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STRUCTURE AND PROPERTIES EVOLUTION OF THE AL-CU-MG ALLOY
DURING THE "TWIN-ROLL CASTING - HOT DEFORMATION -
HEAT TREATMENT" TECHNOLOGICAL PROCESS
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Abstract. The influence of hot deformation and heat treatment on the wide solidification range 2024
alloy twin-rolled cast sheet billets structure and properties evolution at all stages of the technological
process was studied. The maximum strength at a reduction ¢ = 50 % (og = 450 MPa), and an increase
in ductility with the degree of deformation (from 0-2 % in the cast state to 20-22 % after rolling and
heat treatment) were established. The resulting mechanical properties of the 2024 alloy strip exceed

existing analogs and standard requirements.
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Introduction

In the conditions of highly competition in the
metal products market, the priority direction of
development for the metallurgical complex of
Ukraine is the implementation of modern ener-
gy- and resource-efficient technologies.

A proven and economical technology for
producing thin aluminium sheets directly from
the melt [1-5] is twin-roll casting. This technol-
ogy reduces capital costs, saves energy, and
lowers operational expenses compared to tradi-
tional casting methods. The process works by
feeding molten metal directly into the gap be-
tween two internally water-cooled rolls, where it
solidifies and undergoes some hot deformation
before emerging as a solid strip or sheet.

Twin-roll casting machines have been used
for producing aluminium sheets from the melt
for almost 50 years. However, aluminium alloys
typically subjected to commercial twin-roll cast-
ing have a narrow solidification range, and the
sheets are cast at a thickness of approximately
6 mm. The productivity of this process is rela-
tively low, and the range of alloys that can be
produced using this method is limited.

The analysis of publications

One of the most promising in this regard is
the technology of strip casting-rolling, known as
the "CASTRIP-process” [6, 7], for producing
sheet blanks with a thickness ranging from 1 to
5 mm, which are immediately rolled into thin
sheets. The strip casting of steel differs from
traditional methods due to the peculiarities of
the structure formation process. The rapid solidi-
fication of the melt ensures a uniform distribu-
tion of alloying elements and impurities in the
solid solution, the formation of a fine-grained

structure (the dendrite size decreases by up to
5times), and also results in less pronounced
metal contamination by non-metallic inclusions,
high surface cleanliness, and increased mechan-
ical properties [8, 9].

Therefore, expanding the possibilities of using
strip casting for non-ferrous metals and alloys,
establishing its hereditary influence on the regular-
ities of structure formation and properties of prod-
ucts in subsequent rolling and heat treatment
processes, represents an important scientific and
practical task.

Data on the formation of structure and me-
chanical properties complex of low-alloy alumi-
num alloy EN AW-6082 during strip casting-
rolling are known [10-12], however, informa-
tion regarding the structure formation of more
alloyed aluminum alloys, in particular 2024
with a wide solidification range, is limited. Al-
so, there is a lack of data on the influence on the
structure formation in 2024 of the complex
"strip casting-rolling + hot rolling + heat treat-
ment," which prevents obtaining products with
significantly improved mechanical properties.

Thus, establishing the regularities of the
complex treatment's influence "strip casting-
rolling + hot rolling + heat treatment” with the
aim of obtaining high-strength 2024 billets and
sheets is relevant.

Objective and task formulation

Research object is the structure formation in
wide solidification range aluminum alloy of
2024 type during the production of twin rolled
strips after hot deformation by rolling, and sub-
sequent heat treatment.

Obijective is to improve the technological pa-
rameters to ensure a stable process of obtaining
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sheet blanks from wide solidification range
2024 aluminum alloy with increased mechanical
properties.

Methodology and research results

The chemical composition of the investigated
alloys is presented in Table 1.

The research was carried out on an experimen-
tal two-roll mill in the conditions of the FTIMA of
the NASU. Casting (Table 2) was carried out on a
two-roll mill with rollers diameter of 420 mm. The
barrel length is 600 mm.

The cooling rate in the inter-roll gap
was 10°°C/s. The developed technology differs
in that the melt is poured into the casting bath
with overheating of 10...20 °C from the liquidus
temperature, which allows avoiding the leakage
of liquid metal from the crystallizer rolls [13].
The level of the melt in the casting bath is main-
tained constant at the maximum level to ensure
uniform sheet thickness.

For the investigation of the influence of hot
rolling on the structure and mechanical properties of
the alloy, samples were deformed on a four-roll mill
with a working roller diameter of 90 mm and a
barrel width of 200 mm. The rolling speed was
2 m/min. The preheating temperature before rolling
for the alloy was 400 °C. The relative deformation €
per pass was approximately 30 %.

