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Abstract: Recently developed aluminum alloys based on the eutectic composition of the AlI—Ca system exhibit excellent casting properties
and, unlike silumins, show good deformability. The development of multi-component alloys, where calcium is partially replaced by
lanthanum, cerium, nickel, and other eutectic-forming elements, improves their properties by producing a finer eutectic structure and
enhancing their heat resistance. These alloys can all be strengthened through deformation, with severe plastic deformations being especially
effective. Among these methods, rotary forging is of particular interest due to its ability to produce long billets. Lanthanum, at a specific
concentration, significantly improves the alloy’s plasticity, making the Al—La system particularly well-suited for deformation processing.
This study investigates the effect of rotary forging on the microstructure and mechanical properties of two eutectic alloys, Al-10La and
Al—6Ca—3La (wt. %). Billets in the as-cast state were rotary forged from an initial diameter of 20 mm to a final nominal diameter of 5 mm
under isothermal conditions: at room temperature for the Al-10La alloy and at 200 °C for the Al-6Ca—3La alloy. The results showed that
rotary forging led to an elongated structure in both alloys, with micron-sized grains forming inside the dendrites and eutectic particles
being refined. In the Al—10La alloy, the dislocation density was low, while in the Al-6Ca—3La alloy, the dislocation density was higher.
The Al—10La alloy showed a slight tendency to soften during rotary forging, whereas the Al—6Ca—3La alloy exhibited a marked tendency
to strengthen (its strength doubled). Both alloys retained high plasticity (elongation) after forging. After annealing at 300 °C, the strength of
both alloys remained stable. The tensile strength of the Al-6Ca—3La alloy at 300 °C was higher than that of the Al-10La alloy, with values
of 53 MPa and 44 MPa, respectively.

Keywords: aluminum alloy, rotary forging, microstructure, mechanical properties.

Acknowledgments: The work was carried out within the state assignment of Baikov Institute of Metallurgy and Materials Science of Russian
Academy of Sciences (project No. 075-00320-24-00).
We thank M.A. Barykin for assistance in obtaining ingots and A.V. Doroshenko for assistance in conducting the research.

For citation: Andreev V.A., Gorshenkov M.V., Naumova E.A., Rogachev S.O. Effect of rotary forging on the structure and mechanical
properties of two eutectic alloys of the Al—La and Al—Ca—La systems. Izvestiya. Non-Ferrous Metallurgy. 2025;31(1):58—66.
https://doi.org/10.17073/0021-3438-2025-1-58-66

