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Abstract

The effect of reducing the magnesium content and doping with scandium, zirconium, manga-
nese, chromium, and rare-earth metals on the structure, phase composition, strength, plasticity, 
and crack resistance, as well as the potential and corrosion current of alloys of the Al-Mg and  
Al-Mg-Sc systems obtained using magnetohydrodynamic foundry was investigated. Installation 
a positive effect of reducing the magnesium content, replacing manganese with chromium, and 
alloying with lanthanum in alloys of the Al-Mg-Sc system in the cast state and after deformation 
processing (extrusion, pressing, and rolling) was established. It is shown that due to dispersion 
strengthening by secondary intermetallics of chromium and lanthanum, this alloy in the cast state 
after homogenization is superior in strength to the well-known alloys of grades 1570 and 1545. 
After hot and cold rolling, it is not inferior to these alloys in terms of strength and plasticity, 
but has higher corrosion resistance characteristics. It was found that in terms of structural 
strength, which is comprehensively determined by the characteristics of strength and cyclic crack 
resistance, such alloys are superior to the well-known Al-Mg-Sc, Al-Mg and Al-Cu-Mg systems.  
The results of modeling the stress-strain state and damage of strips of different thicknesses during 
hot isothermal pressing are presented. The temperature-force parameters of the process and the 
geometry of the pressed strip are set to obtain its minimal damage.

KEYWORDS

Aluminum alloys, Al-Mg-Sc system, alloying, chrome, REM, deformation treatment, structure, 
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The high characteristics of plasticity, corrosion resistance and weldability, as well as the ab-
sence of the need to perform strengthening heat treatment, determine the wide use of alloys of 
the Al-Mg system (AMg type) in mechanical engineering, in particular in aerospace engineering. 
But their disadvantage is low strength [1], which is increased by structural (shredding structural 
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elements) and solid-solution or intermetallic strengthening, in particular, alloying with transition 
metals, among which scandium is one of the most effective [2, 3]. Doping with scandium ensures 
the formation of a dendritic structure of castings with small crystals of solid aluminum solution 
in the form of cells and dispersed intermetallic inclusions. At the same time, in order to increase 
the corrosion resistance and weldability and manufacturability in a high-strength state, it is con-
sidered appropriate to reduce the magnesium content from 6.0...6.5 to 4.0...4.5 by wt. % [3, 4].

1.1 Structure and mechanical and corrosion properties of cast alloys  
of the Al-Mg-Sc system

The properties of cast alloys depend significantly on the casting technology: homogenization of 
the melt, speed of crystallization, etc. Today, one of the progressive technologies is the technology 
based on the use of magnetohydrodynamic (MHD) foundry installations. Here, the simultaneously 
controlled thermal and force effects on the liquid metal contribute to the rapid and complete 
assimilation of alloying and modifying elements, the uniformity of the chemical composition and the 
grinding of the structure, as well as the intensification of vacuum refining [5, 6].

The structure and properties of alloys of the Al-Mg and Al-Mg-Sc systems [7] were stu died, 
in particular the well-known АMg6 (option No. 1) and 1570 and 1545 with different Mg con-
tents (options No. 2, 3), as well as experimental alloys with different contents Zr, Mn and Cr (op-
tions No. 4–8 in Table 1.1). Samples were cut from castings obtained by MHD mixing of the 
melt at 700 ± 10 °C. To homogenize the structure of the casting during the decomposition of the 
solid solution, the alloys were crystallized in a steel mold heated to 300 °C.

 Table 1.1 Chemical composition (wt. %) of the investigated alloys

Alloy No. Mg Mn Sc Zr Cr Fe Si 
1 6.28 0.39 – – – 0.12 0.18 
2 5.96 0.40 0.24 0.09 – 0.28 0.16 
3 4.61 0.43 0.28 0.12 – 0.31 0.17 
4 4.50 – – 0.49 – 0.23 0.17 
5 4.47 – – 0.75 – 0.14 0.16 
6 4.53 0.42 – 0.25 – 0.21 0.18 
7 4.70 – – 0.30 0.43 0.10 0.09 
8 4.60 – 0.26 0.13 0.47 0.14 0.10 

Note: the averaged chemical composition is given; all alloys also contain ~0.03 wt. % Ti and ~0.003 wt. % Be, 
Al – the rest

AMg6 alloy (option No. 1) has low strength and plasticity (Table 1.2), which is characte-
ristic of this type of cast alloys, when a non-dendritic cellular matrix structure with a large grain  
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size (up to 100...200 µm) and a network of large (micro-sized) discharges is formed secondary 
phase up to 20...40 µm in size (Fig. 1.1, a, b). Based on the results of local chemical analy-
sis (Table 1.3), it can be stated that the matrix is a solid solution of Mg, Mn, and Ti in alumi-
num, and the secondary phase is intermetallics such as Al3Mg2, Al8Mg5, Al6(Fe, Mn), Mg2Si [8].

 Table 1.2 Mechanical characteristics of alloys

Characteristics
Alloy No.

1 2 3 4 5 6 7 8 

s0.2, MPa 137 152 178 90 91 93 109 175 

sВ, MPa 213 234 284 214 204 205 244 280 

Δ5, % 8 11 14 16 11 15 18 15 

Note: alloy number according to Table 1.1; averaged test data of 3–5 samples are presented

Scandium and zirconium in alloy type 1570 (option No. 2) increase its mechanical cha-
racteristics compared to option No. 1 (Table 1.2) primarily due to grinding of the matrix  
grain (Fig. 1.1, c vs. Fig. 1.1, а). The morphology of large intermetallics did not change sig-
nificantly (Fig. 1.1, d vs. Fig. 1.1, b). At the same time, as evidenced by the data in the 
Table 1.3, a dispersed (nano-sized) Al3Sc strengthening phase is formed in the matrix [2, 3], 
but zirco nium (together with scandium) is contained only in large intermetallics. A high iron 
content was recorded here (Table 1.3). Obviously, in addition to Al6(Fe, Mn)-type precipitates, 
Al3Fe-type intermetallics are formed [8]. Iron-based intermetallics negatively affect the proper-
ties of Al-Mg-Sc alloys [8, 9], so it is suggested to limit the content of iron and silicon in them:  
[Fe+Si] ≤ 0.12 wt. %.