To determine the effect of heat treatment on the
2024 alloy structure formation after twin-roll cast-
ing, it underwent heat treatment in both the cast
state and after hot deformation by rolling according
to the following regimes:

Regime HT1: annealing at T=415°C for
t=2 hours + cooling with the furnace to 150°C +
further air cooling;

Regime HT2: heating at T=495°C for
t=30 minutes + quenching in water + ageing at
room temperature for more than 3 days;

Regime HT3: heating at T=495°C for
t=30 minutes + quenching in water + ageing for one
day in the furnace at T=120°C + air cooling.

At each stage of the technological process, the
microstructure was studied, and the mechanical
properties of the alloy were determined. The influ-
ence of technological parameters on the structure
quantitative characteristics was analyzed: E — the
intermetallic phases fraction; D — the intermetallic
crystals size; A —the intermetallics shape parameter,
defined as the ratio of the larger crystal size to the
smaller one; R — the dendritic cells size; Ar — the
dendritic cells shape parameter.

For the alloy's microstructure investigation,
samples were etched with 0.1% HF for 10 seconds
followed by rinsing in flowing water. The micro-
structure was studied using an AXIOVERT 200-
MAT microscope.

To determine the mechanical characteristics,
materials were tested for tensile strength on a uni-
versal testing machine UTM-100 according to
JCTY EN 10002-1:2006.

The 2024 aluminum alloy microstructure in
the cast state after twin-roll casting (Figure 1) is
represented by dendrites of a-Al solid solution
of various degrees of branching, the dendritic
cells of which are more or less axisymmetric
throughout the sample volume. Eutectics a-Al-
0(CuAly)-S(Al,CuMQg)-Mg,Si [14] are located in
the interdendritic spaces (Figure 1a).

Processing the alloy according to the "strip
casting + hot rolling" scheme changes its micro-
structure, which significantly depends on the de-
gree of deformation. Plastic deformation during
hot rolling with compression € = 50 % leads to the
primary a-Al crystals orientation in the rolling di-
rection and a decrease in their size in the plane
perpendicular to the sheet surface (Figure 1b). In-
creasing the compression degree to € = 67.5-75%
causes further deformation, intermetallics refine-
ment, which are predominantly located along the
boundaries of dendritic cells and are oriented in
the rolling direction together with primary o-Al
crystals. Intensification of these processes at
€ = 87.5 % is accompanied by the formation of a
band microstructure (Figure 1 c)

Table 1 — Chemical Composition of Investigated Alloy

Allo Alloy elements, % mass
y Si Fe Cu Mn Mg Cr Zn
2024 Standart <05 <05 3,849 0,3-0,9 1,2-1,8 <0,1 <0,25
Experiment 0,36 0,45 4,61 0,72 0,94 - -
Table 2 — Experimental Data on Casting Strips from Aluminum Alloys
Alloy T casting, °C Casting speed, m/s Strip thickness, mm
645 0,32 3,5
2024 650 0,50 2,2-2,5
645 0,68 2,0
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Fig. 1. Microstructure of 2024 alloy after twin-
roll casting and hot deformation with different
degrees of deformation: a — cast; b — & = 50 %;
c-¢=875%

This is due to the increase in the length of a-
Al solid solution dendritic cells and their shape
parameter (Fig. 2 c, d). At the same time, the
reduction in size and increase in the volume in-
termetallics fraction (Fig. 2 a, b) are likely a re-
sult of partial dissolution during heating under
rolling and during the rolling process itself.
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Fig. 2. Quantitative characteristics of the 2024
alloy specimens structure after strip twin-roll
casting and hot rolling with various degrees
of deformation

The microstructure of the alloy after twin-roll
casting with subsequent heat treatment under var-
ious regimes is shown in Figure 3, and its quan-
titative characteristics are shown in Fig. 4. Com-
pared to the cast state, annealing at T=415 °C for
=2 hours leads to a decrease in the volume frac-
tion and average size of intermetallic phase crys-
tals (Fig. 3a, b; Fig. 4 a, b). The size of a-Al
dendritic cells slightly increases (Fig. 3a, b; 4 ¢)
with a slight decrease in their shape parameter
(Fig. 4 d).