© 2025 V.A. Andreev, M.V. Gorshenkov, E.A. Naumova, S.0. Rogachev

58



13BecTig By30B. LiBeTHOS MeTaAAyprng o 2025 o T.31 « N21 e C, 58-66

AHapees B.A., lopweHkos M.B., Haymosa E.A., Porayes C.O. BAnsHMEe pOTALIMOHHOW KOBKWN HO CTPYKTYPY U MEXAHUYeCKMe CBONCTBA...
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Annoranusa: PazpaGoTaHHbIe B MOCTEIHNUE TOIbl aTIOMUHUEBBIE CIIJIABbI HA OCHOBE 3BTEKTUKU CUCTEMBbl aJIIOMUHUN—KATbLIUi 00-
JlalaloT MPEBOCXOAHBIMU JTUTEHHBIMU CBOMCTBAMU U, B OTIMUKME OT CUJIYMUHOB, Xopouio nedopmupytorcsa. Co3naHre MHOTOKOM-
MOHEHTHBIX CMJIaBOB, B KOTOPBIX KAaJbLUil YaCTUYHO 3aMellleH JaHTaHOM, LilepueM, HUKeJIeM U IPYTUMU IBTEKTUKOOOPa3yINMU
9JIEeMEHTaMU, MO3BOJISIET yJy4yllaTh CBOMCTBA CIJIABOB 3a cueT (popMupoBaHUsl Gosee JTUCIEPCHON IBTEKTUKM, a TAaKXe MOBbILIATD
MX TEIJIOCTOWKOCTh. Bce mepevyncieHHble CIIaBbl MOXHO YIIPOYHSITH AeOpPMAIIlMOHHBIMU METOIAMU, TIPU 3TOM 0COOeHHO 3 dek-
TUBHBI METO/BI OOJIBIINX TIIacTUYeCKUX Aedopmaiuii. Cpenu HUX pOTAllMOHHAsI KOBKA MPEACTAaBISIET HAMOOIbIINI HHTEPEC BBULY
BO3MOXHOCTHU MOJYUYEHU S IIMHHOMEPHBIX 3ar0TOBOK. JIaHTaH B ompeneseHHONl KOHIEeHTpauuu 3(GpHeKTUBHO MOBBIIIAET MIACTUY-
HOCTb, MO3TOMY crjiaB cuctembl Al—La siBisiercss HauboJjee noaAXoAs UM 1181 1ehopMallMOHHOM 00pabOTK M. BbljIo M3yuyeHo BiaMsIHUE
POTAIIMOHHOM KOBKY HA MUKPOCTPYKTYPY U MeXaHUUYECKKe CBOMCTBA IBYX OBTeKTUUeCcKUX criaBoB: Al—10La u Al-6Ca—3La (mac. %).
PoTtanimoHHy10 KOBKY 3aTOTOBOK B MCXOMHO JTUTOM COCTOSIHUM C HAYaIbHOTrO fuameTpa 20 MM Ha KOHEUHbIi HOMUHAJbHBIN TUAMETP
5 MM OCYLIECTBIISLIA B U30TEPMUIECKUX YCIOBUAX: Ms ciiaBa Al—10La — mpu koMHaTHO# TeMmmepaType, a ais ciaBa Al—6Ca—3La —
npu =200 °C. YcTaHOBJIEHO, YTO B pe3yJibTaTe pOTALLMOHHOI KOBKU CTPYKTYpa 000U X CIIJIaBOB CTAHOBUTCS BBITSIHYTOM, BHYTPU JI€H-
NPpUTOB DOPMUPYIOTCSI 3epHA MUKPOHHOTO pa3Mepa, a YaCTUIbI 9BTEKTUKHU u3MesbyatoTcst. [1pu aTom B crtaBe Al—10La HaGmomaeTcs
HU3Kas IIOTHOCTh IMCIIOKAIINiA, B TO BpeMs Kak B craBe Al—6Ca—3La — moBeimenHas. CriaB Al—10La cKIOHEH K HEGOIBIIOMY
pasynpovYHEeHUIO B YCIOBHUSIX POTALIMOHHOI KOBKHU, B OTJn4YKe OT critaBa Al—6Ca—3La, KOTOpbIi POSIBASIET 3aMETHY 0 TeHICHIIMIO K
nedhopMallMOHHOMY YIIPOYHEHU IO (MPOYHOCTh YBEJMYMBAETCS B 2 pa3a); pu 3TOM 00a CrijiaBa B COCTOSIHMU TOCJIe KOBKM COXPAHSIOT
BBICOKYO MJIACTUYHOCTb (OTHOCUTEJIbHOE YIJIMHEHWE). YPOBEHb MPOYHOCTU 000UX CIJIAaBOB cOXpaHsieTcs nocie orxxura npu ¢ = 300 °C.
[penen npounoctu criiaBa Al—6Ca—3La pu remmepartype ucnbitanust 300 °C Boille B cpaBHeEHMHU co crtaBom Al—10La — coorseTt-
cTBeHHO 53 u 44 MIla.

