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Abstract: Using the QForm software package, a finite-element analysis was conducted to assess the technological feasibility of
implementing a new cladding scheme for 360-mm-thick aluminum—lithium alloy 1441 ingots under the production conditions of
PJSC “KUMP”. Instead of the traditional cladding scheme, in which the cladding plates are roll-bonded to the ingot over four passes
with an absolute reduction of 6 mm per pass, the cladding plates are seated in pre-machined recesses milled into the top and bottom
surfaces of the ingot and roll-bonded in a single pass with an absolute reduction of 24 mm. The analysis showed that the new cladding
scheme prevents extrusion of the cladding plates from the ingot surface at high reductions, enabling the use of thinner plates (10 mm
instead of the conventional 15 mm). The new approach also significantly reduces the total number of passes and inter-deformation pauses
during rough rolling, thereby improving the thermal condition of the workpiece before finish rolling. A reduction of three passes and
three pauses (10 s each) leads to an average temperature increase of approximately 23 °C. The deformation behavior of the base metal
(alloy 1441) and the cladding layer (ACpl alloy) was analyzed. The mean accumulated strain in the ingot after rolling according to the new
scheme was found to be twice as high as under the traditional scheme, while the deformation distribution within the cladding layer was
more uniform. The obtained results can be used to enhance and optimize hot-rolling parameters for clad sheets and strips of aluminum—
lithium alloy 1441 at PJSC “KUMP”.
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Annotamus: C ucrorb30BaHUeM MporpaMMbl «QForm» mpoBeneH KOHEYHO-2JIEMEHTHBIN aHAJIN3 TeXHOJIOTMIeCKON BO3MOXKHOCTHU TIPHU-
MEHEHUsI HOBO CXeMBI IIJIAKMPOBAHMS CIUTKOB TOJIMIMHON 360 MM U3 alIOMUHUA-TUTHEBOTO ciiaBa 1441 B ycinoBusax [TAO «KYM3».
B3aMeH TpanuIIMOHHOI CXeMbl IIAKUPOBAHUS, TIPelycMaTPUBAIONIEel MPUBAPKY IUIAHIIETOB K CIUTKY 3a 4 mMpoxoaa ¢ abCOMIOTHBIMU
00KaTUSMU TIO0 6 MM, TIPEIIOKEHO YKJIAABIBATh MJIAHILIETHI B CIIELMATbHbBIC YITYOJICHUsI, IPeIBAPUTEIbHO BBIMOTHEHHbIE (hpe3epoBa-
HUEM Ha BepXHell 1 HUXKHEl MOBEPXHOCTSIX CIUTKA, a TPUBAPKY OCYIIECTBIIATH 3a 1 mpoxoza ¢ abcomoTHeIM obxaTtuem 24 mm. [TokazaHo,
4YTO HOBAsI CXeMa MJIaKMPOBAHUSI TO3BOJISIET MPEIOTBPATUTH BbIAABAMBAHME MJIAHIIETOB C MOBEPXHOCTHU CIAMTKA MPU BBICOKUX a0COTIOT-
HBIX 00XaTUsIX. DTO AaeT BO3MOXHOCTb MCMOJAb30BaTh 00jiee TOHKME MJIaHLIETh! (ToJMHON 10 MM) B3aMeH TpaiuLMOHHBIX (15 MM).
YcTaHOBJIEHO, YTO 1O HOBOM CXeMe MJIaKMPOBAHUS CYLIECTBEHHO COKpalllaeTcst obliee KOJIMYeCTBO MPOXOI0B U MexX1e(DOPMALIUOHHBIX
rnay3 pyv YepHOBOI MPOKATKe U 3a CYET ITOr0 yJyylllaeTcs TeNJI0BOE COCTOsSIHME packaTa Mepes YUCTOBOM npokaTkoii. [Ipu cokpalueHuu
3 mpoxonoB U 3 Mexae(opMallMOHHBIX T1ay3 cpeliHee MOBBIIIeHNEe TeMIepaTypbl coctaBiseT ~23 °C. MccienoBaHo necopMupoBaHHOE
COCTOSIHME OCHOBHOT'0O MeTaJiia (criiaB 1441) u rurakupytotiero cios (crutaB ALLmn). [TokazaHo, 4TO CpeaHsisl HAKOTUJIeHHast [eopmariust
B CJIUTKE (MaTeMaTU4YecKoe OXXMIaHue) TIocie TPOKATKY Mo HOBOM cxeMe B 2 pa3a BbIIIe B CPABHEHU Y C TpalUIIMOHHOI cxeMoit. [1pu aTom
xapakTtep aeGpopMaIuy MIaKUPYIOIIEro cosi Tpu MPpoKaTKe Mo HOBOU cxeMe GoJiee paBHOMEPHBIN. Pe3ybTaTsl MOTYT OBITH HCTIONB30-
BaHBI JIJISI COBEPIICHCTBOBAHUS U ONTUMM3AIIUK TEXHOJIOTMIECKUX PEKUMOB TOPsSIUeil MPOKATKYU IJIAKMPOBAHHBIX JIUCTOB U TMOJIOC U3
aTIOMUHUI-TUTUEBOTO crtaBa 1441 B ycnousx [TAO «KYM3».

