
material processed at high deformation temperatures. 

 

a) b)

c) d)

 
 

 
 

Fig. 6. Flow stress curves received for Al-6Mn-3Mg alloy: a) as-extruded  RS material; b) as-extruded IM material; c) RS samples 
annealed at 500oC / 6 h; d) IM samples annealed at 500oC / 6 h 
 

The hardness of hot deformed samples, measured at room 
temperature, is shown in Fig. 8. The results are more consistent with 
structural features of the hot deformed samples. Fine particles 
produced during rapid solidification of the alloy result in definitely 
higher hardness of RS material than that for IM or annealed RS and 
IM samples. The hardness of RS material was reduced from 180 HV 
to 122 HV for samples deformed at 20ºC and 500ºC, respectively. 
Adequate reference data for IM material were 115 HV and 94 HV for 
20ºC and 500ºC respectively. Reduction of the materials hardening 
with increasing deformation temperature result from intensified 
dynamic recovery rather than the particle coarsening. Transmission 
electron microscopy observations did not reveal any noticeable 
coarsening of particles due to the hot deformation of the samples. 
 

4. Conclusions 
 
Rapid solidification combined with mechanical vacuum 

consolidation and hot extrusion of RS-flakes result in refined 
structure of Al-6Mn-3Mg alloy and effective reduction of the 
material porosity caused by the cracking of Al6Mn particles. 

In contrary to RS material, an intense cracking of large particles 
was observed for IM material extruded at 400ºC.  

High mechanical properties of RS alloy are ascribed to effective 
refinement of Al6Mn particles. The annealing of as extruded RS 
material at 500ºC/6h was found to result in reduction of mechanical 
properties mostly because of the coarsening of Al6Mn particles. 

Both the flow stress at compression tests and the hardness of 
as deformed samples for RS material were higher than that for an 
industrial material (IM) if measured at room temperature. 
However, increased deformation temperature was found to result 
in reduced difference between the flow stress values for RS and 
IM samples. 
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a) 

 
b) 

 
 
Fig. 4. Microstructure of as extruded RS Al-6Mn-3Mg alloy: 
a) TEM picture; b) diffraction pattern received from the particle 
“A”, which correspond to the Al6Mn-type structure (see: Tab. 1) 

 
Table 1.  
Calculated and measured values for interplanar distances d(hkl) and 
related angle between {hkl} planes marked in the SAD pattern 
displayed in Fig. 4b 

Interplanar distances 
for d(hkl) 

Calculated 
for Al6M 

Measured 
from SAD 

pattern 

Difference 
% 

d(021) 0.3474 nm 0.34 nm 2 
d(113) 0.2535 nm 0.25 nm 1.3 

Angle between (021) 
and (113) planes, deg.: 49.9 49.0 1.7 

 
The effect of annealing at 500ºC on the RS and IM material 

hardness is shown in Fig. 5. The highest hardness value was 
observed for as-extruded RS material. The hardness was reduced 
from 157 HV to 93 HV for as-extruded material and the sample 
annealed at 500ºC / 7 days, respectively. The hardness of as-
extruded RS material was higher ~75% than that for IM material. 
Reduction of the hardness due to the annealing was relatively low 

for the IM material as the coarsening of large particles was 
practically negligible in comparison to the noticeable coarsening of 
highly refined particles in RS material. After prolonged annealing 
of IM material, the hardness value was reduced from 90 HV 
to 78 HV for as-extruded and annealed samples, respectively. 
 

 
 
Fig. 5. Effect of annealing at 500oC on the hardness of RS and IM 
Al-6Mn-3Mg alloy 

 
Mechanical properties of Al-6Mn-3Mg alloy were tested by 

means of compression tests at 20ºC-500ºC performed at constant 
true strain rate. True stress vs. true strain curves received for as-
extruded RS and IM materials are shown in Fig. 6a and Fig. 6b, 
respectively. Compression tests were also performed for RS and 
IM samples annealed at 500ºC / 6 h to test the annealing effect on 
the high-temperature flow stress characteristics. It is a common 
believe that an intense dynamic recovery at high enough 
deformation temperatures is responsible for the steady-state flow 
regime observed on t- t curves. Strain hardening at 20ºC-150ºC 
is not followed by the steady-state flow within the limited strain 
range used in experiment. 