KuioueBbie cj10Ba: aJJIOMUHUEBBI I CILjIaB, poTallMOHHAas KOBKa, MUKPOCTPYKTYpa, MEXaHUYECCKUEC CBOMCTBa.
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Introduction

Aluminum alloys based on the Al—Me eutectic sys-
tem (where Me = Ca, Ce, La, Ni, Fe) feature a composite
structure comprising an aluminum matrix and eutectic
phases. These alloys exhibit excellent casting properties
and good deformability [1—6]. Additionally, alloys such
as Al—La, Al—Ce, Al—Ni, and, in some cases, Al—Fe

The elongation at fracture for the eutectic composition
of Al—10La (wt. %) is approximately 22 % [9]. However,
increasing the lanthanum content beyond this level re-
duces plasticity [10]. A drawback of lanthanum is its high
cost. On the other hand, among the alloys mentioned
above, Al—Ca alloys are the most cost-effective. There-

demonstrate enhanced heat resistance [7; 8]. While these
alloys have similar strength levels, their plasticity varies
significantly, as it directly depends on the composition
of the eutectic. Lanthanum, in certain concentrations,
effectively increases plasticity [9], making the Al—La
system particularly suitable for deformation processing.

fore, the use of small amounts of lanthanum in complex
eutectic compositions, such as Al—Ca—La-based al-
loys, is of interest. Complex eutectics have been studied
in several works [11—13].

All these alloys can be effectively strengthened using
both traditional deformation methods, such as rolling,
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and severe plastic deformation techniques [6; 9; 11; 14—
16]. Among these techniques, rotary forging stands out
due to its ability to achieve high deformation levels while
also enabling the production of long billets [17—19].

Building on this, the present study examines the
effect of lanthanum in the eutectic composition on the
strength and plasticity of the Al—6%Ca—3%La alumi-
num alloy under rotary forging conditions. For com-
parison, the eutectic alloy AlI—10%La was selected as
a reference.

Materials and methods

Two alloys near the eutectic composition, Al—6Ca—
3La and Al—10La (wt. %), were studied. Castings with
a length of 200 mm and a diameter of 22 mm were turned
on a lathe to a final diameter of 20 mm and then sub-
jected to rotary forging. The as-cast billets were forged
to a final nominal diameter of 5 mm using a rotary
forging machine (RKM]I1, model V2129.01) in multiple
passes, with the reduction per pass ranging from 5 % to
22 % (averaging 13 %). Before each pass, billets of the
Al—6Ca—3La alloy were heated to 200 °C in an elect-
ric-tube furnace and held at this temperature for 10—
15 min, whereas billets of the Al—10La alloy were forged
without preheating. For larger diameters (greater than
10 mm), the billets were fed manually, while for sub-
sequent passes, automatic roller feeding was employed.
This ensured billet alignment and more uniform defor-
mation distribution along the billet’s length. The final
diameters of the Al—6Ca—3La and Al—I10La alloy bil-
lets were 5.5 mm and 5.4 mm, respectively, correspond-
ing to an equivalent strain of e = 2.6.

The characterization of the specimens was carried
out using transmission electron microscopy (TEM)
(JEM-1400 and JEM-2100 microscopes, JEOL, Japan),

Vickers microhardness measurements (Micromet 5101,
Buehler, USA), and tensile testing. Two types of spe-
cimens were prepared for tensile tests: cylindrical speci-
mens with a gauge section of @4x10 mm and flat
specimens with a gauge section of 5x1,5x1 mm. Ten-
sile tests at room temperature were conducted on both
cylindrical and flat specimens using Instron 5569 and
Instron 5966 testing machines (Instron Corp., USA),
respectively. Tests at 300 °C were performed exclusively
on cylindrical specimens using an Instron 3382 ma-
chine. The strain rate during tensile testing was main-
tained at 0.002 s~

Research results

The as-cast Al—10La alloy exhibited a predomi-
nantly eutectic structure [(Al) + Alj;Las] with a small
fraction of aluminum dendrites (Fig. 1, a). As a result of
rotary forging, the structural elements of the alloy were
elongated along the billet axis. Additionally, ultrafine
grains smaller than 1 um were formed within the den-
drites (indicated by arrows in Fig. 2, a), and the eutec-
tic particles were fragmented into pieces approximately
100—200 nm in length due to cleavage. This is evidenced
by the flat boundary between two fragmented particles
(Fig. 2, b). Evidently, in certain areas of the structure,
mixing of dendrites and eutectic phases occurs as a re-
sult of mass transfer. TEM images show that the disloca-
tion density in the alloy is low.

