
Effect of additional alloying on stabilization of structural state and mechanical properties of 

industrial magnesium-rich Al-Mg alloys 
 

Alla Berezina., Tetiana Monastyrska., Oleh Molebny 

G.V. Kurdyumov Institute for Metal Physics of the NAS of Ukraine, Kyiv, Ukraine 

E-mail: beres@imp.kiev.ua, monast@imp.kiev.ua, moleb@imp.kiev.ua 
 

Absract: Influence of small Sc, Ag, Zr, Ti, Mn addition on the stabilization of the structural state, the formation mechanisms and kinetics of the 

phase growth during the aging, and also technological casting properties in the industrial Al-Mg alloys were investigated. It has been 

established: maximum strengthening in these alloys is reached after the nature aging due to the precipitation of ordered Al3Mg phase that is 
isomorphic to the matrix. However, under prolonged nature aging the stable Al3Mg2 phase is precipitated in the matrix and on the grain 

boundary. It is accompanied by fall of the plasticity and decreasing the volume fraction of the strengthening Al3Mg phase. It is succeeded 

completely to prevent the formation of the stable phase under prolonged nature aging in the alloys quenched in the oi l and additional alloyed by 
Sc or Ag. Also Ag affects the cracking under the crystallization of alloys favorably. Using the complex of the Zr, Ti, Mn and Sc alloying elements 

increases the strength properties of the alloy at the quenched state slightly, but accelerates the formation of the stable phase during the nature 
aging. 
KEYWORDS: Al-Mg ALLOYS, PRECIPITATION STRENGTHENING, STRUCTURE, NATURAL AGING, STABLE PHASE, METASTABLE 

PHASE 

 

1. Introduction 
It is known that Al-Mg alloys have a high solubility of Mg in Al, but 
they are not strengthened during the ageing [1]. The study of the 

kinetics and the morphology of the ageing of Al-Mg alloys (the 
concentration of Mg was from 3% to 15%) showed that the alloys are 

aged with the formation of the stable icosahedral giant Samson 

Al3Mg2 phase [2]. The phase particles are formed heterogeneously on 
the defects and on the grain boundaries, they are not strengthening 

particles.  
Al-(8-12)%Mg alloys are basic alloys of durable lights corrosion-

resistant casting alloys with satisfactory castings properties. An 
essential disadvantage of these alloys is the sensitivity of the 

properties of these alloys to the natural ageing. In the process of 

natural ageing the alloys are strengthening on 25-70% depending on 
the concentration of Mg and duration of ageing, while the plasticity 

reduces from 20 to 2%. It was found [3,4] that the hardening in these 
alloys during the natural ageing is related to the precipitation of fine of 

coherent phase of Al3Mg ordering as L12 (''-phase). Decreasing of 

plasticity is related to the presence of areas free of precipitating of 

strengthening ''-phase. These areas appear due to the formation of the 

stable Al3Mg2 phase on the boundaries of grains. 

In our earlier studies [5,6,7] structural changes during aging process of 
the modeling Al-(10-14)%Mg alloys alloyed with (0.1–0.3)%Sc, 

(0.15–0.5)%Ag were investigated. It allowed determining the optimal 

concentrations of Mg, Sc and Ag that allows stabilizing the structural 
state in the alloy under prolonged nature aging. 

The objects of this investigation are the industrial Al8 and Al27 alloys 
on the base of Al-10%Mg additional alloyed by 0.15%Sc and 

0.1%Ag. The aim of the investigation is the study of the Sc, Ag 
influence on the structural change, the mechanical and casting 

properties this alloys. 

2. Experimental 
The experimental alloys were melted on a base of industrial high-
strength corrosion-resistant alloys Al8 (alloy A, table 1) and Al27 

(alloy D, table 1). In addition the alloys were alloyed with Sc, Ag, Zr, 
Ti, Mn. The alloys were prepared using aluminium А99, magnesium 

Mg95. The refractory elements were additional alloyed by the 

ligatures: Al-2%Sc, Al-4%Zr, Al-5%Ti and Al-5%Mn. The alloys 
were melted in the graphite crucible in the resistance furnace under the 

protective Ar atmosphere. The compositions of the melted alloys are 
summarized in the Table 1. 

For investigation of the structural and phase transformation in Al –  
Mg alloys the hardness, X - ray methods; metallography and transition 

electron microscopy (TEM) methods were used. TEM was performed 

using JEM-2000FXII instrument in the transition and scanning mode. 

The hardness was measured by Vikkers method at loading of 5 kg and 

the duration for the 12с. The stress-strain properties and technological 

casting properties such as the fluidity, shrinkage and the ability to the 
shrinkage cracks [8] have been investigated. 

