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DEFORMATION BEHAVIOR, MICROSTRUCTURE AND MECHANICAL PROPERTIES OF 
NEW Al–Cu–Yb(Gd)–Mg–Mn–Zr ALLOYS 

O. I. Mamzurina,1  S. M. Amer,2  M. V. Glavatskikh,3    
R. Yu. Barkov,4  M. G. Khomutov,5  and  A. V. Pozdniakov6 UDC 669.017 

Deformation behavior, microstructure and mechanical properties of Al–Cu–Yb(Gd)–Mg–Mn–Zr alloy 
sheets are investigated.  Based upon results of processing maps, optimum regimes for thermomechanical 
treatment at temperatures of 490–540°C and speeds of 0.01–1  are determined.  Annealing of cold-
rolled sheets at temperatures up to 180°C leads to predominance of a strengthening effect due to aging 
over weakening from polygonization.  Annealing of alloy sheets for 1 h at 400°C forms a partly recrys-
tallized structure with a clear reduction in hardness from 145 HV to 75 HV.  After 2 hours of annealing 
at 150°C, alloy combines a high yield strength of 412–417 MPa, a tensile strength of 441–449 MPa,  
and a good relative elongation of 2.7–3.2%.  Sheet hardening followed by aging makes it possible to in-
crease ductility by up to 5–8%, while the yield strength is 300–306 MPa with tensile strength of 364–
389 MPa. 

Keywords: aluminum alloys, ytterbium, gadolinium , microstructure, mechanical properties, disper-
soids. 

Introduction 

Aluminum alloys play an important role in industry due to good specific strength, and technological effi-
ciency during melting and forming.  A study of alloy behavior during hot deformation is an important task  
during examination and development of new aluminum alloys [1–8].  Hot deformation facilitates an improve-
ment in structure of ingots by reducing porosity, breaking down phases of crystallization origin with unfavorable 
morphology and grain structure refinement.  As a result of this there is an increase in material strength and duc-
tility. 

Ternary quasibinary alloys Al–Cu–REM (where REM is rare earth metals Ce, Y, Er, Yb, Gd) with a Cu/REM 
atomic ratio equal to 4, having a narrow crystallization range, high solidus temperature and thermal stability  
for phase of crystallization origin, are promising for development of new materials based upon them [8–19].   
By additional alloying with zirconium [20–23], manganese [24–26], magnesium [27–29] new heat-resistant 
high-tech cast and wrought alloys have been developed.   
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Table 1 
Test Alloy Chemical Composition, wt.% 

Alloy designation Al Cu Yb/Gd Zr Mn Mg Fe, Si, Ti 

AlCuYbMg Base 4.1 2.0 0.3 0.8 1.0 0.15 of  
each AlCuGdMg Base 4.5 2.7 0.3 0.8 1.1 

In order to develop the optimum alloy thermal deformation regime a study was made of its behavior dur-
ing hot deformation.  Normally in order to determine rheological properties there is use of thermal deformation 
stimulators [30, 31].  Dependences obtained in this way for “true-stress-strain” only make it possible to deter-
mine discrete regimes for limited selection of strain rates and temperature.  Phenomenological modelling of al-
loy behavior during hot deformation is required in order to expand the temperature-rate ranges [32].  Models 
were plotted for alloys 2A14 [32], AA6099 [33], and AA6061 [34].  Also all studies in this direction have been 
conducted on classical wrought alloys with a matrix structure.  However, it is well known that eutectic parti-
cles may have a marked effect on deformation behavior [35–39].  Eutectic particles are effective centers for gen-
eration of new recrystallized grains due to accumulation of dislocations within them during deformation treat-
ment [36, 37].  This structure is exhibited by new cast heat-resistant alloys of the system Al–Cu–Yb(Gd)–Mg–
Mn–Zr [29].  In this case, alongside alloys of similar composition and structure alloyed with yttrium or ytterbi-
um [8, 28], new alloys of the system Al–Cu–Yb(Gd)–Mg–Mn–Zr are also promising deformable materials.   

The aim of the present work is a study of the deformation behavior of new alloys during hot working under 
pressure and a study of the evolution of structure and properties of sheets of these alloys during post-defor-
mation heat treatment. 