Fig. 3. Microstructure of 2024 alloy after twin-
roll casting and heat treatment under differ-
ent conditions: a — as-cast state; b — HT1 (heat
treatment, regime 1); c—HT2:d—HT3

The microstructure of the alloy quenched from
495 °C and aged at room temperature (Fig. 3 C)
is characterized by the presence of intermetallics
with rounded growth forms, which can be ex-
plained by spheroidization and coagulation pro-
cesses. Similar to annealing, quenching followed
by aging at room temperature leads to a decrease
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in the intermetallics volume fraction and size
(Fig. 4 a, b).

Presumably, in both cases, this is associated
with their partial dissolution in the o-Al solid
solution.
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Fig. 4. 2024 alloy quantitative structure charac-
teristics depending on technological factors
according to the scheme "twin-roll casting +
heat treatment": 1 — As-cast state; 2 — HT1;
3-HT2;4-HT3

In the structure of the alloy, quenched from
495 °C and aged at 120 °C, along with a large
number of fine-grained aging products, there are
branched crystals of Mg,Si phase with sizes up to
20 pum. These phases are located both along the
boundaries of dendritic cells, which may indicate
their crystallization genesis, and within the den-
drite plane.

The latter is undoubtedly a result of the high-
temperature aging process, during which not only
the precipitation of this phase from the aluminum
solid solution occurred but also its rather intense
growth.

As for the as-cast state, the size of o-Al dendrit-
ic cells in the rolling direction monotonically in-
creases from the annealed sample to the quenched
one. The largest dendritic cell shape parameter is
observed in the case of quenching from T=495 °C
with subsequent aging at room temperature.

Investigations of the 2024 alloy structure in re-
lation to the influence of technological factors in
the " twin-roll casting + hot rolling (¢ = 75 %) +
heat treatment” technological process under the
specified regimes showed that it consists of a-Al
dendrites and intermetallics. These structural com-
ponents are oriented in a plane parallel to the di-
rection of hot rolling. The intermetallics are frag-
mented (Fig. 5).

Fig. 5. Microstructure of 2024 alloy depending on
the influence of technological factors in the *
twin-roll casting + hot rolling (¢ = 75 %) + heat
treatment™: a — as-cast + hot rolling; b — as-cast +
hot rolling + HT1; ¢ — as-cast + hot rolling +
HT2; d —as-cast + hot rolling + HT3

Heat treatment leads to partial a-Al recrystalli-
zation and intermetallics spheroidization, indicated
by rounded boundaries between intermetallics and
a-Al.

The changes in the gquantitative characteristics
of the 2024 alloy structure due to the action of
technological factors in the " twin-roll casting +
hot rolling (¢ = 75 %) + heat treatment under dif-
ferent regimes" are presented in Fig. 6.

These data indicate the following:

- the quantity of intermetallics decreases mono-
tonically due to partial dissolution in the a-Al, and
hot rolling promotes intermetallic phases fragmen-
tation, stimulating their dissolution (Fig. 5 a, b);

- heat treatment after deformation contributes
to the reduction in size and shape parameter of
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intermetallics, especially in the case of quenching
followed by aging;

- the nature of the change in size and shape
parameter of a-Al dendritic cells indicates a
possible influence of recrystallization processes
occurring during heating of the deformed alloy
(Fig. 6 ¢, d).
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Fig. 6. Quantitative characteristics of the 2024 alloy
structure, depending on technological factors in
the "twin-roll casting + hot rolling + heat
treatment™ technological process: 1 — casting +
hot rolling; 2—HT1; 3—HT2; 4 - HT3

The evolution of the 2024 alloy cast strip
structure, which occurs under the influence of
external technological factors, also affects the
mechanical properties level (Fig. 7), namely the
ultimate strength (og) and relative elongation (8)
depending on the degree of compression

o= % where hy— is the cast strip thickness, h;

1

is the strip thickness after the i-th compression.

The data in Figure 7 indicate that the cast
strip (X = 1.0) is characterized by low strength
properties (og) — 250450 MPa and relative elon-
gation (8) — 0...2 %. Hot rolling leads to an in-
crease in mechanical properties. The highest
level is achieved at a compression of € = 50 %
(Z = 2.0), after which the ultimate strength cg
reaches its maximum value (= 450 MPa). This is
probable due to the dissolution of intermetallic
phases and, consequently, an increase in the sa-
turation of the aluminum solid solution. At the
same time, the ductility properties (8) signifi-
cantly increase with increasing degree of defor-
mation, accompanied by a decrease in the size
and shape parameter of both aluminum solid
solution crystals and intermetallic phases, in-
cluding secondary ones formed after the decom-
position of the solid aluminum solution.
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Fig. 7. Experimental data of the dependence of
2024 alloy strip ultimate strength og (2) and
relative elongation 6 (b) on the compression
degree Zi during hot rolling.