  
Table 1. The chemical composition of the melted alloys 

Alloys Mg  Si  Mn  Ti  Zr Sc Ar 

A 9.74 - - - - - - 
B 10.5 - - - - 0.13 - 

C 10.5 0.07 - - - - 0.08 
D 9.2 - 0.36 0.23 0.13 - - 

E 10.5 0.06 0.33 0.36 0.3 0.12 - 

3. Results and discussion 
3.1. Smelting of the trial compositions of industrial alloys, 

alloyed with optimum elements (Ag, Sc etc); selection of their 

homogenization and quenching regimes 
The metallographic investigation of the structure of the alloys in the 
initial state has been carried out. The structure of the А, В, С alloys is 

dendritic. The nonequilibrium Al3Mg2 phase is located at the grain 
boundary and in the interdendritic space (Fig. 1). The dendritic 

parameter is not affected by the additional alloying of the A alloy with 

0.13% Sc (alloy B) or by 0.08% Ag (alloy C) (Table 2).  
 

Table 2. The dendritic parameter d of the studied Al-Mg alloys 

d, μm 

 

Alloys 

A B C 

dmin 10 8 10 
dmax 14.5 13.5 14 

d 12.6 11.1 12.2 

 

In the D and E alloys the undendritic crystallization structure is 

observed. In this structure the excess phase is substantially observed 
on the grain boundary. Large intermetallides of the refractory 

compound Ti, Zr, Mn are present in the matrix (Fig. 1). 
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Fig. 1 The structure of the cast alloys. 

The grain sizes D and sizes of the primary particles of intermetallides  
d are summarized in the Table 3. (The number of measured grains was 

Nd  200 and the number of measured particles was nd  50). The 

volume fraction of particles is increased in the E alloy under 
additional alloying by Sc. 

 

Table 3. The grain sizes and the intermetallide sizes in the C and D 
alloys 

Alloys The grain size, μm The intermetallide size, μm 

Dmin Dmax D dmin dmax d 

D 11.6 82.7 46 1 21.4 3.7 

E 5.0 71.0 44 1.5 35.2 4.1 

 

According to earlier investigations the homogenization condition at 
430 ºС during 20 hours was chosen. For decreasing the internal stress 

in the alloy the quenching was carried out from the homogenization 

temperature in the oil at the temperature of 50 ºС. 

3.2. The investigation of ageing processes 
Influence of the transition metals Sc, Zr, Ti and Mn on the structural 

state of the ingots during high-temperature heat by the 
homogenization and under the aging at the region of the formation of 

stability β-phase was studied. 
The study of the macrostructure of the ingot of the A alloy, where the 

antirecrystallization elements are absent, has shown that wide variance 
of  grain sizes along the profile of the ingot is observed after 

homogenization: a hoop from big grain (size of 3-2.5 mm) with fine-

grained centre with the grain size of 0.3-0.5 mm (fig. 3). Addition of 
0.13 %Sc to this alloy puts out such heterogeneousness in the ingot 

(alloy B). The processes of the anomalous collecting recrystallization 
of the grains with the formation of separate big grains have a place 

after alloying with Ag (alloy C). In alloys of Al-27 type (alloys D and 
Е) containing the high concentration of the anticrystalization elements 

the homogeneous fine-grained structure with the grain size of 40-60 
μm is kept after the homogenization (fig. 2). 
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Fig. 2 The macrostructure of the alloys homogenized at 430 ºС for 20 

hours. 
 

The non-equilibrium Al3Mg2 phase of crystallization origin is 
observved after homogenization. After following aging at 220 ºС 

during 25 hours the equilibrium β phase is precipitated uniformly on 
the grain in the alloys of Al-8 type (alloys А, В, С) and nonuniformly 

in the alloys of Al-27 type (fig. 3). Decrease the aging temperature to 

130 ºС, when the β´- phase is precipitated results in the formation of 
rosette nonuniformly in the В, С and Е alloys. 

Obtained results shown that the using the complex alloying with the 
transition metals Sc, Zr, Ti and Mn (С and Е alloys) results the 

modification of the ingot structure. The small grain of the ingot with 
the size of 40-60 μm is observed after the homogenization at 430 ºС 

during 20 hours. The strong antirecrystallization effect is observed. 
After following aging in these alloys the equilibrium phase 

precipitates heterogeneously in the main at the region connecting with 

the grain boundary. In the alloys alloyed only with Sc and Ag, in 
which the recrystallization takes place (alloys В, С), the distribution of  

the β-phase is uniform. 
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Fig. 3 The structure of the alloys aged at 220 °С for 25 hours. 

3.3. The temperature and time stability of structural states. The 

mechanical properties of the alloys 
Investigation of the change of strength properties of alloys during the 

aging at the region of the formation of the hardening ' phase showed 

that the maximal strengthening is reached after aging at 130 ºС during 

50 hours. The hardness values of the alloys in the initial state and after 
the natural aging are summarized at the Table 4. 