An unexpected result was obtained by studying an alloy of type 1545 with a reduced 
magnesium content (option No. 3 in Table 1.1). It is known that the strength of alloys of the  
Al-Mg system increases with increasing magnesium content. Option No. 3 shows the opposite 
trend (Table 1.2), when with a decrease in magnesium content from 5.96 to 4.61 wt. %, but 
with a slightly higher content of scandium and zirconium (Table 1.1), the strength and plasticity 
of the alloy increased significantly. There was a transformation of the morphology of the struc-
ture of large discharges of the secondary phase (Fig. 1.1, e, f vs. Fig. 1.1, c, d), in particular, 
their size decreased and their distribution became more uniform. However, the nature of the 
matrix changed the most (Table 1.3): zirconium appeared here, which indicates the formation of  
a dispersed Al3(Sc1–xZrx) phase at an optimal ratio of Sc/Zr ≈ 2/1. This phase determines the 
grinding of the grain, provides a more homogeneous non-dendritic structure and strengthening of 
the alloy, which, in our opinion, is also facilitated by the used MHD technology.

Increasing the amount of zirconium (0.25...0.75 wt. %) in alloys with a reduced magnesium 
content without and with manganese (options No. 4–6 in Table 1.1) did not have a positive effect 
on improving their mechanical characteristics compared to option No. 1 (Table 1.2).
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 Fig. 1.1 Microstructure of alloys: a, b – No. 1; c, d – 2; e, f – 3; g, h – 8
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 Table 1.3 Local content (wt. %) of chemical elements in the investigated alloys

Structural component Chemical element 
Alloy No.

1 2 3 8 

Matrix Al 94.34 95.31 96.26 96.20

Mg 5.23 4.25 3.02 2.76
Mn 0.36 0.22 0.28 –
Sc – 0.22 0.24 0.22
Zr – – 0.11 0.12
Cr – – – 0.64
Ti 0.04 0.05 0.05 0.04
Fe – – – –
Si – – – –

Micro-sized 
intermetallics

Zone А Al 83.17 86.02 88.06 88.02

Mg 15.85 13.12 10.22 10.60
Mn 0.48 0.10 0.48 –
Sc – 0.13 0.32 0.38
Zr – 0.16 0.05 0.07
Cr – – – 0.16
Ti – – – –
Fe 0.32 0.45 0.63 0.36
Si 0.16 – 0.22 0.40

Zone В Al 76.18 67.09 68.69 73.50

Mg 23.44 8.60 10.12 11.40
Mn 0.12 1.40 2.87 –
Sc – 0.39 0.47 0.60
Zr – 0.21 0.28 0.35
Cr – – – 13.72
Ti 0.05 – – –
Fe – 22.06 17.27 0.41
Si 0.18 0.23 0.26 –

Note: alloy number according to table 1; averaged data of 3–5 measurements are provided; zone A is dark, 
and zone B is the light part of intermetallics (Fig. 1, b, d, f, h)

In alloys of the Al-Mg-Sc-Zr system, manganese content is 0.2...0.6 wt. % increases their 
strength and corrosion resistance [2, 4]. There are also known attempts to alloy such alloys with 
manganese (~0.5 wt. %) and chromium (~0.5 wt. %) in order to additionally form a strengthening 
phase of the Al7Cr type [10]. The influence of chromium on the properties of alloys of the Al-Mg  
and Al-Mg-Sc system has been little studied. Although, to improve the properties of the weld metal 
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of welded joints of these alloys, welding wires with the addition of chromium were used [2]. How-
ever, the properties of such alloys after replacing manganese with chromium were not investigated.

In alloys of the Al-Mg-Zr system, such a replacement (options No. 6, 7 in Table 1.1) led to a no-
ticeable increase in the strength and plasticity of alloy No. 7 compared to option No. 6 (Table 1.2).  
Therefore, they studied alloy type 1545 (option No. 3), which contained 0.47 wt. % Cr instead of 
0.43 wt. % Mn (option No. 8). For this alloy, a matrix structure with a grain size of 50...100 µm 
was recorded (Fig. 1.1, g) with a uniform distribution of globular particles of the intermetallic 
phase with an average size of ~10 µm (Fig. 1.1, h). Scandium, zirconium and chromium were 
found in the matrix (Table 1.3), which may indicate the formation of dispersed strengthening 
phases of the type Al3(Sc1–xZrx) and Al7Cr. These elements in large quantities (especially chro-
mium) are present in large intermetallics, where the iron content is quite low compared to op-
tion No. 3. As a result, alloying with chromium instead of manganese ensured the strength and 
plasticity of alloy No. 8 at the level of alloy No. 3 (Table 1.2), but had a significant positive effect 
on its corrosion resistance.

Electrochemical studies revealed (Fig. 1.2) that with an increased magnesium con-
tent (6.0...6.3 wt. %) the alloy type 1570 (option No. 2) compared to the alloy type AMg6 (op-
tion No. 1) has a slightly better corrosion potential Ecor, but the corrosion current Icor is almost 
4 times higher (Fig. 1.2), which causes a greater intensity of corrosion of the surface of the 
samples in a 3 % NaCl solution (Fig. 1.3, b vs. Fig. 1.3, а). Such an increase in Icor values can  
be associated with an increase in the heterogeneity of the structure of alloy No. 2, in particular, 
with the formation of large intermetallics with a high iron content (Table 1.3).

 Fig. 1.2 Polarization curves and electrochemical characteristics 
of alloys according to their number in the Table 1.1
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 Fig. 1.3 Corroded surface of alloy samples No. 1 (a); No. 2 (b); 
No. 3 (c) and No. 8 (d). Alloy number according to the Table 1.1
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With a decrease in the magnesium content, which is among the first (standard electrode 
potential z* = –2.363 V) in the range of activity of metals [11], the polarization curve of alloy No. 3 
shifts to the right and down, i.e., the values of Ecor and Icor improve (Fig. 1.2), which is manifested 
in a decrease in the intensity of corrosion of the sample surface (Fig. 1.3, c vs. Fig. 1.3, b).  
However, the optimal situation was observed for alloy No. 8: here the best combination of Ecor 
and Icor characteristics was recorded (Fig. 1.2), and the traces of corrosion on the surface of the 
sample are the smallest (Fig. 1.3, d), which is a consequence of the positive effect of chromium, 
for which z* = –0.744…0.913 V versus –1.180 V for manganese [11].

Thus, in contrast to the known literature data, an increase in the strength limit was recorded 
due to a decrease in the magnesium content in alloys of the Al-Mg-Sc system, obtained using the 
technology of magnetohydrodynamic mixing of the melt at 700 °С and its crystallization in a steel mold 
heated to 300 °С. It was established that chromium effectively replaces manganese in these alloys, 
ensuring their strengthening and a significant increase in corrosion resistance in a 3 % NaCl solution.

