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Abstract: An analysis was performed on the temperature, rate and force parameters of the hot cladding process for the experimental 

Al–2%Cu–2%Mn alloy with technically pure aluminum grade 1050A, as well as on the stress-strain state of the metal in the deformation 

zone at reductions of 30, 40, and 50 %. Plastometric tests were conducted within the temperature range of 350–450 °C, strain rates 

of 0.1–20 s–1, and true strain of 0.1–0.9, and coefficients for calculating the f low stress of the experimental alloy were determined. 

The thermal conductivity of the Al–2%Cu–2%Mn alloy under hot deformation conditions at temperatures of 350, 400, and 450 °C 

was theoretically calculated to be 161, 159, and 151 W/(m·K), respectively. The study of the cladding process on a two-high rolling 

mill was carried out using the QForm finite element simulation software. It was found that when the metal of the cladding layer comes 

into contact with the roll, its temperature decreases by approximately 100 °C, with the temperature across the height of the composite 

equalizing within 20–30 ms after exiting the deformation zone. The rolling force is evenly distributed between the two rolls in all cases 

considered, while the rolling torque on the roll on the cladding layer side is half that on the roll contacting the base layer, which is 

characteristic of asymmetric rolling. Points characterized by optimal bonding conditions of the rolled layers were identified, located 

at 10 % and 70 % of the deformation zone length along the rolling axis, where normal stresses significantly prevail over shear stresses. 

It was determined that the formation of these areas is due to the nature of plastic f low, including the presence of a non-deforming hard 

layer and a sticking zone.
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Introduction

Aluminum-based alloys have found widespread use 

in various industries due to the advantageous combi-

nation of their operational characteristics and relative-

ly low cost [1]. The most common group consists of 

heat-treatable alloys in the Al—Cu system (1201, D16, 

D20, etc.). However, a common drawback of materials 

in this group is the necessity of thermal processing — 

such as homogenization of ingots before deformation, 

quenching, and prolonged artificial aging of deformed 

semi-finished products (18—36 hours) — to achieve 
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Аннотация: Выполнен анализ температурных, скоростных и силовых параметров процесса горячего плакирования экспери-

ментального сплава Al–2%Cu–2%Mn технически чистым алюминием марки 1050A, а также напряженно-деформированного 

состояния металла в очаге деформации при относительной деформации 30, 40 и 50 %. В интервалах температур 350–450 °C, 

скоростей деформации 0,1–20 с–1 и истинной деформации 0,1–0,9, проведены пластометрические испытания и определены 

коэффициенты для расчета сопротивления деформации экспериментального сплава. Расчетно-теоретически определена те-

плопроводность сплава Al–2%Cu–2%Mn для условий горячего деформирования при температурах 350, 400 и 450 °C, которая 

составила 161, 159 и 151 Вт/(м·К) соответственно. Изучение особенностей процесса плакирования на двухвалковом стане 

выполнено в комплексе конечно-элементного моделирования QForm. Установлено, что при контакте металла плакирующего 

слоя с валком происходит его охлаждение на ~100 °C, а выравнивание температуры по высоте композита – в течение 20–

30 мс после его выхода из очага деформации. Усилие прокатки равномерно распределено между двумя валками во всех рас-

сматриваемых случаях, а момент прокатки на валке со стороны плакирующего слоя в 2 раза ниже, чем на контактирующем 

с основным, что характерно для асимметричной прокатки. Определены точки, характеризуемые оптимальными условиями 

соединения слоев проката, расположенные на расстоянии 10 % и 70 % по длине очага деформации вдоль оси прокатки, в 

которых нормальные напряжения существенно превалируют над касательными. Установлено, что возникновение данных 

областей обусловлено характером пластического течения, в том числе наличием зоны отсутствия деформации твердого слоя 

и зоны прилипания.
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the maximum possible strength, which significantly 

complicates the manufacturing process of these semi-

finished products. 

In [2], a new deformable and non-heat-treatable 

Al—2%Cu—2%Mn alloy, economically alloyed with 

Zr and Sc, was studied. It was found to exhibit better 

manufacturability compared to its Al—Cu system coun-

terparts. The research [3] indicates that even without 

additional alloying, the base experimental alloy demon-

strates a good level of functional properties at room 



Известия вузов. Цветная металлургия  •  2024  •  Т. 30  •  № 3 •  С. 73–86

75

 Кошмин А.Н., Зиновьев А.В., Черкасов С.О., Цыденов К.А. Конечно-элементное моделирование параметров горячего плакирования...

temperature and retains them when the temperature in-

creases during operation. 