Karouesble cjioBa: aTloMUHUIA-TUTHUEBBIN cIiiaB 1441, ropsiuasi mpokarka, rnjiakMpoBaHUe, PeXUMbI f1ehopMaliuu, MOAeIUPOBaHUE METO-
JIOM KOHEYHBIX 2JIEMEHTOB, Halpsi>keHHO-1e(HOPMUPOBAHHOE COCTOSIHUE, TeMIIepaTypa.

BaaronapuocTu: VccienoBaHus BEITOJTHEHBI 3a cueT rpaHTa Poccuiickoro HayyHoro ¢onaa (cormamernue Ne 23-79-30015) u B pamkax
noroopa o copuHancupoanun Ne KK0987F-2023.

Jna uutupoBanus: [lecun A M., Pasunkun A.B., 3amapaes B.A., [1yctoBoiitoB /1.0. KoHeUHO-316eMEHTHOE MOJICIMPOBAHNE U aHAJIU3
TEXHOJOTUYECKOI BO3MOKHOCTH MPUMEHEHUST HOBOI CXeMBbI TIJITAKUPOBAaHU S CIMTKOB U3 aTIOMUHUN-TUTUEBOTO criiaBa 1441. Uzeecmus
8y306. Lleemnas memannypeus. 2025;31(4):37—49. https://doi.org/10.17073/0021-3438-2025-4-37-49

Introduction

Compared with conventional aluminum alloys
such as D16 (AA2024 analogue), aluminum—Ilithium
alloys possess a unique combination of properties,
including lower density, higher stiffness, superior
strength and fatigue resistance, as well as good cor-
rosion resistance and satisfactory weldability [1—7].
The full technological cycle for manufacturing
sheets and strips from aluminum—Ilithium alloys has
been developed and industrially implemented at the
Kamensk-Uralsky Metallurgical Plant Joint Stock
Company (KUMZ JSC), which remains the only
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producer and supplier of these alloys in Russia. Alu-
minum—Ilithium alloy 1441 of the AlI—Cu—Mg—Li
system belongs to the second generation of Al—Li
alloys; its production at KUMZ JSC began in 1990
[8]. This structural alloy is widely used in aircraft and
spacecraft manufacturing [9—13].

Cladding is a distinct hot-rolling operation intended
to cover ingots of aluminum alloys with a thin layer of
pure aluminum (> 99.3 %) or the ACpl alloy to ensure
additional corrosion protection [14, 15]. In the case of
aluminum—Ilithium alloys, cladding also significantly
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increases the product yield by improving edge and sur-
face quality of sheets and strips [16].

Three main cladding types are distinguished [17]:

— technological cladding (B), aimed at creating
more favorable deformation conditions during rolling
of low-ductility alloys (cladding-layer thickness not ex-
ceeding 1.5 % of sheet thickness);

—normal cladding (A), providing corrosion pro-
tection (cladding-layer thickness of at least 2 % for
sheets thicker than 1.9 mm, and at least 4 % for thinner
sheets);

— thickened cladding (U), ensuring enhanced cor-
rosion protection (layer thickness of at least 4 % for
sheets thicker than 1.9 mm, and 8 % or more for thinner
sheets).