1.2 Strength and cyclic crack resistance of heat-deformed alloys  
of the Al-Mg-Sc system

Optimum characteristics of strength and plasticity are achieved after thermo-deformation 
processing of cast blanks: extrusion, pressing, rolling, etc. The chemical composition and structural 
phase state can have different effects on the strength and crack resistance of deformed alloys 
of the Al-Mg-Sc system under cyclic loading, in particular on the fatigue threshold [12]. There-
fore, the structural strength of materials, especially for aerospace purposes, when the principle  
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of safe damage is applied during their operation, depends on the optimal combination of strength 
and crack resistance characteristics. It can be effectively estimated [13] by the complex pa-
rameter P = [sВ·ΔKth·ΔKfc], where sВ – the limit of strength; ΔKth – the fatigue threshold and  
ΔKfc – the cyclic fracture toughness, which are characteristics of the cyclic crack resistance (CCR) 
of the material [14].

Alloys 1570 and 1545 with different magnesium content were studied (Table 1.4). Castings 
were obtained by MHD mixing of the melt at 700 ± 10 °C and crystallization in a steel mold heated 
to 300 °C to homogenize the structure of the casting.

The resistance to plastic deformation of the metal was evaluated based on the temperature 
dependence of the yield strength under compression (Fig. 1.4), determined on standard samples cut 
from castings. On this basis, thermal deformation treatment was carried out in different ways: by ex-
trusion of castings ∅ 30 mm to ∅ 20 mm at 390 ± 10 °С (alloy No. 1) and 420 ± 10 °С (alloy No. 2); 
pressing castings ∅ 30 mm into a strip 6 mm thick at 420 ± 10 °С; by rolling pressed blanks 20 mm 
thick onto a plate 4.5 mm thick at 420 ± 10 °С (alloy No. 1) and 460 ± 10 °С (alloy No. 2) [15].

 Table 1.4 Chemical composition (wt. %) of alloys

Alloy No. Mg Mn Sc Zr Ti Be Fe Si Al 

1 6.12 0.37 0.26 0.09 < 0.03 < 0.003 0.09 0.05 Rest 

2 4.85 0.32 0.24 0.12 < 0.03 < 0.003 0.08 0.04 

Note: the averaged chemical composition is given

 Fig. 1.4 Temperature dependence of yield strength under 
compression for alloys No. 1 () and No. 2 ()
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As during the test at room temperature [7], at ≤ 400 °С, a slightly higher resistance to plastic 
deformation of alloy No. 2 was recorded compared to alloy No. 1, and in the range of 400...450 °С 
for both alloys it changed slightly (Fig. 1.4). Some shift of this dependence for cast alloy No. 2 
towards higher temperatures compared to alloy No. 1 can be attributed to the difference in the 
secondary phase that strengthens the matrix: in alloy No. 2 it is an intermetallic Al3(Sc1–xZrx), and in 
alloy No. 1 is Al3Sc [7]. According to literature data, alloys of the Al-Mg-Sc system are processed 
by thermal deformation in the range of 300...480 °С, although it is recommended to process them 
at ≤ 420 °С. Therefore, in order to obtain a wider database, alloys No. 1, 2 were studied after 
extrusion, pressing and rolling in the range of 390...460 °C (Table 1.5).

In the cast state, alloy No. 2 is superior to alloy No. 1 in terms of mechanical characteris-
tics (Table 1.5), which significantly increase after deformation treatment: s0.2 – from 153...162 to 
305...374 MPa; sB – from 236...270 to 396...452 MPa; Δ – from 11...15 to 12...17 % depend-
ing on its method. The highest strength of alloy No. 1 was obtained after multiple (8 pas ses) rolling, 
and for alloy No. 2 – after extrusion. The lower value of sB for this alloy after rolling (Table 1.5) is 
probably caused by too high a processing temperature, i.e. the recommendation of an optimal tem-
perature of ≤ 420 °C for alloys of the Al-Mg-Sc system is confirmed. The obtained results agree 
with the literature results for similar alloys (Table 1.5). It should be noted here that heat-deformed 
alloys No. 1, 2 show, as a rule, higher values of the yield strength s0.2 compared to those known  
in the literature (Table 1.5), which may be a consequence of the use of MHD technology.

 Table 1.5 Mechanical characteristics of the studied alloys in the cast and thermo-deformed states and 
their comparison with those known in the literature

Alloy Processing s0.2, MPA sВ, MPa Δ5, %

No. 1 Casting 153 236 11 
Extrusion (390 °C) 310 397 12 
Pressing (420 °C) 326 413 13 
Rolling (420 °C) 374 450 12 

No. 2 Casting 162 270 15 
Extrusion (420 °C) 350 452 16 
Pressing (420 °C) 309 405 16 
Rolling (460 °C) 305 396 17 

01570 [2] (5.8 % Mg) Extrusion 305…345 430…445 15…18 
Hot rolling 270…300 390…420 15…20 

1570 C [2] (5.0…5.6 % Mg) Pressing and hot rolling 245…300 375…400 15…20 
1575 C [16] (6 % Mg) Rolling (300 °C, ε = 70 %) 295 450 20 
1545 [16] (4.57 % Mg) Rolling (360 °C, ε = 70 %) 280 385 20 
1545 [17] (4.57 % Mg) Rolling (320...360 °С) 260 395 17 

Cold rolling (ε = 20...70 %) 375…450 440…490 8…10 

Note: аveraged test results of at least three samples are provided for alloys No. 1, 2
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The microstructure of alloys after rolling is noticeably different. The grain size transverse 
to the direction of rolling in alloy No. 1 is 50...150 µm (Fig. 1.5, a), and in alloy No. 2 it is 
50...100 µm (Fig. 1.5, b). In alloy No. 1, significant separation of intermetallics along the grain 
boundaries was recorded, while in alloy No. 2 with a reduced magnesium content, they are much less.  
Local chemical analysis revealed (Fig. 1.5, c, d) that in both alloys, these are primary allocations of 
intermetallics: aluminum and magnesium; aluminum, manganese and iron; aluminum, scandium and 
zirconium (such as Al3Mg2, Al6(Fe, Mn), Al3(Sc, Zr) [8].

 Fig. 1.5 Microstructure (a, b) and local chemical composition of intermetallic 
compounds (c, d) and matrix (e, f) of alloys No. 1 (a, c, e) and No. 2 (b, d, f) after rolling
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The difference was found by analyzing their matrix: zirconium is absent in alloy No. 1 (Fig. 1.5, e), 
while it is present in alloy No. 2 (Fig. 1.5, f). This shows that in the first case, the Al3Sc secondary 
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phase is released in the matrix, and in the second case, Al3(Sc1–xZrx), which is more dispersed, therefore 
strengthens the alloy more effectively. A similar result was previously obtained for an alloy with a reduced 
magnesium content in the cast state [7], as well as other researchers for a heat-deformed alloy [16].