Research Materials and Methods 

The compositions of the test alloys AlCuYbMg and AlCuGdMg are provided in Table 1. 
Alloys were melted in a resistance furnace from aluminum (99.7%), copper (99.5%), magnesium (99.5%) 

and master alloys Al–10Yb, Al–10Gd, Al–10Mn, Al–5Zr, Al–5Ti–1B at temperature 780–800°C.  Master alloys 
Al–10Yb and Al–10Gd were melted from pure metals, although the most economic method is use of REM com-
pounds.  Ingots with a size of 20X40X100 m were prepared by casting into a copper water-cooled mold with 
a cooling rate of about 15°C/sec.  Microstructural studies were conducted using a Zeiss optical microscope 
(OM), a TESCAN VEGA 3LMH scanning electron microscope (SEM) and a JEOL –2100 EX transmission elec-
tron microscope (TEM).  Alloy specimen grain structure was studied in polarized light in an OM.  Oxidation 
(15–25 V, 0–5°C) was performed in a Barker solution (46 mliter , 7 g  and 970 mliter ).  Spec-
imens for TEM were prepared by electrolytic polishing in solution A2 in a Struers Tenupol-5 unit.  Heat treat-
ment was performed in Nabertherm and SNOL furnaces.  Before rolling an ingots of alloys AlCuYbMg and  
AlCuGdMg they were homogenized at 555 and 565°C for 3 h followed by water quenching.  Ingots were rolled 
in a longitudinal rolling mill duo-300 at 540°C from thickness of 20 mm to 10 mm and 1 mm (sheet) at room 
temperature.  Rolling was accomplished with change in thickness for each pass by 0.5 mm in order to study  
evolution of the structure and properties after sheet rolling it was annealed at 150–550°C.  Hardness was deter-
mined by the Vickers method with a load of 5 kg for 5–10 measurements.  Tensile testing was conducted in 
a Zwick/Roell  Z250 unit with a deformation rate of . 

HBF4 HBO3 H2O

3 ⋅10−3 cm−1
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 (a) (b) 

   
 (c) (d) 

Fig. 1. Microstructure of alloys AlCuYbMg (а, c) and AlCuGdMg (b, d) after 3-h homogenization at 550 and 565°C respectively 
(SEM). 

In order to model alloy deformation behavior compression testing was conducted using a Gleeble 3800 
physical modelling complex thermomechanical process system on cylindrical specimens 10 mm in diameter  
and 15 mm thick.  Compression was performed in the temperature range 390–540°C at a rate of 0.01–10 .  
Specimens were heated to the test temperature at a rate of 5°C.sec, held for 30 sec, and cooled within an air 
stream at a rate of approximately 20°C/sec after testing.  Compressive stress-deformation curves were processed 
taking account of friction and adiabatic warm-up during deformation [46, 47]. 

Results and Discussion 

A detailed study of the cast microstructure and its evolution during homogenization have been provided  
in [29].  Provided in Fig. 1a, b is the structure of AlCuYbMg and AlCuGdMg after homogenization for 3 h  
at 550 and 565°C respectively.  The structure is represented by aluminum solid solution and particles of phases 

, , ,  of crystallization origin 
with sizes of the order of 1 µm (see Fig. 1a, b and [29).  In parallel with homogenization there was hetero-
genization, i.e., breakdown of the solution saturated with crystallization of zirconium, ytterbium or gadolinium  

sec–1

Al80–88Cu8–12Yb3–4Mn Al78–86Cu10–15Gd3–5Mn Al80Yb5Cu6Si8 Al80Gd5Cu8Si5
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 (a) (b) 

   
 (c) (d) 

Fig. 2.  Typical compression curves with rates 0.01  (а, c) and 10  (b, d) for alloys AlCuYbMg (а, b) and AlCuGdMg (c, d). 

and manganese aluminum solid solution.  As a result of heterogenization  there is separation of dispersoids 
 and  with an average size of 28 ± 6 nm and 32 ± 4 nm respectively (see 

Fig. 1c, d in [29]), and also coarser particles of  with a size of 100–200 nm (see Fig. 1c, d in [29]).  
In this case experimental determination of the volume fraction of phases of crystallization origin in both alloys 
comprises 8%, calculated proportion of -dispersoids – 0.7%, and phase –0.4–0.54% (see 
Fig. 1c, d, and [29]). 

Typical compression curves are shown Fig. 2 for the alloys studied with rates of 0.01 and 10 .  Flow 
stress increases with an increase in deformation rate and with a reduction in temperature.  With a rate of 
0.01  flow stresses are 18-70 MPa (see Fig. 2a, c), and with an increase in rate to 10  stress increases 
to 60–160 MPa (see Fig. 2b, d).  In this case a reduction in test temperature from 440 to 390°C leads to a sharp 
increase in stress (see Fig. 2a, c). 

sec–1 sec–1

L12 –Al3(Zr, Yb) L12 –Al3(Zr,Gd)
Al20Cu3Mn3

L12 Al20Cu3Mn3

sec–1

sec–1 sec–1
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 (a) (b) 

Fig. 3.  Deformation 3D-maps for alloys AlCuYbMg (а) and AlCuGdMg (b). 