 
Table 4. The hardness change depending on the thermal treatment 

(HV, kgs/mm2) 

Alloys As cast  

Homogenization 
430ºС 20 hours 

+ quenching in 
the oil 50ºС 

Aging 
220ºС 

25 hours 

Aging 
130ºС 

50 hours 

Natural 
aging, 

2 years 

A 94 104.4 107.3 127.2 140 
B 86.2 101.6 108.8 133 145 

C 97.8 97.8 98.4 125.4 139.6 

D 93.4 78.8 97.8 134 112.4 
E 105.1 118.3 115.8 130.4 138.8 

 
The TEM study of all alloys after aging at 130 ºС for 50 hours showed 

that the plate-like hexagonal ' phase squeezing the dislocations to the 

matrix is present (alloy А, fig. 5). The branching of the plate of the ' 

phase and the appearance of cellular contrast between plates have a 

place. It indicates the formation of the equilibrium unstrengthening   

phase. The fine-dyspersed particles of the Al3X (X= Sc, Zr) phase 

with size of 20-30 nm are present in the matrix of the В, D, E alloys 

(Fig. 4, alloy D). These particles are coherently connected with the 

matrix. The density of their precipitation is Nv 10 6 1/sm3.  

Maximum strengthening is reached after the natural aging due to the 

continuous decomposition with precipitation of the strengthening 

metastable  phase which is coherent to the matrix and forms the 

static deformation. The density of the precipitation of these particles 

with the size of 2-3 nm reaches to  1018 1/sm3 (Fig.4, alloy В). 
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Fig. 4 The morphology of the precipitations in the alloys. A, B, D – 

bright - field, A ,́ B', D  ́– dark – field. 

 
The metallographic study of the structure of А, В and С alloys after 

prolonged natural aging (10 years) showed that it is impossible to 
prevent the formation of the stable unstrengthening phase in the 

matrix under quenching of this alloys in the water after 
homogenization (Fig. 6, А and В alloys). It should be noted that the 

presence of Sc and Ag decreases volume fraction of this phase 
significantly. The quenching in oil heated to 100 ºС decreases the 

internal stress in the matrix and the formation of the and  - phases 

in the B and C is completely inhibited (Fig. 5, В and С alloys).  
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Fig. 5 The structure of the naturally aged alloys during 10 years. A, B 
- the water quenching, B ,́ C - the oil quenching. 
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The test probe was used to determine the alloys casting properties. It 
allows defining the fluidity, the linear shrinkage and the degree of the 

cracking simultaneously under cast. The test probe is the U-liked 
mould that is split in vertical plane. The mould was uncovered after 

the cast of the probe and the solidification of the alloy. The fluidity of 
the alloy was determined by the length of filling of the U-liked canal. 

The crack width as the distance between relevant points located on the 

axis line of the probe canal was defined with the accuracy about 
0.05mm. The linear shrinkage in the complex probe was determined 

by the shrinkage of the central stick obtained in the vertical canal. The 
relative value of the linear shrinkage was defined. Obtained casting 

and stress-strain properties of the experimental alloys are summarized 
in the Table 5. 

 
Table 5. The casting and stress-strain properties of the experimental 

alloys 

Alloys 

The casting properties  The stress-strain properties 

The 
fluidity 

mm 

The relative 

linear 
shrinkage  

% 

The 
cracking 

mm 

Homogenizati

on at 430ºС, 

20 hours, the 
quenching in 

the oil 

The nature 

aging during   

2 hours 

B, 

MPa 

,  

MPa 
, 

% 

B, 

MPa 

,  

MPa 
, 

% 

A 213 1.04 0.26 360 190 20 310 240 2 

B 227.7 1.08 0 360 200 20 440 300 25 
C 198.6 1.05 0 355 185 20 420 280 20 

D 218.4 1.07 0 430 200 15 410 250 1 
E 227.3 1.00 0.23 450 200 12 400 230 1 

 

4. Conclusion 
1. Maximum strengthening in these alloys is reached under the nature 
aging due to the precipitation of ordered Al3Mg phase that is 

isomorphic to the matrix. However, under prolonged nature aging the 

stable Al3Mg2 phase is precipitated in the matrix and on the grain 
boundary. It is accompanied by fall of the plasticity and decreasing the 

volume fraction of the strengthening Al3Mg2 phase. The formation of 
the stable phase is accelerated under the formation of the internal 

stress by the quenching of the alloys. 
2. It is succeeded completely to prevent the formation of the stable 

phase under prolonged nature aging in the alloys of Al-8 type 
additional alloyed with Sc (~0,15%)  or  Ag (~0,15%) and quenched 

in the oil. 

3. The Sc alloying removes the tendency of the alloys to form the 
shrinkage crack and facilitates to increase the fluidity. Also Ag affects 

the cracking under the crystallization of alloys favorably.  
4. Using the complex of the Zr, Ti, Mn and Sc alloying elements 

increases the strength properties of the alloy at the quenched state 
slightly, but accelerates the formation of the stable phase during the 

nature aging. 
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