Increased strength of alloys of the Al-Mg-Sc system is achieved, first of all, by alloying with 
scandium, which structurally strengthens the alloy by grinding the grain, which predicts the Hall-
Petch equation. However, it is known that the size of the grain affects the characteristics of 
strength and CCR ambiguously. In particular, for steels, this dependence for strength and fatigue 
threshold ΔKth is opposite [18]:

σ σ0 2
0 5

.
. ,= + −

i y gk D  (1.1)

∆ = +K A BDth g
0 5. , (1.2)

where Dg – the grain size; si, ky, A, B – material constants. The ΔKth characteristic is important 
for assessing the durability of structural elements, as it is directly correlated with the resistance 
to fatigue macrocrack initiation and the fatigue limit of materials [14].

Diagrams of fatigue macrocrack growth rates show (Fig. 1.6, a) that alloy No. 1 after rolling 
has a somewhat larger CCR in the medium-amplitude part of the diagram and a lower one in the 
high-amplitude part of the diagram compared to alloy No. 2. 

 Fig. 1.6 Diagrams of fatigue macrocrack growth rates: a – for rolled alloys No. 1 (, )  
and No. 2 () under tensile () and bending (, ) loads; b – comparison with literature data  
for heat-deformed alloys of type 1570: 1 – alloy No. 1, Dg = 50...150 µm; 2 – 6...10 µm [12]; 
3 – 70...170 µm [9]; 4 – ~1 µm [9]; 5 – [3]; 6 – [2]
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Note that the diagram for alloy No. 1 (similar to the known results [19]) is invariant with re-
spect to the geometry and method of sample loading, that is, it is a characteristic of the material. 
Both alloys have a high resistance to fatigue macrocrack growth, which is caused by high-energy 
micro-mechanisms of destruction: at ΔK ≈ 15 MPa m⋅ , this is a fatigue groove (Fig. 1.7, a, b);  
at ΔK ≈ 25 MPa m⋅  – it is mainly pitted (Fig. 1.7, c, d).

 Fig. 1.7 Microfractograms of samples from alloys No. 1 (a, c) 
and No. 2 (b, d) at ΔK = 15 (a, b) and 25 MPa m⋅  (c, d)

a b

c d

20 �m 20 �m

80 �m 80 �m

Both alloys with a relatively large grain size (Dg = 50...150 µm) show a relatively high fatigue 
threshold ΔKth = 3.3...3.8 MPa m⋅ , which distinguishes them from the known ones (Fig. 1.6, b, 
line 1 vs. 2): for alloy 1570 with a small grain size (Dg = 6...10 µm) ΔKth = 1.1 MPa m⋅  [12], which 
confirms the above considerations. In the high-amplitude region (ΔK = 15...30 MPa m⋅ ), these 
diagrams agree well with the results of other authors (Fig. 1.6, b). They also show (lines 4 
and 6) that alloys with fine grain (Dg ~ 1 µm) show low CCR in the low-amplitude region of the 
diagram (ΔK < 5 MPa m⋅ ). Therefore, taking into account the ambiguous influence of the 
structure on the strength and CCR of alloys of the Al-Mg-Sc system, their mechanical behavior 
under operating conditions should be evaluated according to the above structural strength 
parameter P (Table 1.6).

Among the aluminum alloys of different alloying systems, alloy No. 1 has the highest value  
of the P parameter, and alloy No. 2 has the lowest value, although it is practically equal to 
the high-strength D16T alloy, but it is higher compared to the medium-strength AMg5M alloy,  
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which is widely used in aerospace engineering. Note that the fine-grained structure of the alloy, 
causing a very low fatigue threshold ΔKth, determines the lowest value of the P parameter, despite 
the relatively high strength of this alloy (item 3 in Table 1.6). 

 Table 1.6 Mechanical characteristics and parameter of structural strength of aluminum alloys

No. Alloy (alloying system) Alloy condition sВ, MPa ΔKth, 
MPa m⋅

ΔKfc, 
MPa m⋅ P, MPa3·m

1 No. 1 (Al-Mg-Sc) Hot rolling 450 3.8 33 56430 

2 No. 2 (Al-Mg-Sc) –||– 396 3.4 35 47124 

3 01570 [12] (Al-Mg-Sc) Hot rolling, annealing 410 1.1 35 15785 

4 AMg5М [20] (Al-Mg) –||– 315 3.2 33 33264 

5 D16М [20] (Al-Cu-Mg) –||– 235 3.5 32 26320 

6 D16Т [20] (Al-Cu-Mg) Hot rolling, hardening, 
natural age hardening

415 3.2 34 45152 

Thus, in order to achieve increased structural strength, alloys of the Al-Mg-Sc system should 
have an average grain size, obviously several tens of micrometers.

1.3 The influence of rare-earth metals on the structure and properties of cast 
and deformed alloys of the Al-Mg-Cr-Sc-Zr system

It was revealed that the Al-Mg-Sc system alloy, which has a reduced magnesium con-
tent (4.55...4.65 wt. %) and instead of manganese contains 0.4...0.5 wt. % chromium, in terms 
of corrosion and mechanical characteristics, the well-known alloy 1545 prevails, but it also needs 
to increase the strength in the cast state.

Considering the high cost of scandium, an effective means of influencing the structure and 
physical and mechanical properties of alloys of the Al-Mg-Sc system is microalloying with rare-earth 
metals (REM). Having a specific electronic structure of the d-shell and the size of the atom, they 
are able to form complex alloyed solid solutions and intermetallics in these alloys, which contributes 
to grain grinding, increasing the purity of grain boundaries, increasing microhardness, and improving 
their mechanical and corrosion properties. First of all, this applies to erbium and lanthanum [21–26].  
It was established that lanthanum is most similar to scandium in its effect [26], and the effective-
ness of erbium is low at reduced scandium content [25]. It is believed that ~0.10 wt. % is the 
optimal content of erbium or lanthanum in the alloys of this system [21, 26].

The effect of erbium and lanthanum on the structure, phase composition, and mechanical 
and corrosion properties of an alloy of the Al-Mg-Sc system, in which the magnesium content is 
reduced and manganese is replaced by chromium, was studied after plastic deformation of castings 
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obtained by MHD technology [27]. The well-known alloy 1545 with a reduced magnesium con-
tent (No. 1 in Table 1.7) was chosen as the base. In alloys No. 2, 4–7, manganese is replaced by 
chromium to increase corrosion resistance [7]. The effect of erbium was studied on alloys No. 3, 4, 
and lanthanum on alloys No. 5–7.