It is known that aluminum alloys alloyed with cop-

per are susceptible to stress corrosion cracking and ex-

foliation corrosion [4]. Therefore, various surface mod-

ification techniques are used to protect products made 

from these alloys [5]. Among them, cladding aluminum 

alloys with technical aluminum by roll bonding is the 

most straightforward to implement and, unlike other 

methods, provides reliable protection of the base layer 

under conditions of intense thermal and mechanical 

stresses [6].

Despite the rather long history of practical use of 

the hot cladding process for high-strength aluminum 

alloys and the large number of research works con-

ducted, including those using finite element (FE) 

analysis [7; 8], the mechanisms of bonding dissimilar 

metals have not been fully established. Several the-

ories explain the creation of a strong adhesive bond 

between metals as a result of pressure processing: the 

“film” theory, diffusion theory, and complex theory 

[9]. However, it is indisputable that the primary pro-

cess determining metal bonding is joint plastic defor-

mation. This process is characterized by the duration 

of exposure, the magnitude of the generated stresses, 

the value and rate of deformation, and the temperature 

conditions of the process [10; 11]. However, to date, 

there are no studies examining this problem in terms 

of the influence of the geometric parameters of the 

deformation zone (DZ), the force, and the speed con-

ditions of deformation of layered f lat rolled products 

on the bonding process.

The objectives of this study were to investigate the 

plastic characteristics of the Al—2%Cu—2%Mn alloy, 

develop and construct a finite element model for its 

cladding with technically pure aluminum under various 

deformation parameters, and analyze the results ob-

tained.

Characteristics of research materials

The materials used for the workpieces were tech-

nically pure aluminum grade 1050A (EN 573-3:2007) 

and an experimental Al—2%Cu—2%Mn alloy (hereaf-

ter referred to as 2Cu2Mn). Their chemical composi-

tion is presented in Table 1. To obtain the physical and 

mechanical properties necessary for simulation, a bil-

let of the 2Cu2Mn alloy measuring 20×120×135 mm 

was cast and then rolled at a temperature of 400 °C 

on a two-high rolling mill DUO210X300 at a roll 

circumferential speed of 30 rpm to a thickness of 

15 mm to produce a deformed structure. Cylindri-

cal samples with a diameter of 5 mm and a length of 

10 mm were taken from the rolled sheet along the 

deformation direction. The rheology of these samples 

was studied using a quenching-deformation dilatom-

eter DIL805A/D (TA Instruments, USA). The tem-

perature and strain rate parameters of the dilatometer 

tests were selected based on the conditions characte-

ristic of hot deformation for this material and includ-

ed tests at temperatures (t) of 350, 400, 450 °C and 

strain rates (ε–) of 0.1, 1.0, 10, and 20 s–1. The samples 

were tested by compression until a true strain value of 

εt = 0.9. As a result, deformation curves of the experi-

mental alloy were obtained, from which, after adjust-

ing for friction and temperature, the coefficients for 

the equation calculating the f low stress (σ) considering 

thermal softening were determined [12]:

where A, m, n1, n2, l are coefficients characterizing the 

material properties.

The calculated values of the coefficients for the ex-

perimental and standard [13] alloys are given in Table 2. 

The table also presents the calculated correlation coef-

ficient (R2) and the Fisher criterion (F), confirming the 

adequacy of the alloy strengthening models.

A necessary parameter for the modeling of the ex-

perimental alloy is its thermal conductivity, which was 

calculated based on the Wiedemann—Franz law:

k/γ = LT,

where k is the thermal conductivity in W/(m·K); γ is the 

electrical conductivity in S/m; L is the Lorentz number, 

equal to 2.23·10–8 W· ·К–2 for aluminum alloys [13]; 

T is the temperature in K.

Table 1. Chemical composition of the alloys under investigation

Таблица 1. Химический состав исследуемых сплавов

Alloy
Composition, wt.%

Al Cu Mn Si Fe

2Cu2Mn Base 1.93 ± 0.05 1.94 ± 0.04 0.05 ± 0.04  0.01

1050A 99.79 – – 0.18 ± 0.03 0.03 ± 0.02
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The specific electrical conductivity of a sample 

of the 2Cu2Mn alloy, taken from the hot-deformed 

sheet, was measured at room temperature using an ed-

dy current structural analyzer VE-26NP (Russia) and 

was found to be 15,3 ·106 S/m. The value of γ for the 

experimental alloy at elevated temperatures was ob-

tained by extrapolating known data [14] to the measu-

red value. Thus, the calculated thermal conductivity 

of the alloy at temperatures of 350, 400, and 450 °C 

was 161, 159, and 151 W/(m·K), respectively. The ther-

mal conductivity and specific heat capacity values for 

the cladding layer material were taken from the stan-

dard material library of the modeling software for the 

1050A alloy and were 226 W/(m·K) and 930 J/(kg·K), 

respectively [15].