For the production of clad sheets and strips from alu-
minum—Ilithium alloy 1441, flat ingots with cross-sec-
tions of 225%950 mm, 275x1100 mm, 300x1100 mm,
390x1360 mm are used [8]. Before rolling, both the in-
got (base-metal blank) and the cladding plates (blanks
of cladding metal) undergo special preparation. To re-
move casting defects and ensure high-quality two-sided
(top and bottom) roll-bonding of the plates, the wide
faces of the ingots are milled by 5—15 mm per side [17].
The mating surfaces of the ingot and plates are then de-
greased. The plate thickness (/) s calculated from the
ingot thickness (H;,,) and the required cladding-layer
thickness [17]:

hoy = Hingd/100a + 28, )

where a = 0.8 is a coefficient accounting for the dif-
ference in deformation of the ingot and the plates in the
first passes, and & is the upper limit of cladding-layer
thickness specified in the relevant standards.

Before hot rolling, the aluminum—Ilithium 1441 in-
gots with the attached cladding plates are heated to no
more than 460 °C. Roll-bonding of the plates is carried
out during the first four passes with an absolute reduc-
tion per pass not exceeding 6 mm in cylindrical rolls,
without applying a lubricant—coolant mixture (LCM).
The LCM is intentionally excluded during these first
passes to prevent its penetration under the plates and the
formation of sub-plate blisters. In subsequent roughing
and finishing passes, rolling is performed with the ap-
plication of a water—oil emulsion containing 1—2.5 %
rolling oil.

According to [4], the recommended temperature
range for hot rolling of aluminum—Ilithium alloy 1441 is
460—390 °C. However, under industrial conditions the
actual range is 460—340 °C for rough rolling and 340—
300 °C (or even lower) for finish rolling. The tempera-

ture drop results from heat losses during a large number
of roughing passes (up to 19) and the corresponding in-
ter-pass delays, when the workpiece cools in air. Intensi-
fying deformation during rough rolling is limited by the
roll-bonding stage, at which the absolute reduction per
pass must not exceed 6 mm (= 1.5 % relative reduction);
otherwise, extrusion of the plate material from the ingot
surface occurs.

Numerous studies [18—27] have been devoted to
improving the cladding process for aluminum alloys
during hot rolling; nevertheless, the issue of increas-
ing the efficiency of plate bonding to the ingot remains
unresolved.

The aim of the present work is to perform finite-ele-
ment modeling and analyze the technological feasibility
of applying a new cladding scheme for aluminum—
lithium 1441 ingots in order to reduce the number of
passes and inter-pass pauses during rough rolling.

Materials and methods

Finite element modeling and analysis of the co-
rolling process of the ingot (base-metal blank)
with two cladding plates (blanks of cladding metal)
placed on the top and bottom surfaces were carried
out using the QForm 11.0.1 software package in a
two-dimensional plane-strain formulation (license
No. R0-U2497-170719U197, licensee — Nosov
Magnitogorsk State Technical University). The in-
got material was aluminum—lithium alloy 1441
(Al—1.7 Cu—0.8 Mg—1.8 Li). The initial state cor-
responded to the condition after single-stage homo-
genization annealing at 450 °C for 8 h.

Experimental data on the flow stress of alloy 1441
were obtained from hot torsion tests on a Gleeble 3800
thermomechanical simulator equipped with a Torsion
module. Cylindrical specimens of total length 165 mm
and diameter 14 mm were used, with a working zone
length L = 20 mm and radius R = 5 mm. One specimen
end was rigidly fixed, while a torque was applied to the
other (rotating) end. Tests were conducted at 450, 400,
350, 300, and 250 °C with strain rates of 0.01, 1, 10, and
50 s~!. The flow-stress curves of alloy 1441, described by
the relationship

6, = f(. £ 1), Q)

where € is the equivalent strain; € is the strain rate (s_l);
t is the temperature (°C), were approximated by a tabu-
lated function.