The difference in the microstructure of the as-cast
Al—6Ca—3La alloy compared to the Al—10La alloy
lies in the presence of shorter and wider eutectic par-
ticles (Fig. 1, b). According to [20], the Al—Ca—La
system forms a ternary eutectic [(Al)+Al4(Ca,La) +
+ Al;(La,Ca)s]. During rotary forging of the Al—
6Ca—3La alloy, similar to the Al—10La alloy, mixing

j =

Fig. 1. Microstructure of the as-cast Al-10La (a) and Al — 6Ca — 3La (b) alloys (bright-field TEM images)

Puc. 1. Mukpoctpykrypa criiaBoB Al—10La (a) u Al-6Ca—3La (b) B 1IUTOM COCTOSTHU U (CBETJIONOJIbHBIE M300pakeH st [IOM)
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Fig. 2. Microstructure of the Al—10La alloy after rotary forging (bright-fields TEM images)

Puc. 2. MukpoctpykTypa criyiaBa Al—10La rnociie poTalilmoHHON KOBKHU (CBETJOMOIbHbIE n300paxeHus [1DM)

Fig. 3. Microstructure of the Al-6Ca—3La alloy after rotary forging
a, ¢, d — bright-field TEM images; b — dark-field TEM image in (Al) reflections

Puc. 3. Mukpoctpykrypa ciijiaBa Al—6Ca—3La nmocie poTallMOHHO KOBKH
a, ¢, d — cBeTyononbHbIe n300paxeHus: [IDM; b — remHonosibHOe n300paxenue [1OM B pediekcax (Al)

of dendrites and eutectic phases occurs, the structural
elements become elongated, and ultrafine grains form
within the dendrites (indicated by arrows in Fig. 3, a,
b). The eutectic particles are fragmented to a greater

extent, reaching sizes of 50—100 nm, with evidence of
diffusion processes indicated by the rounded shapes
of the fragmented particles (Fig. 3, ¢, d). The former
eutectic structure exhibits a higher dislocation density,
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as reflected by the characteristic contrast in the TEM
images.

The mechanical properties of the aluminum alloys in
as-cast and forged conditions, obtained at room tempe-
rature, are presented in Table 1. The yield strength (o 5)
and ultimate tensile strength (c,) of the as-cast Al—10La
alloy were 113 MPa and 173 MPa, respectively, with a to-
tal elongation (8) ~22 %. For the as-cast Al—6Ca—3La
alloy, the values were 6y, = 109 MPa, 6, = 194 MPa,
and & =20 %.

Typical tensile curves obtained during testing of cy-
lindrical specimens of forged alloys are shown in Fig. 4.
The main difference between testing flat and cylindri-
cal specimens of the Al—10La alloy is the significantly
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higher elongation of the latter (by a factor of 2, as shown
in Table 1). In contrast, for the Al—6Ca—3La alloy, the
difference in mechanical properties between cylindrical
and flat specimens is negligible (Table 1).

After rotary forging of the Al—10La alloy, its yield
strength remains unchanged or increases by no more
than 10 %, while its ultimate tensile strength decrea-
ses by 18 %. At the same time, the total elongation in-
creases slightly (Table 1). Additionally, the shape of the
tensile curve changes: the uniform plastic deformation
region (up to necking) decreases significantly, from
8 % to 1.5 %. As a result, nearly all of the specimen’s
elongation occurs in the localized deformation region
(Fig. 4, a).

150 Stress, MPa

300 -
250 1
2001 2
150
100 -

504

0 10 20 30 40

Strain, %

Fig. 4. Tensile curves at room temperature for specimens of Al-10La (a) and Al—-6Ca—3La (b) alloys after rotary forging (1)

and after subsequent annealing at 7= 300 °C (2)

Puc. 4. KpuBble pacTsiKeHUS TPYU KOMHATHOM TemIieparype o6pasiioB criiiaBoB Al—10La (a) u Al-6Ca—3La (b)
rmocJie poTaimoHHoi KoBKY (I) u mocnenyrotiero otxura npu ¢ = 300 °C (2)

Table 1. Mechanical properties of aluminum alloys in various conditions at room temperature