Deformation maps are the main tool for selecting the optimum hot deformation regimes.  Plotting a defor-
mation map is based upon a material dynamic flow model [48].   During map construction effective energy dis-
sipation is determined in relation to temperature and deformation rate.  The efficiency of energy dissipation is 
determined by the material microstructure.  Detailed plotting of a deformation map on the example of different 
aluminum alloys may be analyzed within works [8, 49–52].  Maps are provided in Fig. 3 for deformation of  
alloys AlCuYbMg and AlCuGdMg or the dependence of energy dissipation efficiency on temperature and de-
formation rate.  Regions of the diagram with the maximum value of energy dissipation efficiency point to the 
optimum temperature-rate parameters for deformation.  For both alloys this temperature range is 490–540°C and 
slow deformation rates. 

Based upon the deformation maps plotted (see Fig. 3) ingots of alloys after 3 h of homogenization and 
quenching were rolled at 540°C from a thickness of 20 mm to 10 mm and to 1 mm of sheet at room temperature.  
The microstructure is provided in Fig. 4 for alloys AlCuYbMg and AlCuGdMg after rolling and the distribution 
of alloying elements between phases within a separate rectangle.  Particles of crystallization origin phases are 
broken down and aligned in the rolling direction. 

Dependences of alloy hardness on annealing time after rolling at low temperature are provided in Fig. 5a, c.  
Annealing after rolling stimulates the occurrence of two parallel processes.  The first process of weakening is 
connected with recovery and polygonization, which slows down presence of dispersoids within the alloy struc-
ture.  The second strengthening process is connected with ageing, which proceeds in view of forming supersatu-
rated solid solution after hot rolling.  As a result, at temperatures of 150 and 180°C in the first hours of annealing 
an increase in hardness is observed when ageing predominates over polygonization (see Fig. 5a, c) an increase in 
annealing time at 180°C and temperature to 210°C leads to prevalence of polygonization over ageing, as a result 
of which alloy hardness decreases and is stabilized (see Fig. 5a, c).  Similar results have been obtained within 
alloys without magnesium and complex alloys of the Al–Cu–(Y, Er, Yb or Gd) systems [24–26, 28].  A further 
increase in annealing temperature to 350°C leads to a significant reduction in hardness, although in this case the 
structure remains unrecrystallized.  Annealing for of both alloys at 400°C forms a partially recrystallized struc-
ture (see Fig. 5b, d).  Within inserts of the microstructures partial recrystallization of the structure is seen: more 
than half of the recrystallized volume on a background of deformed fibers.  The completeness of a recrystallized  
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Fig. 4. Microstructure of alloys AlCuYbMg (a) and AlCuGdMg (b) after rolling (rolling direction over the horizontal) and alloying 
element distribution between phases within separate rectangle (SEM). 

uniform structure with grain size of 6–8 is revealed after annealing at 450°C (see inserts in Fig. 5b, d).  In this 
case in both alloys an increase in hardness is noted with an increase in annealing temperature from 400 to 450 
and 550°C.  In this case probably the increase in hardness is connected with natural ageing, proceeding after rap-
id sheet cooling in air.  In addition, occurrence of breakdown of solid solution is possible with respect zirconi-
um, ytterbium, or gadolinium, which initiate a high dislocation density, accumulated in the cold rolling stage.   
In this case there may be a sufficient stimulus for complete breakdown of the solid solution after casting.  Simi-
lar results have been obtained in works [24–26, 28]. 

After rolling sheets alloys were quenched from the homogenizing temperature after holding for 15 min and 
aged at 150, 180, ad 210°C.  Dependences for hardness on ageing time (Fig. 6) are qualitatively similar to those 
obtained with ageing of quenched ingots of these alloy [29].  Hardness increases during ageing from 81–89  
to 125–128 .  Strengthening in the ageing process is achieved due to separation of metastable  
phase as also during ageing of quenched ingots [29]. 