The cladding layer material was aluminum alloy
ACpl (97.8 %), with a chemical composition in accor-
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dance with GOST 4784-2019. As an example, Fig. 1 pre-
sents the flow-stress curves of aluminum—Ilithium alloy
1441 and the ACpl alloy at a strain rate of 10 s~! and var-
ious temperatures.

The simulation was performed under the operat-
ing conditions of the Quarto 4600 roughing mill stand
of the hot-rolling facility at KUMZ JSC. According
to the traditional process, roll-bonding of the clad-
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0.2 0.4 0.6 0.8 €

Fig. 1. Flow-stress curves of aluminum—lithium alloy 1441
and ACpl alloy at a strain rate of 10 s~
and different temperatures

Puc. 1. KpuBbie conpoTuBiieHUs neopMaliiu
aJTIOMUHUN-TUTUEBOTO crijiaBa 1441

¥ aJIIoOMUHKMEBOTO crutaBa ALLTr mpu ckopoct
nedopmarmu 10 ¢~ 1 pasTHUHBIX TeMIepaTypax

1100

15

360

1360

| a
A
, 1260 b
A
S
/
1360 N

Fig. 2. Traditional () and new (6) schemes cladding plate
placement schemes on the ingot

Puc. 2. TpanuuuonHas (a) u HoBasl (b) cxeMbl yKJIaIKu
MJIAHIIETOB Ha CIIMTOK
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ding plates is carried out during the first four passes
according to a cross-rolling scheme, where the length
of the ingot becomes its width after edge-turning (ro-
tation by 90°). Therefore, for the two-dimensional fi-
nite element model, the following initial dimensions
of the ingot after milling were adopted: 360x1360 mm
(thickness x length). The ingot had a rectangu-
lar shape without chamfers or corner rounding.
The initial dimensions of the cladding plates were
151100 mm (thickness x length). The total di-
mensions of the ingot with the top and bottom
plates placed on it were 390x1360 mm (thickness x
length). Hot rolling was simulated in working rolls of
1150 mm diameter. The ingot with the plates was
heated to 450 °C in a furnace. The transfer time
from the heating furnace to the rolling stand was
empirically taken as 8 min. The rolling speed in
each roughing pass was assumed to be 1 m/s, and
the inter-pass pause was 10 s.

To describe frictional conditions at the contact with
the rolls, Levanov’s friction law was used:

T =mk(l — e"-23%0/%), 3)

where 1 is the shear friction stress (MPa); m is the fric-
tion factor; G, is the normal contact pressure (MPa);
o, is the flow stress (MPa); and £ is the maximum shear
stress (MPa), proportional to ¢, according to the rela-
tionship &k =0,/4/3.

Since roll-bonding of the plates is carried out without
a lubricant—coolant mixture, the friction factor at the
contact between the work rolls and the workpiece was
taken as m = 0.95.

For the contact between the aluminum—Ilithium al-
loy 1441 ingot and the ACpl alloy plates during the bond-
ing stage, the same Levanov friction law (Eq. 3) was ap-
plied with m = 1.

Finite-element modeling was used to compare two
cladding schemes: 1) the traditional scheme (Fig. 2, a),
in which cladding plates are placed on the flat top and
bottom faces of the ingot and roll-bonded over four
passes with an absolute reduction of 6 mm per pass; and
2) the new scheme (Fig. 2, b), in which the plates are
seated in pre-machined recesses milled into the top and
bottom faces and roll-bonded in a single pass with an
absolute reduction of 24 mm.

Results and discussion

During the 8-minute transfer of the ingot with
cladding plates from the heating furnace, where the
temperature was 450 °C, to the rolling stand, the
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workpiece cooled in air. The calculated temperature
field of the ingot with plates before rolling is shown
in Fig. 3.

Because of the large difference in the geometric di-
mensions of the ingot and the plates, particular atten-
tion was paid to mesh refinement of the modeled objects.
Fig. 4 shows the general view of the finite-element mesh.
The maximum element sizes were as follows: global —
no more than 30 mm; local — no more than 10 mm; and
in the contact zone (Fig. 5) — no more than 1 mm. For
the rolls along a 90° arc, the minimum number of ele-
ments was set to 180.