Maximum flow stress vs. deformation temperature is shown 
in Fig. 7. The flow stress is reduced with temperature because 
of the temperature effect and intensified dynamic recovery process. 
The maximum flow stress for RS material was reduced from 
626 MPa to 18 MPa at 20ºC and 500ºC, respectively. It is worth 
stressing that the flow stress at 20ºC-150ºC was measured at 

t  0.4 i.e. before the steady state flow was reached. Therefore, 
the flow stress value was measured at t  0.002 for selected 
samples and the data for 0.002 were shown in Fig. 7 to display the 
effect of strain hardening during deformation at low temperatures. 
Relatively high flow stress values for both RS and IM materials 
were observed with respect to the results received for technical 
purity aluminium [14]. However, the difference between the flow 
stress for tested IM and RS samples becomes unexpectedly low 
at high deformation temperature range (250ºC-550ºC). The last 
effect suggests that the refinement of Al6Mn particles for the  
RS-material result in very limited particles strengthening of the 
material processed at high deformation temperatures. 

 

a) b)

c) d)

 
 

 
 

Fig. 6. Flow stress curves received for Al-6Mn-3Mg alloy: a) as-extruded  RS material; b) as-extruded IM material; c) RS samples 
annealed at 500oC / 6 h; d) IM samples annealed at 500oC / 6 h 
 

The hardness of hot deformed samples, measured at room 
temperature, is shown in Fig. 8. The results are more consistent with 
structural features of the hot deformed samples. Fine particles 
produced during rapid solidification of the alloy result in definitely 
higher hardness of RS material than that for IM or annealed RS and 
IM samples. The hardness of RS material was reduced from 180 HV 
to 122 HV for samples deformed at 20ºC and 500ºC, respectively. 
Adequate reference data for IM material were 115 HV and 94 HV for 
20ºC and 500ºC respectively. Reduction of the materials hardening 
with increasing deformation temperature result from intensified 
dynamic recovery rather than the particle coarsening. Transmission 
electron microscopy observations did not reveal any noticeable 
coarsening of particles due to the hot deformation of the samples. 
 

4. Conclusions 
 
Rapid solidification combined with mechanical vacuum 

consolidation and hot extrusion of RS-flakes result in refined 
structure of Al-6Mn-3Mg alloy and effective reduction of the 
material porosity caused by the cracking of Al6Mn particles. 

In contrary to RS material, an intense cracking of large particles 
was observed for IM material extruded at 400ºC.  

High mechanical properties of RS alloy are ascribed to effective 
refinement of Al6Mn particles. The annealing of as extruded RS 
material at 500ºC/6h was found to result in reduction of mechanical 
properties mostly because of the coarsening of Al6Mn particles. 

Both the flow stress at compression tests and the hardness of 
as deformed samples for RS material were higher than that for an 
industrial material (IM) if measured at room temperature. 
However, increased deformation temperature was found to result 
in reduced difference between the flow stress values for RS and 
IM samples. 
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Fig. 7. Effect of deformation temperature on the flow stress 
maximum, MAX (bold lines) and selected data of 0.002 (grey lines) 
are shown for RS and IM Al-6Mn-3Mg alloy. Results received for 
as extruded materials (solid lines) and samples annealed at 500ºC / 
6 h (dotted lines) are shown. Adequate data for aluminum of 
technical purity are also displayed for comparison purposes [14] 
 

 
 
Fig. 8. Effect of deformation temperature on the hardness of as-
deformed RS Al-6Mn-3Mg material and RS samples preliminarily 
annealed at 500ºC / 6 h (bold line). Results received for as extruded 
IM material and IM samples preliminarily annealed at 500ºC / 6 h 
are also shown (dotted line) 
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