Annealing after rolling at 150°C did not reduce significantly the strength properties, increasing ductility 
(Table 2).  After 2 h annealing at 150°C alloys are distinguished by a high yield strength of 412–417 MPa,  
ultimate strength 441–449 MPa, and low relative elongation 2.7–3.2%.  For comparison wrought alloy D16  
in a cold hardened and annealed conditions in the form of sheets [53] has a lower level of strength properties: 
yield strength 230–360 MPa, ultimate strength 365–475 MPa, but markedly greater relative elongation 8–13%, 
and in the form of bars [54] yield strength 325–345 MPa, ultimate strength 450–470 MPa, relative elongation  
8–10%.  A recrystallized structure created within alloys after annealing at homogenizing temperatures makes  
it possible to increase alloy ductility (see Table 2).   According to tensile test results the relative elongation after  

HV
HV ′S (Al2CuMg)
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 (a) (b) 

   
 (c) (d) 

Fig. 5. Hardness evolution during annealing of sheets of alloys AlCuYbMg (a, b) and AlCuGdMg (c, d) [(a, c) are time dependences, 
(b, d) are temperature dependences after one hour annealing]. 

   
 (a) (b) 

Fig. 6. Dependence of hardness on ageing time for alloys AlCuYbMg (a) and AlCuGdMg (b) after 15 min annealing at 500°C (a) and 
565°C (b) of deformed sheets.   
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Table 2 
Mechanical Property Characteristics after Rolling and Annealing 

Condition ,  MPa ,  MPa ,  % 

Alloy AlCuYbMg 

Rolled 422 ± 2 425 ± 2 0.2 ± 0.1 

Annealed 150°C, 2 h 417 ± 3 449 ± 1 2.7 ± 0.2 

Annealed 210°C, 0.5 h 328 ± 3 352 ± 15 0.5 ± 0.3 

Annealed 555°C, 0.25 h,  
quenching and ageing 210°C, 3 h 300 ± 7 364 ± 22 5.2 ± 2.0 

Alloy AlCuGdMg 

Rolled 417 ± 3 438 ± 5 1.0 ± 0.8 

Annealed 150°C, 2 h 412 ± 4 441 ± 2 3.2 ± 0.2 

Annealed 210°C, 0.5 h 334 ± 2 368 ± 2 1.5 ± 0.1 

Annealed 555°C, 0.25 h,  
quenching and ageing 210°C, 3 h 306 ± 1 389 ± 1 8.0 ± 2.4 

ageing at 210°C for 3 h is 5–8% (see Table 2).  In this case yield strength is 300–306 MPa, and ultimate strength 
is 356–365 MPa.  Recrystallized bars of alloy D16 [54] are surpassed with respect to strength: yield point 
265 MPa, ultimate strength 410 MPa, and relative elongation 12%.  In this case the technological efficiency dur-
ing casting alloy D16 is markedly lower than for the compositions studied.  As a result, is may be concluded that 
the new wrought alloys based upon Al–Cu–Yb and Al–Cu–Gd systems may be competitive with existing indus-
trial alloys. 

CONCLUSIONS 

The deformation behavior, microstructure and mechanical properties have been studied for sheets Al–Cu–
Yb(Gd)–Mg–Mn–Zr by plotting deformation maps for testing in compression, light, scanning, and transmission 
electron microscopy, hardness measurement, and determination of physical property characteristics in tension.  
According to results of plotting deformation maps optimum thermal deformation treatment regimes have been 
determined at 490–540°C and rates of 0.01–1 .  A structure consisting of intermetallics of crystallization 
origin with a size of about 1 µm and dispersoids  and  with an average size  
of 28 ± 6 nm and 32 ± 4 nm and Al20Cu2Mn3 with a size of 100-200 nm makes it possible to achieve a high 
level of mechanical property characteristics.  Low-temperature annealing at up 180°C for cold-rolled sheets 
leads to an increase in hardness, connected with prevalence of ageing over polygonization.  Annealing for 1 h of 
both alloys at 400°C forms a partly recrystallized structure with a sharp reduction in hardness from 145  
to 75 .  After annealing for 2 h at 150°C in alloys there is a combination of high yield strength 412-417 MPa, 

σ0.2 σu δ

sec–1
L12 –Al3(Zr, Yb) L12 –Al3(Zr,Gd)

HV
HV
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and ultimate strength 441–449 MPa, with low relative elongation of 2.7–3.2%.  Quenching sheets followed by 
ageing makes it possible to increase ductility to 5–8%, yield strength in this case is 300–360 MPa, and the ulti-
mate strength of 364–389 MPa. 

Research was carried out due to a grant of the Russian Scientific Fund No. 21-79-00193, https://rscf.ru/ 
project/21-79-00193/. 
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