The temperature fields after roll-bonding the plates
to the ingot for both cladding schemes are presented
in Fig. 6. The mean ingot temperature (mathematical

expectation) after four passes with absolute reductions
of 6 mm was 399 °C (Fig. 7, a). After rolling in a sin-
gle pass with an absolute reduction of 24 mm, the mean
temperature was 422 °C (Fig. 7, b).

Thus, reducing three passes and, accordingly, three
inter-pass pauses of 10 s each results in an average tem-
perature increase of about 23 °C for the rough-rolled
workpiece.

Although the absolute reduction per pass in the tra-
ditional scheme is quite small (only 6 mm), extrusion of
the cladding plates from the ingot surface still occurs
(Fig. 6, a). This effect arises because deformation is
largely localized in the softer cladding layer (ACpl al-
loy) rather than penetrating into the stronger ingot core
(alloy 1441).

,°C

422.5
420.0
417.5
415.0
412.5
410.0
407.5
405.0
402.5
400.0
397.5
395.0
392.5
390.0
387.5
385.0
382.5

Fig. 3. Temperature field of the ingot with cladding plates before rolling

Puc. 3. TemniepatypHoe IoJie CJIMTKA C MJIaHIIeTaMU Tiepe/l Haya oM MPOKaTK 1

\_

Fig. 4. General view of the finite-element mesh

Puc. 4. O6].[IPII>T BUJ CETKW KOHEYHbIX 3JICMCHTOB
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The change in cladding-layer thickness during
rolling differs significantly between the two schemes
(Fig. 8). After four passes with reductions of 6 mm,
the cladding-layer thickness decreases from the ini-
tial 15 mm to 8.8 mm. After rolling in a single pass
with a 24 mm reduction, the thickness decreases from
10 mm to 9.3 mm. These results confirm that the new
cladding scheme prevents plate extrusion from the

ingot surface even under high absolute reductions,
thereby allowing the use of thinner plates (10 mm in-
stead of 15 mm).

The total initial thickness of the ingot with plates
(390 mm) and the total absolute reduction (24 mm) were
identical for both schemes. However, the deformation
state of the base metal (alloy 1441) and the cladding layer
(ACpl alloy) differed substantially (Fig. 9).

Fig. 5. Finite-element mesh in the contact zone

Puc. 5. CeTka KOHEUHBIX 2JIEMEHTOB B 30HE KOHTAaKTa

a \
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Extrusion of the cladding plate
from the ingot surface

t,°C

t,°C

Fig. 6. emperature field after roll-bonding of cladding plates to the ingot for the traditional () and the new (b) schemes

Puc. 6. TemmnepaTypHOe moJie mocJie MPUBApKY IJIAHIIETOB K CIUTKY MO TPaAUIIMOHHOM (@) 1 HOBOI (b) cxemam
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Fig. 7. Temperature distribution histograms over the ingot volume (V) after roll-bonding according

to the traditional () and the new (b) schemes

Puc. 7. [uctorpaMMBbl pacripeneeHus TeMITepaTypsl 1o o0beMy (V) cimTka mociie MpruBapKy MIaHIIeTOB

110 TPaINLIMOHHOU (@) ¥ HOBOI (b) cxemMam

The deformation state was characterized by the ac-
cumulated plastic strain (€), a dimensionless integral
quantity. In QForm, the accumulated strain € was cal-
culated by numerical integration of the strain-rate inten-
sity at each node [28]:

E=Y& Ab,, @)

where € is the strain-rate intensity (s71); Ab,, is the time-
step increment (s), and #» is the number of calculation
steps.

The mean accumulated strain in the ingot (mathe-
matical expectation) after four passes with reductions
of 6 mm was 0.05 (Fig. 10, a). After a single-pass
rolling with a 24 mm reduction, it doubled to 0.10
(Fig. 10, b).

In the cladding layer, on the contrary, the mean
accumulated strain (mathematical expectation) af-
ter rolling according to the traditional scheme was
higher — 0.98 (Fig. 11, @) — compared with 0.66 af-
ter rolling according to the new scheme (Fig. 11, b).
Comparing the strain-distribution histograms in Fig. 11
shows that deformation in the cladding layer is more
uniform when rolling is performed according to the
new scheme.