 Table 1.7 Chemical composition (wt. %) of the investigated alloys

Alloy No. Mg Mn Cr Sc Zr Er La Fe Si 

1 4.64 0.43 – 0.28 0.09 – – 0.21 0.16 

2 4.70 – 0.45 0.26 0.13 – – 0.14 0.10 

3 4.62 0.36 – 0.28 0.12 0.06 – 0.11 0.14 

4 4.72 – 0.49 – 0.35 0.15 – 0.22 0.12 

5 4.67 – 0.45 0.25 0.12 – 0.08 0.10 0.07 

6 4.65 – 0.40 0.15 0.10 – 0.11 0.11 0.09 

7 4.63 – 0.42 0.10 0.1 – 0.25 0.10 0.10 

Note: the averaged chemical composition is given; all alloys also contain ~0.03 wt. % Ti and ~0.003 wt. % Be,  
the rest – Al

Castings were obtained by MHD mixing of the melt at 700 ± 10 °C and crystallization in  
a steel mold at 20 °C and heated to 300 °C for the initial homogenization of the casting structure.  
Castings were homogenized at 360 °C for 5 hours with cooling in water or in air at 20 °С.

Considering that the temperature of 360 °С is optimal for thermo-deformation processing of 
alloys of the Al-Mg-Sc system [25, 28, 29], the homogenized castings were pressed at this tem-
perature into strips 12 mm thick and then rolled into plates 6 mm thick. After annealing at 360 °C 
for 1 hour they were thinned by cold rolling first to a thickness of 4 mm and annealed at 200 °C  
for 1 hour, and then to a thickness of 2 mm and also annealed at 200 °C for 1 hour.

Cast alloys. An increase in the mechanical characteristics s0.2 and sB was recorded after 
replacing manganese with chromium in alloys with a reduced (4.64...4.70 wt. %) magnesium 
content (No. 1, 2 in Table 1.8), which was associated with the intensification of the release of 
intermetallics Al3(Sc1–xZrx). Doping with erbium (0.06 and 0.15 wt. %) of alloys with manganese 
or chromium led to a decrease in strength characteristics, which increases with an increase in the 
content of erbium (up to 0.15 wt. %) and zirconium (up to 0.35 wt. %) in the absence of scan-
dium (No. 3, 4 vs. No. 1, 2). In the paper [25], they also did not find a positive effect of erbium on 
the mechanical properties of the thermoformed alloy of the Al-Mg-Mn-Sc-Zr system when it was 
reduced from 0.25 to 0.12 wt. % of scandium content.

Doping with lanthanum (0.08 wt. %), on the contrary, leads to an increase in strength cha-
racteristics with a slight decrease in plasticity (No. 5 vs. No. 2). At the same time, as with erbium 
doping, increasing the lanthanum content (up to 0.11...0.25 wt. %) with a reduced (from 0.25  
to 0.10...0.15 wt. %) scandium content does not have a positive effect: strength decreases 
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significantly with increasing plasticity (No. 6, 7 vs. No. 5). However, it should be noted here 
that with a 2.5-fold reduction in the content of precious scandium after alloying with lanthanum, 
a highly plastic and sufficiently strong alloy was obtained in the cast state (No. 7 vs. No. 5).

 Table 1.8 Mechanical characteristics of the studied alloys in the cast state

Characteristics
Alloy No. 

1 2 3 4 5 6 7 

s0.2, MPa 162 175 152 132 204 152 132 

sВ, MPa 270 280 260 248 292 255 250 

Δ5, % 16 15 17 18 12 21 22 

Note: alloy number according to Table 1.7; averaged test results of 3–5 samples are given

Next, alloy No. 5 was studied. The structure and properties of the cast metal depend on  
the cooling rate during crystallization and after homogenization of the casting. It was estab-
lished (Table 1.9) that during its growth during the crystallization of the casting (mold at  
a temperature of 20 °C versus heated to 300 °C), the microhardness of the grain body and the 
strength characteristics of alloy No. 5 decrease somewhat. The mechanical properties of the 
casting obtained in a mold heated to 300 °C improve after homogenization at 360 °C. At the 
same time, they also depend on the speed of cooling after homogenization: they increase more 
significantly when it is lower, that is, during cooling in air. As the homogenization temperature 
increases to 420 °C, the microhardness and strength characteristics decrease (Table 1.9).

 Table 1.9 Influence of the cooling rate and homogenization of castings on the mechanical characteristics 
of alloy No. 5

Alloy condition HV0.1, GPa s0.2, MPa sВ, MPa Δ5, % 

Cast (molded at 300 °C) 0.74 204 292 12 

Cast (molded at 20 °C) 0.69 200 285 14 

Homogenization (360 °C, cooled in water) 1.00 225 310 12 

Homogenization (360 °C, cooled in air) 1.05 240 320 13 

Homogenization (420 °C, cooled in air) 0.85 209 281 12 

Note: averaged values based on the results of 3–5 measurements are given; the microhardness of the grain 
body was determined

The change in the mechanical characteristics of alloy No. 5 correlates with the features of 
its microstructure. After crystallization in a heated mold, there is a non-dendritic structure with  
a grain size of 50...100 µm with the release of intermetallics of the Al3Mg2 type [30] along the 
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grain boundaries (Fig. 1.8, a), which worsen the mechanical properties. Therefore, the decrease  
in the strength of the alloy after crystallization in the mold at 20 °С (Table 1.9) is caused by 
the more intense release of these intermetallics (Fig. 1.8, b), even with a certain decrease (to 
50...70 µm) in the grain size. The growth of the HV0.1, s0.2 and sВ characteristics of the alloy 
after homogenization during cooling in water (Table 1.9) can be associated with the separation of 
the secondary phase in the body of the grain (Fig. 1.8, c). At the same time, as there are more 
discharges after homogenization with air cooling (Fig. 1.8, d), the mechanical characteristics of the 
alloy increase significantly (Table 1.9).

Local chemical analysis shows (Table 1.10) that for the highest strength characteristics 
of alloy No. 5 after crystallization in a mold heated to 300 °С and homogenization with cooling 
in air (Table 1.10) with an almost unchanged content of the main alloying elements (Mg, Cr, 
Sc, Zr, and Ti) in the matrix and intermetallics, the content of lanthanum changes noticeably: 
it decreases by three times in the primary intermetallics along the grain boundaries and in-
creases by the same number of times in the matrix and secondary intermetallics in the body of  
the grain. Thus, microalloying with lanthanum (~0.1 wt. %) can increase the strength of the 
cast alloy of the Al-Mg-Cr-Sc-Zr system by dispersion strengthening with secondary interme-
tallics of the types Al3La [24], Al3(Sc1–xРЗМx) [31], (Al, Cr)3(Zr, REM) [32] after homogeniza-
tion of the casting.