Heat treatment significantly affects the me-
chanical properties of the deformed strip
(Fig. 8). The alloy achieves maximum relative
elongation (6 = 20...22 %) after 6...8 compres-
sions followed by quenching and natural aging
at room temperature. The maximum ultimate
strength (og = 442...462 MPa) of the alloy after
guenching is almost the same for both natural
and artificial aging.

Based on the results of the research, the fol-
lowing conclusions can be drawn:

- at each stage of the technological process
"twin-roll casting — hot rolling — heat treatment,”
significant changes occur in the structure of the cast
strip;

- the strip structure evolution during twin-roll
casting, hot rolling, and heat treatment leads to con-
sistent changes in mechanical properties;

- hot rolling of strips obtained by the twin-roll
casting method significantly increases their mechan-
ical properties: the ultimate strength of the strip
reaches a maximum (=~ 450 MPa) at a deformation
degree of 50% (X = 2); the relative elongation
(6=20...22 %) — with 6...8 compressions;

- the obtained mechanical properties of the 2024
alloy strip exceed existing analogs and are signifi-
cantly higher than standard requirements.
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Fig. 8. Effect of heat treatment regimes on ulti-
mate strength (a) and relative elongation (b)
of the 2024 alloy strip at different compres-
sion degrees 2 0 — after hot rolling; 1 — an-
nealing; 2 — quenching with natural aging;
3 — gquenching with artificial aging

Conclusions

The technological parameters for obtaining
sheet blanks have been developed and tested on
an experimental two-roll casting-rolling mill,
allowing for the first time in metallurgical prac-
tice to obtain a cast strip with a thickness of 2—
3 mm from 2024 aluminum alloy with a wide
solidification range (130 °C).

The influence of hot deformation and heat
treatment on the structure and properties of the
obtained sheet blanks at each stage of the tech-
nological technological process "continuous
casting — hot rolling — heat treatment” has been
investigated:

- after casting-rolling, the structure of 2024
alloy consists of dendrites of a-Al solid solution
of various branching degrees and intermetallic
compounds;

- hot deformation by rolling results in the
orientation of primary a-Al crystals in the roll-
ing direction. Increasing the deformation degree
to €>87.5 % leads to the formation of a banded
structure, with the quantity of intermetallic
compounds decreasing monotonically due to
their partial dissolution in the solid solution;

- heat treatment (quenching with aging) after
deformation contributes to a reduction in the
size and shape parameter of intermetallic com-
pounds. The nature of the changes in the size
and shape parameter of dendritic a-Al crystals

upon heating of 2024 alloy after its deformation
indicates possible recrystallization processes.

The structure formation of the of the 2024 al-
loy cast strip under the influence of technologi-
cal factors "continuous casting — hot rolling —
heat treatment"” significantly affects the level of
mechanical properties (ultimate strength and
relative elongation). The highest level of ulti-
mate strength is achieved with a deformation of
€ =50 % (from og = 200 MPa in the cast state to
og = 450 MPa). The relative elongation increas-
es significantly with increasing degree of de-
formation (from 6 = 0...2 % in the cast state to
&= 20...22 % after rolling and heat treatment),
which is associated with a decrease in the size
and shape parameter of a-Al solid solution and
intermetallic phases. The obtained mechanical
properties of the 2024 alloy strip exceed existing
analogs and significantly exceed standard re-
quirements.
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EBoJilonisi cTpyKTYpM Ta BJIACTUBOCTEH CILIABY
A-Cu-Mg mig yac TeXHOJOTiYHOr0 Mmpolecy «po3-
JIMB-NIPOKATKA — rapsya aedopmanis — repMiuna
00pooKa»

Anomauin. Ilpoonema. Poznug-npoxkamxa 3nudiICy€E
KanimanabHi UMpamu, eKOHOMUMb eHepeilo 1 3MeH-
WLYEe eKCHIYamayitHi eUmMpamu nopieHsIHO 3 Mpaou-
yiunumu memooamu aumms. Ilpome aniominicsi
cnnasu, wo 000y8arOmb  MemoooM — PO3NUBY-
NPOKAMKU, MAIOMb 8Y3bKULL IHMEPBAN Kpucmanizayii,
wWo obmencye HOMEHKIAmypy CHIAGI8, AKI MOJNCHA
supobnamu 3asHaueHum memooom. Hapasi éiocymus
iHgopmayin npo Gopmysanus cmpykmypu Oinbu
€208AHUX ANIIOMIHIEGUX CNAABI8, 30Kpema CHiasy
2024, saxuu mae wupoxull IHmepsanl Kpucmanizayii.
Takooic bpaxye ingopmayii npo 6naue KOMNIEKCY
npoyecy "posaus-npoxamka + eapaua npoxamxa +
mepmiuna obpodxa" na cmpyKxmypoymeopeHus cnia-
6y 2024, wo ycknaouioe ompumanus npooyKmie i3
icmomHo nOKpaweHuMUu MexXaHiuHUMU 61acmueoc-
msamu.