For the Quarto 4600 roughing stand of KUMZ
JSC, the energy—force parameters of both schemes

5 Cladding layer thickness, mm

Roughing passes

Fig. 8. Variation in cladding-layer thickness after rolling
according to the traditional (a) and the new (b) schemes

Puc. 8. MI3MeHeHMe TOMMIMHBI MJIAKUPYIOLIETo CJI0S
10 TIPOXOJIaM TTOCJIe TTPOKATKY 110 TPAAUIITNOHHOM (@)
U HOBOI1 (b) cxemam

were evaluated. Because 2D modeling does not ac-
count for spread, the total strip width was assumed
constant at 3300 mm. According to the simulation, in
the traditional four-pass scheme (6 mm per pass), the
maximum rolling forces ranged from approximately
21200 kN in the first pass to 25100 kN in the fourth
(Fig. 12). For the new single-pass scheme with a 24 mm
reduction, the maximum force was about 34000 kN
(Fig. 12).

Importantly, the calculated rolling forces for
both schemes did not exceed the permissible limit of
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Fig. 9. Strain field after rolling according to the traditional () and the new (b) schemes

Puc. 9. [Tone nedopmannii mocjie TpOKaTKM MO TPaIUIIMOHHOM (@) ¥ HOBOI (b) cxeMam
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Fig. 10. Distribution histograms of accumulated strain (€) over the ingot volume (V) (base metal) after rolling according
to the traditional (@) and the new (b) schemes
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rmocJie MpoKaTKHU Mo TpaaAuLIMOHHOM (@) 1 HOBOI (b) cxeMaMm
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Fig. 12. Rolling forces in the traditional and new cladding schemes

Puc. 12. Ycunus npu npokartke no TpaauliuOHHONW U HOBOM

80000 kN, corresponding to the rated capacity of the
Quarto 4600 roughing stand at KUMZ JSC.

Therefore, the finite-element analysis confirms
the technological feasibility of the proposed cladding

cxeMmam

scheme for aluminum—Ilithium alloy 1441 ingots. For
flat ingots of 390 x 1360 mm, implementation of the new
scheme requires adjustment of the milling configuration
on the wide faces (Fig. 13).
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Fig. 13. Portion of the ingot surface to be removed by milling in the new cladding scheme

Puc. 13. Ynansemas ppezepoBaHreM 9acTh CIUTKA IIPU peaan3aini HOBOU CXeMBbI TIAKUPOBAHMUS

Conclusions

1. A finite-element analysis was carried out to as-
sess the technological feasibility of implementing a new
cladding scheme for aluminum—lithium alloy 1441 in-
gots. Instead of the traditional scheme, which involves
roll-bonding of cladding plates to the ingot in four pas-
ses with absolute reductions of 6 mm per pass, the new
approach proposes placing the plates into pre-machined
recesses on the upper and lower surfaces of the ingot and
achieving roll-bonding in a single pass with an absolute
reduction of 24 mm.

2. The new cladding scheme makes it possible to sig-
nificantly reduce the total number of passes and inter-pass
pauses during rough rolling, thereby improving the ther-
mal condition of the workpiece before finish rolling. It is
expected that the higher temperature will reduce the like-
lihood of edge cracking during finish rolling. A reduction
of three passes and three 10-second pauses increases the
mean temperature by approximately 23 °C.

3. The proposed scheme prevents extrusion of the
cladding plates from the ingot surface even at high
absolute reductions. This allows the use of thinner
cladding plates — 10 mm instead of the conventional
15 mm.

4. The deformation state of the base metal (alloy
1441) and the cladding layer (ACpl alloy) differs substan-
tially between the two schemes. The mean accumulated
strain in the ingot after four passes with 6 mm reductions
was 0.05, while after a single-pass rolling with a 24 mm
reduction it doubled to 0.10. At the same time, deforma-
tion of the cladding layer in the new scheme was more
uniform.

5. The results of the finite-element modeling can
be used to improve and optimize the technological pa-
rameters of hot rolling for clad sheets and strips made
of aluminum—Ilithium alloy 1441 under the production
conditions of KUMZ JSC.
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