 Fig. 1.8 Microstructure of alloy No. 5 depending on the cooling rate during 
crystallization (a, b) and after homogenization (c, d) casting: a, b – mold at 300 °С 
and 20 °С; c, d – cooling in water and air

a b

c d

100 �m 100 �m

100 �m100 �m
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 Table 1.10 Local content of alloying elements in castings of alloy No. 5 (mold at 300 °С, homogenization 
at 360 °С, cooled in air)

Structural 
zone Alloy condition

Elements, wt. % 

Mg Cr Sc Zr La Ti Fe Si Al

Matrix Cast 3.75 0.55 0.26 0.29 0.03 0.05 – – Rest

After homogenization 3.62 0.54 0.23 0.26 0.11 0.08 0.03 – –||–

Intermetallics Cast 7.55 0.29 0.31 0.11 0.15 0.02 0.28 0.10 –||–

After homogenization 6.95 0.35 0.36 0.10 0.05 0.02 0.17 0.06 –||–

Note: The average content is given based on the results of 3–5 measurements

Deformed alloys. The effect of hot and cold plastic deformation was studied on castings 
of alloy No. 5 after crystallization in a mold heated to 300 °C and homogenization at 360 °C for 
5 hours with air cooling, which demonstrated the highest mechanical properties (Table 1.10).

It has an anisotropic microstructure traditional for rolled materials, where the grains are 
elongated along the direction of rolling (Fig. 1.9), and their size depends on the mode of de-
formation processing of the samples: it is 10...30 µm for hot-rolled ones (Fig. 1.9, a) and 
10...15 µm (Fig. 1.9, b) and 5...10 µm (Fig. 1.9, c) – for cold-rolled ones with a thickness of  
4 and 2 mm, respectively. Note that after cold rolling, the primary intermetallics are crushed and 
their shape is mostly globular. The size of intermetallic inclusions is 1...5 µm and they are fairly 
evenly located in the volume of the material (Fig. 1.9, d).

Local chemical analysis shows that, compared to the cast state (Table 1.10), in the de-
formed alloy No. 5 (Table 1.11), the qualitative picture of the distribution of the main alloying 
elements in the matrix and intermetallics is similar. But the content of magnesium, chromium, 
scandium and zirconium increases in the intermetallics of the deformed alloy. At the same time, 
the concentration of alloying elements in the matrix, except for zirconium, is practically the 
same as in castings after homogenization. This also applies to lanthanum, i.e. secondary allo-
cations of Al-Sc-Zr, Al-La or Al-Cr-Zr-La systems are preserved in the matrix of the deformed 
alloy [32]. In addition, chromium and titanium are found in the solid solution of the matrix.  
Thus, based on the results of these analyses, it can be stated that deformed alloy No. 5 should 
have high mechanical characteristics due to structural (grain crushing), solid-solution and dis-
persion strengthening.

Compared with castings after homogenization (Table 1.9), the strength of alloy No. 5 
after hot pressing and rolling increases by 20...23 % with the same plasticity (Table 1.12). 
After cold rolling, this tendency increases significantly: compared to the cast state, the 
yield strength increases by 1.6–1.8 times, depending on the degree of deformation, and the 
strength limit by 1.3–1.5 times. Annealing after rolling slightly reduces these characteristics 
due to the increase in plasticity of the alloy, although they remain sufficiently high. The obtained  
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characteristics of deformed alloy No. 5 are at the level of the best-known results for al-
loys 1570 and 1545 (Table 1.12).

 Fig. 1.9 Microstructure of alloy No. 5 after hot (a) and cold rolling of samples 
with a thickness of 4 mm (b, d) and 2 mm (c); d – electron microscopy

a b

c d

50 �m

50 �m 50 �m

50 �m

 Table 1.11 Local content (wt. %)* of the main alloying elements in deformed alloy No. 5

Processing Structural zone Mg Cr Sc Zr Ti La 

Hot rolling М 3.57 0.41 0.23 0.11 0.03 0.12 

І 10.14 14.51 0.80 0.46 – 0.05 

Cold rolling М 3.48 0.42 0.24 0.14 0.04 0.11 

І 10.10 14.95 0.51 0.37 0.01 0.03 

Note: * averaged data of 3–5 measurements; M – matrix; I – intermetallics
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 Table 1.12 Mechanical characteristics of deformed alloy No. 5 and their comparison with those known 
in the literature

Alloy Processing (plate thickness, mm) s0.2, MPa sВ, MPa Δ5, %

No. 5 HR(12) 280 378 14 

HR(6) 292 395 13 

HR(6)+A1 283 380 16 

CR(4) 385 423 8 

CR(4)+A2 350 418 13 

CR(2) 430 472 7 

ХВ(2)+A2 361 422 10 

01570 [33] HR*(5) 297 376 7 

CR(3) 429 470 5 

CR(3)+A* 312 383 14 

P-1580 [33] HR*(5) 312 389 12 

CR(3) 409 453 5 

CR(3)+В* 277 390 14 

1545 [17] HR (320…360 °С) 260 395 17 

CR (ε = 20…70 %) 375…450 440…490 8…10 

Note: 1 hour; HR* – at 450 °С; A* – at 350 °C, 3 hours; εi – the deformation value; averaged test data of 
3–5 samples are presented

Deformed alloy No. 5, in which the magnesium content is reduced and manganese is replaced 
by chromium with additional microalloying with lanthanum, similar to the cast state, has higher cor-
rosion resistance compared to deformed alloys 1570 and 1545 (Fig. 1.10, c vs. Fig. 1.10, a, b).

 Fig. 1.10 The corroded surface of samples of hot-rolled alloys 1570 (a),  
1545 (b) and No. 5 (c) and their electrochemical characteristics

Ecor=–873 mV Ecor=–752 mV Ecor=–716 mV

Icor=8.4 mA/m2 Icor=6.5 mA/m2 Icor=3.6 mA/m2

a b c
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Its electrochemical characteristics are better: the corrosion potential Ecor increases, 
and the corrosion current Icor decreases. This is due to the positive effect of lanthanum [34],  
in addition to chromium [7], on cleaning the grain boundaries and improving the electrochemi-
cal potential.

Structural strength of alloys. The performance of materials, when the principle of safe dam-
age is applied during their operation, depends on the optimal combination of strength characteris-
tics and CCR, so it can be effectively evaluated by the complex parameter of structural strength P.  
Increasing the strength of alloys of the Al-Mg-Sc system is achieved, first of all, by alloying with 
scandium, which structurally strengthens them by grinding the grain. However, its size has the 
opposite effect on the strength and CCR of materials: the strength increases according to the 
Hall-Petch equation, and the fatigue threshold ΔKth decreases [15, 35].

The obtained diagrams of fatigue macrocrack growth rates show (Fig. 1.11, a) that  
alloy No. 5 after various treatments has high CCR characteristics, especially in the high-ampli-
tude region, when ΔKfc ≈ 50 MPa m⋅ . 