Tabauua 1. MexaHuueckue CBOMCTBA aJIIOMUHUEBBIX CIIJIABOB B Pa3JIMYHBIX COCTOSTHUSIX

MpU KOMHATHOM TeMIlepaType

Alloy Material condition Specimen type | G;,, MPa 6., MPa S, % Sy, %
As-cast Flat 113+2 173 +£3 22+1 8+1
B Flat 126+ 3 142+ 1 27+2 1.5+0.5
Al—10La RF
Cylindrical 101 £2 147+ 3 58+2 2.5+0.5
RF + annealing at 300 °C Cylindrical 123 £2 1312 52+2 8§t 1
As-cast Flat 109 £ 2 194+ 3 195+1.3 8.5x0.5
Flat 252t 4 303+ 3 23.5%0.5 2.5+0.3
Al—-6Ca—3La RF
Cylindrical 285+ 3 312+ 6 21.6 £ 1.5 3.0x£0.5
RF + annealing at 300 °C Cylindrical 250+ 6 283+ 6 37+2 20%0.5
"RF — rotary forging.
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In the case of the Al—6Ca—3La alloy, rotary forging
results in a 2.3-fold increase in its yield strength and a
1.6-fold increase in its ultimate tensile strength, while
the total elongation increases only slightly, from 19 %
to 23 % (Table 1). However, the uniform elongation of
the forged specimen also decreases, from 8.5 % to 2.5 %
(Fig. 4, b).

The tensile test results correlate well with the meas-
ured microhardness values (Fig. 5). The average micro-
hardness of the as-cast Al—10La and Al—6Ca—3La al-
loys was 52 £2 HV and 58 £ 1 HV, respectively. After
rotary forging, the microhardness decreasedto42 £ 1 HV
(softening) for Al—10La and increased to 82 2 HV
(strengthening) for AlI—6Ca—3La. The microhardness
was uniformly distributed across the cross-section of the
billets for both alloys.

0 Microhardness, HV

Annealing of specimens of both alloys at 300 °C
for 1 h reduces their strength by no more than 10 % (see
Table 1 and Fig. 4). For the Al—10La alloy, the total
elongation remains essentially unchanged, but the uni-
form deformation increases significantly (up to 8 %).
Conversely, for the Al—6Ca—3La alloy, the total elon-
gation increases to 37 %, while the uniform deforma-
tion remains unchanged. The retention of a high com-
bination of mechanical properties in both alloys after
annealing at 300 °C demonstrates their high thermal
stability.

Table 2 presents the mechanical properties of the
forged aluminum alloys tested at 300 °C, and Fig. 6
shows the corresponding tensile curves. Increas-
ing the test temperature from room temperature to
300 °C causes significant softening in both alloys. For

0 Microhardness, HV

a 9 b
60 80 - Wq
As-cast condition
501 70 -
40 - H—‘*_’_*\f*f——! 60 - As-cast condition
304 50
20 T T T T T 40 T T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Distance from the specimen center, mm

Distance from the specimen center, mm

Fig. 5. Microhardness distribution across the cross-section of specimens of Al-10La () and Al1-6Ca—3La (b) alloys

before and after rotary forging

Puc. 5. PacnipeneieHe MUKPOTBEPIOCTH B MOMEPEUYHOM ceueHU U 00pa3iioB criiiaBoB Al—10La (a) u Al-6Ca—3La (b)

[0 1 110CJIC pOTaL[I/IOHHOI‘/JI KOBKM
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Fig. 6. Tensile curves at a test temperature of 300 °C for forged Al-6Ca—3La (a) and Al—10La (b) alloys
Puc. 6. Kpusbie pacTsikeHus mpu reMmrepatype ucrbitanus 300 °C koBaHbix criaBoB Al—6Ca—3La (a) u Al—10La (b)
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Table 2. Mechanical properties of forged
aluminum alloys at a test temperature of 300 °C

Tabnuua 2. MexaHu4eckue CBOCTBa
KOBaHBIX aJTIOMUHUEBBIX CIIJIABOB
npu Temnepatype ucnsitanus 300 °C