Mema. YcmanoeneHHA payioHaIbHUX nApamempie
MeXHOI02IYH020 npoyecy "posnus-npoxamka + ea-
pAua npoxamka + mepmiyna obpodxa" o0nsa 3abesne-
YeHHsT CMabOiIbHO20 OMPUMAHHS TUCIMOBUX 3A20MO-
6ok 3i cnaagy 2024 i3 wupokum iHmepeaiom Kpuc-
manizayii ma nio8UWEHUMU MEXAHIYHUMU 8IACMUBO-
cmamu.

Memooonocia. Jocniodcenns npoeoounu Ha exchne-
PUMEHMATLHOMY 0B08AIKOBOMY CMAHI 6 YMOBAX
Q@TIMC HAH Ykpainu. /[na eusuenus eniugy eaps-
YOI NPOKAMKU HA CMPYKMYPY Ma MEXAHIYHI 61aCmu-
80Cmi Cniagy 3pasku 0e@opmysany Ha YOMUpUYuii-
HOPOBOMY CMaHi 31 WEUOKicmio npokamxu 2 m/xe i
memnepamypoio  nonepednvozo nazpigy 400 °C.
s susHauenHs enaugy mepmiyHoi 06podoxu Ha ¢o-

pmysanns cmpykmypu cniagy 2024 nicis posauey-
npoxamku ma 2apa4oi oegpopmayii npoxamrow 6yno
npogeodeHo mepMiuny 00poOKy 3a PIZHUMU PeXCUMA-
mu. Mikpocmpyxmypy cnaagy 2024 docaioacysanu 3a
donomoeoro onmuunoeo mikpockona AXIOVERT
200-MAT. /lna eusHaueHHs: MEXAHIMHUX XApaKmepu-
cmuk mamepianu 6unpo608yeanu Ha po3msacHEeHHs Ha
yHigepcanvHitl eunpobysanvrii mawuni UTM-100
zeiono 3 JICTY EN 10002-1:2006.

Pesynomamu.  Ycmanoenennus  3axonomipuocmeii
eniugy napamempie 00OpOOKU 8 MEXHOAOSITUHOMY
npoyeci «po3ius-npoKamKa — eapsaia oegopmayis —
mepmiyna 06podKay Ha CMpYKmypy ma 61dcmueoc-
mi excnepumenmanvno2o cnaagy cucmemu Al-Cu-
Mg dano 3moey docsiemu sHauno2o 0OHOUACHO20 NiO-
suwgennst miynocmi (8i0 og ~ 200 Mlla y numomy
cmani 00 og = 450 Mlla) ma nracmuunocmi (6i0 6 =
0..2% y aumomy cmani 0o 0 = 20...22 % nicrs
NPOKAMKYU Ma MepMiuHoi 06poOKL).

Hosusna. Ynepwe ¢ memanypeiuniti npaxmuyi
ompumano aumy cmpiuky 3i cnaagy 2024 3aemoeuiku
2 mm 3 wiupokum inmepeanom kpucmanizayii 130 °C.
Ilpakmuune 3nauennsa. Mexaniuni eracmusocmi
cmpiuku 31 cnaagy 2024 nepesuwyyroms HaA6HI AHA-
Jlo2u ma 3HAYHO Nepesepuiyioms UMO2U CMAHOAp-
my. Mamepian modce 6ymu euxopucmanuii 8 agmo-
MOOILHIU, pakemoOYOieniil ma cyOHOOYOIGHIU Npo-
MUCTO080CMI 011 BUCOKOBIONOBIOAIbHUX 8UPODI6 3a-
80AKU NIOBUWEHITI cMIUKOCMI 00 PYUHYBAHHS, GUCO-
Kill MiyHOCmMi ma naacmu4HOCmi.

Knrouosi cnosa: cnnas Al-Cu-Mg, posnus-npoxamxa,
eapaya oeghopmayis, 3MiYHeHHs, CIAPIHHL.
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