 Fig. 1.11 Diagrams of fatigue macrocrack growth rates (a) in alloy No. 5:  
1 – HR(6), Dg = 10...30 µm; 2 – HRV(6)+A1; 3 – CR(4), Dg = 10...15 µm; 4 – CR(4)+A2;  
5 – CR(2), Dg = 5...10 µm; 6 – CR(2)+A2 (designation see Table 1.12) and their comparison with 
literature results for deformed alloys of type 1570: 7 – Dg ≈ 6 µm [12]; 8 – Dg ≈ 1 µm [3], as well 
as microfractograms of samples of alloy No. 5 after CR (b) and CR (c) at da/dN ≈ 1.106 m/cycle
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Annealing after hot and cold rolling leads to a slight decrease in the fatigue threshold ΔKth 
and an increase in the cyclic fracture toughness ΔKfc (curve 2 vs. cur ves 1, 4 vs. curve 3, and 
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curve 6 vs. curve 5). The smaller grain size of the material after cold rolling compared to hot 
rolling (Fig. 1.9) leads to a decrease in the fatigue threshold ΔKth (curves 3 and 5 versus 1), 
i.e., here the trend is opposite to the change in strength characteristics (Table 1.12). This 
regularity is confirmed by the results for other alloys of the Al-Mg-Sc system (Fig. 11, a): with 
a grain size of 1...6 µm, they have a lower CCR, especially in the threshold area (curves 7, 8), 
compared to alloy No. 5 with grains 5...30 µm after various treatments (curves 1–6).

The high CCR characteristics of alloy No. 5, in particular the cyclic fracture toughness ΔKfc, 
are due to the implementation of energy-intensive micromechanisms of viscous fracture: classic 
grooved after hot rolling (Fig. 1.11, b) and pitted with the formation of deformation ridges 
after cold (Fig. 1.11, c).

As a result, the structural strength parameter P of various modifications of alloy No. 5 
is quite high (Table 1.13): after hot rolling and annealing, it is ~4 times greater than for the 
fine-grained alloy 01570, and compared to the D16T alloy widely used in aerospace engineering,  
it is ~1.3 times. Alloy No. 5 surpasses this alloy in terms of the P parameter also in the state 
after cold rolling (Table 1.13), when it has the highest (472 MPa) strength.

 Table 1.13 Mechanical characteristics and parameter of structural strength of aluminum alloys

Alloy Processing sВ, MPa ΔKth, 
MPa m⋅

ΔKfc, 
MPa m⋅ P, MPa3·m 

No. 5, Dg = 3…30 µm HR(6) 395 3.2 38 48030 

HR(6)+A1 380 3.0 52 59280 

CR(4) 423 2.7 49 55960 

CR(4)+A2 418 2.4 51 51160 

CR(2) 472 2.4 46 52110 

CR(2)+A2 422 2.1 50 44310 

01570, Dg = 6…10 µm [15] HR+A 410 1.1 35 15790 

D16Т [15] HR+hardening and 
age hardening

415 3.2 34 45150 

Note: designation see Table 1.12

Therefore, the alloy of the Al-Mg-Cr-Sc-Zr-La system in the cast state has increased strength 
characteristics after crystallization in a mold heated to 300 °С and homogenization at 360 °С 
with cooling in air due to additional dispersion strengthening with lanthanum intermetallics. After 
hot (at 360 °C) and cold rolling, it is not inferior in terms of strength and plasticity to known alloys 
of the Al-Mg-Mn-Sc-Zr system (grades 1570 and 1545), but it surpasses them in terms of cor-
rosion resistance, which is due to the positive influence of lanthanum and chromium for cleaning 
the grain boundaries and refining the electrochemical potential, as well as for the characteristics 
of cyclic crack resistance.
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1.4 Pressing of semi-finished products from alloys of the Al-Mg-Sc system  
in isothermal conditions

Aluminum alloys can be significantly strengthened by deformation processing, in particular, 
hot pressing, hot and cold rolling, etc. However, with the selection of suboptimal temperature and 
force parameters of such processing, micro- and macro-damage is formed in semi-finished pro-
ducts from these alloys, especially in the near-surface layers, due to which the physico-mechanical 
properties of the deformed metal deteriorate. Therefore, let's study how to optimize the tempera-
ture-force parameters of hot pressing in isothermal conditions of a cast cylindrical billet from alloys 
of the Al-Mg-Sc system in order to form strips of different thicknesses with minimal damage [36].

Let's study castings from alloys 1570 and 1545 (Table 1.14), which were obtained after 
crystallization in a steel mold preheated to 300 °C. At the same time, the melt at 700 ± 10 °C 
was subjected to magnetohydrodynamic stirring. Therefore, the castings were not homogenized.

 Table 1.14 Average chemical composition of alloys

Alloy
Element content, wt. % 

Mg Mn Sc Zr Fe Si Al 

1570 5.96 0.40 0.24 0.09 0.28 0.16 Rest

1545 4.61 0.43 0.28 0.12 0.31 0.17 –||–

The pressing temperature was chosen based on the results of standard compression tests of 
samples and it was found that the temperature dependences of the yield strength of alloys 1570 
and 1545 are qualitatively similar (Table 1.15). Let's took into account, on the one hand, the 
temperature at which a sharp drop in the resistance to plastic deformation of the samples begins, 
and on the other hand, the need to reduce the processing temperature, therefore, a pressing 
temperature of 360 ± 5 °C was adopted for both alloys.

 Table 1.15 Temperature change in yield strength (MPa) of alloys during compression tests

Alloy
Test temperature, °C

150 250 350 375 400 425 450 

1570 139 130 120 75 50 40 40 

1545 149 139 130 90 60 47 40 

Note: average test results of 3–5 samples are given

Simulation of pressing was carried out in the DEFORM3D software complex [37] and full-scale 
pressing of cast blanks. The correctness of the calculations was assessed by comparing them 
with the experimentally determined force parameters. The cylindrical workpiece 1 (∅ 30 mm and  
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length 50 mm) cut from the casting was pressed through the matrix 2 by the punch 3 with the 
output of a strip 4 with a width of 30 mm and a given thickness (Fig. 1.12, a).

 Fig. 1.12 Calculation scheme (a) and general view of the hot pressing installation (b):  
І, ІІ, ІІІ – deformation zones. The arrows point to the movement speed vectors (the length 
of the arrow is proportional to the movement speed)

a
b

1
I

II

III
2

4

3

It was assumed that the matrix and punch are absolutely rigid and the Siebel law of con-
tact friction is fulfilled, and the following initial data were also accepted: Coulomb friction coeffi-
cient µ = 0.1...0.5; temperature of the workpiece and tools t = 360 °C; speed of the deforming 
tool V0 = 5 mm/s; the model material is aluminum alloy 5056 (similar to the investigated alloys  
in terms of deformation properties).