Specimen
Alloy - Gyy, MPa | 6,, MPa | §,%
Al—10La  Cylindrical 34 +1 44+1 22905
Al—-6Ca—3La Cylindrical 36+ 1 53+1 47.7+0.5

the Al—10La alloy, the yield strength and ultimate
tensile strength decrease to 34 MPa and 44 MPa, re-
spectively, which is a 3-fold reduction, while the total
elongation decreases by a factor of 2.5. For the Al—
6Ca—3La alloy, the yield strength and ultimate tensile
strength decrease to 36 MPa and 53 MPa, respectively,
representing reductions by factors of 8 and 6. Howe-
ver, the total elongation, in contrast, doubles. This level
of strength is comparable to D18 or AMts alloys and
slightly lower than AMg2 alloy. Despite undergoing
more intense softening, the Al—6Ca—3La alloy ex-
hibits slightly higher strength at a test temperature of
300 °C compared to the Al—10La alloy.

Discussion of results

According to the microhardness measurements and
tensile test results, the Al—10La alloy exhibits slight
softening under rotary forging conditions, in contrast
to the AlI—6Ca—3La alloy, which demonstrates a sig-
nificant tendency for deformation strengthening. Ad-
ditionally, in both alloys, uniform deformation (up to
necking) decreases after deformation processing, while
total elongation to fracture increases. The low strength
of the Al—10La alloy after rotary forging, comparable
to its as-cast condition, is supported by the low disloca-
tion density observed in its microstructure (see Fig. 2, a),
which may be attributed to recovery processes. On the
other hand, the low dislocation density in the alloy’s
structure contributes to its high plasticity. Previous stu-
dies have shown that eutectic Alj;La; particles, due to
their specific crystallographic relationship with the alu-
minum matrix, are easily cut by dislocations [9], which
also positively affects plasticity. Interestingly, despite
the low dislocation density in its structure, the uniform
deformation of the Al—10La alloy is only about 2 %,
with elongation mainly occurring in the localized defor-
mation region, i.e., after necking begins.

In contrast, the Al—6Ca—3La alloy accumulates
a high dislocation density and undergoes significant

64

eutectic particle refinement as a result of rotary forging,
leading to a substantial increase in strength. Despite its
high strength, the alloy also retains high plasticity (with
elongation primarily occurring in the localized deforma-
tion region, similar to the Al—10La alloy). This behavior
may be attributed to the presence of ultrafine aluminum
grains (which, being defect-free, form layers between the
former eutectic, see Fig. 3, a) that promote stress rela-
xation, as well as the positive effect of lanthanum in the
complex eutectic on dislocation slip processes.

Conclusion

Rotary forging was performed on billets of the
eutectic aluminum alloys Al—10La and Al—6Ca—3La
in the as-cast condition, reducing their initial nominal
diameter of 20 mm to a final nominal diameter of 5 mm.
It was found that as a result of forging, the structure of
both alloys becomes aligned along the billet axis, with
new ultrafine grains (less than 1 pm) forming within
the dendrites and eutectic particles becoming refined
(to 100—200 nm in the Al—10La alloy and 50—100 nm
in the Al—6Ca—3La alloy). In the Al—10La alloy, a
low dislocation density was observed, while the Al—
6Ca—3La alloy exhibited a high dislocation density.
The structural changes in the alloys significantly affect
their mechanical properties: the Al—10La alloy under-
goes slight softening under rotary forging, while the
Al—6Ca—3La alloy exhibits a pronounced tendency for
deformation strengthening, with its strength doubling.
The ultimate tensile strength of the forged Al—10La and
Al—6Ca—3La alloys was approximately 150 MPa and
300 MPa, respectively. Both alloys retained high plas-
ticity after forging, with total elongation exceeding 20 %.
The strength of both alloys remained stable after an-
nealing at 300 °C. At a test temperature of 300 °C, the ul-
timate tensile strength of the Al—6Ca—3La alloy slight-
ly exceeded that of the AlI—10La alloy, at 53 MPa and
44 MPa, respectively.
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