Natural isothermal hot pressing of the strip was carried out on a PD-476 hydraulic  
press (Fig. 1.12, b), the working unit of which was heated to the selected temperature. Process 
parameters (force, punch speed and temperature) were monitored by appropriate sensors with 
computer recording. The workpieces were heated to the specified temperature in an electric 
furnace SNOL 30/1300 with an error of ± 5 °С.

The general field of metal movement velocities at the time of establishment of a stable press-
ing mode can be conditionally divided into three characteristic zones (Fig. 1.12, a): I – here the 
workpiece retains its cylindricality, the speed along the Z and Y axes is uniform and equal to the 
punch movement speed; the size of this zone is variable and depends on the distance of the plane 
of the face of the punch to the point where the narrowing of the matrix channel begins; II – the 
zone from the beginning of the narrowing of the matrix channel to the calibration hole; here, the 
largest deformations occur and a structure with the corresponding properties of the strip material 
is formed, which is calibrated in zone III.
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In the II zone, the velocity vectors change the direction of movement of the metal particles 
depending on the profile of the cone of the matrix. Due to the symmetry of the cross-section 
of the workpiece, two streams of metal meet here, which increases the speed of movements 
in this place. Therefore, their distribution along the Y axis is uneven: the maximum speed value 
is on the axis of symmetry, and the minimum value is on the working contour of the matrix 
profile. This is confirmed by the results of the calculation of deformation rates, the intensity 
distribution of which is shown in Fig. 1.13 for a stable pressing mode. The maximum rate of 
deformation is characteristic of the center of zone II in sections ZY and XZ. At the same time, 
it decreases along the X coordinate in the XZ section to the working contour of the matrix. 
As a result of this distribution of velocities along the strip thickness, a zone of residual de-
formations with a value of 0.95...1.0 is formed in the middle along the Z axis, which decrease 
towards the edge of the strip (along the X coordinate) to 0.75...0.8. Along the Z axis, the 
values and distribution of deformations practically do not change. An exception is the zone of 
entry of the cylindrical workpiece into the working calibration part of the matrix and the exit 
of the workpiece. The non-uniformity of the intensity of deformations in the cross-section of  
the strip reaches 15...17 %.

 Fig. 1.13 Distribution of the intensity of deformation rates εi at the moment  
of establishment of a stable pressing mode: a – in the ZY plane; b – in the XZ plane
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Along the thickness of the band in the cross-section ZY, the distribution of deformations is 
more complicated due to the occurrence of significant shear deformations in zone II on inclined 
conical surfaces (Fig. 1.14, a). As a result, their intensity sharply increases on the calibration 
surfaces of the matrix (Fig. 1.14, b, c).
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 Fig. 1.14 Shear deformations εyz (a) and the distribution of their intensity according to Mises 
at the time of establishment of a constant deformation force (b), in particular, in sections ZY 
along the Y axis (c) and ZY along the Z axis (d)
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The calculation showed that after pressing, the distribution of the intensity of the residual defor-
mations along the thickness of the strip is uneven, which was confirmed experimentally. The grain size 
of the material in the cross-section of the strip varies noticeably: in the near-surface zone it is ~2 times 
smaller than in the middle (Fig. 1.15), which corresponds to the nature of the influence of the inten-
sity of deformations on the conditions of recrystallization of the deformed grain during hot pressing.

 Fig. 1.15 Change in the microstructure of alloy 1570 along the strip 
thickness: a – near-surface zone; b – the middle

a b400 �m 400 �m

By comparing calculated and experimental values of force during hot pressing of the strip, 
it was found (Fig. 1.16) that with a friction coefficient of µ = 0.5, the error of the calculated 
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compared to the actual value does not exceed 20...22 %. By reducing the friction coefficient to 
0.1...0.3, it is possible to significantly weaken the pressing force (curves 4 and 5 in Fig. 1.16), 
which is achieved by using high-temperature lubricant on the surfaces of the workpiece and matrix.

 Fig. 1.16 Comparison of the dependences of the pressing force P  
on the displacement a of the punch, determined experimentally for blanks 
made of alloys 1545 (curve 1) and 1570 (curve 2), and calculated:  
3 – µ = 0.5; 4 – 0.3; 5 – 0.1
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It was established that the average compressive stress on the surface of the calibration belt 
reaches 110...120 MPa, which exceeds the yield point of the material at the pressing tempera-
ture (Table 1.15), i.e., destruction due to deformational damage may occur here. In the phenome-
nological theory of destruction [38], damageability ω is taken as the calculation parameter. Taking 
into account that the deformations during pressing are monotonous, a linear model in the form of:

ω
ε

σ

= ( )∫


i

pt

td
Λ Π Τ,

, (1.3)

where εi – the intensity of deformation rates; t – deformation time; Λ Π Τp σ,( ) – metal fracture 
deformation; Πσ – load stiffness index; T – the temperature of the metal during deformation. Here,

Πσ

σ
σ

=
3 m

i

, (1.4)

where σ σ σ σm = + +( )1 3 1 2 3  – average tension; σ i – stress intensity. The deformation of metal 
fracture at a given process temperature was determined on samples under uniaxial tension. This 
approach gives estimated results, the error of which does not exceed 15–20 %.

It was believed that in the initial state of the metal (before deformation) ω = 0; at the time of 
band destruction ω = 1. Intermediate values of ω determine the accumulation of micro- and macro-
defects in the metal. Some threshold values of damage were established [39, 40–42]: 0 ≤ ω ≤ 0.2, 
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when deformation defects disappear after recrystallization annealing; 0.2...0.4 ≤ ω ≤ 0.6...0.8 – 
microdefects are formed in the metal that are not healed during heat treatment, and the metal 
loses its bearing capacity (mechanical characteristics decrease); ω > 0.6...0.8 – there is a possi-
bility of metal destruction.

The calculated distribution of damage – ω = 0.35...0.45, and with a decrease in thickness  
to 6 mm – ω = 0.50...0.55. At the same time, it was experimentally recorded that in the first 
case the strip is without visible defects, and in the second – with surface macrocracks.

 Fig. 1.17 Distribution of damage ω in a strip with a thickness of 12 mm

�
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0.25

0.13

0.00

Therefore, for the optimized selection of geometric parameters of the strip and equipment for 
pressing, it is proposed to determine the calculated damage rate ω at the process design stage. 
It was found that at ω = 0.35...0.45 there is no visually observable crack formation, and when this 
parameter increases (ω = 0.50...0.55), macrocracks appear on the strip surface.
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