Finite element simulation methodology 

Geometric parameters of the model 
and initial data

The hot rolling — cladding process was simulated 

in a plane strain mode using the QForm 10.3 software 

package [16]. The geometry of the tool, along with pa-

rameters and characteristics similar to those of the 

DUO210X300 rolling mill (Russia), was imported into 

the modeling program (Fig. 1, a). The workpieces used 

were two plates made from the studied alloys with differ-

ent initial thicknesses hb and hc. The layered workpiece 

was then deformed with a reduction ε of 30 %, 40 %, 

and 50 %, so that the values of hb and hc in each case 

were 5.85 and 0.65 mm, 6.3 and 0.7 mm, and 6.75 and 

Fig. 1. The geometry of the roll unit (а), workpieces (b), and deformation center (c)

Рис. 1. Геометрия валкового узла (а), заготовок (b) и очага деформации (c)

Table 2. Coefficients for flow stress calculation in hot rolling processes

Таблица 2. Коэффициенты для расчета сопротивления деформации 

при горячей прокатке

Alloy A m n1 n2 l R2 F

2Cu2Mn 6.2121 0.0756 –0.0382 –0.0046 –0.0616 0.9678 0.0170

1050A 4.9577 0.1475 0.1607 –0.0035 –0.0174 0.9744 0.0165

a

c

b
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0.75 mm, respectively. As a result, the final total thick-

ness of the clad sheet was 5 mm. The initial length and 

the non-represented width in the plane strain model 

were each 100 mm. 

Traced points, located through the thickness of the 

workpiece at key and particularly indicative sections, 

were used to study the contact stresses and flow veloc-

ities. According to Fig. 1, b, these points are located as 

follows:

— at the contact between the base layer (P1) and the 

cladding layer (P2);

— at the point of contact between the base layer and 

the lower roll (P3);

— in the middle of the total thickness of the rolled 

product (P4).

The primary work of consolidating the layers oc-

curs directly due to the stresses within the deformation 

zone. Fig. 1, c shows a view of the deformation zone, 

where the length of the contact arc between the metal 

and the roll relative to the X-axis (X/LDZ) is schemati-

cally indicated. The analysis of the modeling data and 

the construction of graphs were performed concerning 

this section.

The model used triangular-shaped finite elements 

(FE), which are well-suited for simulating plane strain 

rolling processes. To increase the calculation accuracy, 

an adaptive mesh refinement was chosen, with a mesh 

adaptation coefficient of 3 in the workpieces. This 

means that the ratio of the maximum size of the mod-

eled object to the size of any finite element in the mesh 

will be maintained within a specified range, which is 

beneficial when using workpieces of different initial 

thicknesses and when they are thinned during rolling. 

The main initial parameters of the model are presented 

below:

Material of the rolls ........................................... 41Cr4

Roll temperature, °C ............................................... 25

Workpiece temperature, °C ................................... 400

Ambient temperature, °C ........................................ 25

FE number in the tool, thousand units  .................. 2.5

FE number in the workpiece 

at the beginning/end of modeling, 

thousand units ....................................................10/15

Time step, ms ........................................................ 2.5

Deformation and thermal models

The coordinate system was chosen so that the axis 

of the least deformation coincided with the missing axis 

in the coordinate system. In the case of flat rolling, this 

direction can be considered the Y-axis (Fig. 2), as it is in 

this direction that only the widening of the metal occurs, 

which is significantly less than the reduction and elon-

gation. In this case, the mesh elements move only in the 

directions of vx and vz, here are no shear stresses on the 

planes perpendicular to the Y-axis, and the normal stress 

in the Y-axis direction depends on the normal stresses 

along the other axes and during plastic deformation is 

equal to:

Stress tensors (Tσ) and final strains (TE) in the case 

under consideration are as follows:

The equivalent (plastic) strain (εeq) was calculated 

using the equivalent plastic strain rate (ε–eq) by integ-

rating the sum of the increments along the particle’s 

trajectory:

A “simple” heat exchange mode was applied for 

calculating the heat transfer between the pairs of work-

piece—workpiece and workpiece—tool, which limited 

the movement of heat flow from one object to another 

by a near-surface layer with a thickness of 5 linear mesh 

elements. This mode was chosen due to the high speed of 

the rolling process and, consequently, the short contact 

time between the workpieces and the tool, measured in 

Fig. 2. Plane strain state in the case 

of thin sheet rolling

Рис. 2. Плоское деформированное состояние 

в случае прокатки тонкого листа
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milliseconds. The propagation of the heat flow (qn) in 

this case is normal in nature. Its magnitude is calculated 

by the equation:

qn = bα(t1 – t2),

where t1 and t2 are the temperatures of the model ob-

jects, °C; α is the heat transfer coefficient; b = 0.05 is a 

pause coefficient that accounts for the distance between 

the objects. The heat transfer coefficient values between 

the tool and the workpieces, as well as between the lay-

ers of the workpiece, were assumed to be 100 000 and 

120000 W/(m2·K), respectively [17].

Contact model

The contact model of objects in the simulation of the 

cladding process is a crucial factor that influences the 

overall adequacy of the model. The Siebel law was used 

to describe the contact interaction between the work-

piece—workpiece and workpiece—tool pairs, which de-

fines the shear stress (τ) on the surface of the workpiece 

as the product of the friction factor (kf) and the flow 

stress in the layers of the workpieces that are in contact 

with the tool and with each other (σ):

The friction factor was determined experimental-

ly by measuring the duration of the rolling process 

for standard samples with a length of 200 mm made 

from alloys similar to those being studied and com-

paring this time with the modeled one. The friction 

factor for the workpiece—tool pairs, including at the 

roll—cladding layer and roll—base layer boundaries, 

was assumed to be 2.5, and for the workpiece—work-

piece pair, it was 4. A higher friction factor between 

the workpieces was chosen based on the prepara-

tion of their surfaces in contact with each other by 

degreasing and mechanical processing (increasing 

roughness).

In QForm, a special contact element is used for the 

numerical implementation of the joint deformation of 

two modeled objects (workpieces) since the nodes of 

the finite element mesh in the contacting bodies do 

not generally coincide. Figure 3 schematically shows 

the principle of this interaction. For clarity, the con-

tacting elements are separated along the normal by a 

distance comparable to the size of the element. The 

direction of the normal is indicated by the vector  n
→

. 

The nodal velocities (vp) are used as the nodal un-

knowns. In this case, the normal force function Pn, 

which ensures the minimization of penetration along 

the normal to the contact surfaces of the workpieces, 

is as follows:

where C is a penalty coefficient determined as a value 

that exceeds the largest of the diagonal coefficients of 

the stiffness matrices of the two contacting bodies. Thus, 

using shape functions, the forces at the nodes of the con-

tact element are determined by the formula:

Results and discussion

Temperature and force parameters 
of the cladding process

Regardless of the degree of deformation ε, the for-

mation of temperature fields in the workpiece follows a 

similar pattern (Fig. 4). At the entry into the deforma-

tion zone (DZ), there is an almost instantaneous drop 

in the metal temperature at the contact with the tool — 

on average by 100 °C. As the workpieces move along the 

rolling axis, their surface temperatures gradually equal-

ize, tending toward the temperature of the internal 

non-contact area. This is facilitated by the deformation 

heating of the base layer, which not only does not de-

crease but even increases its temperature by 10 °C from 

the initial value.

The cooling of the cladding layer deserves special 

attention. The drop in its temperature upon contact 

with the roll occurs throughout its thickness but does 

not spread to the base layer, whose temperature remains 

high. This fact is due to the peculiarities of the software 

calculation of heat transfer, which is conducted sepa-

Fig. 3. Schematic of contacting finite elements 

of two workpieces [17]

Рис. 3. Схема контактирующих конечных элементов 

двух заготовок [17]
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rately for each workpiece without the possibility to ex-

clude the consideration of the pause coefficient b after 

passing through the deformation zone. In other words, 

this temperature model does not account for the for-

mation of a welded joint (adhesion) between the layers. 

Nevertheless, the results of the temperature changes in 

the layered rolled product appear adequate. The temper-

ature of each layer in the contact areas tends to equalize 

within 20—30 ms after the composite exits the deforma-

tion zone.

The change in the force parameters of the cladding 

process follows a fairly traditional pattern. The roll-

ing force change curves (Fig. 5) clearly show all the 

main stages of the process: the capture of the work-

pieces by the rolls, the steady stage, and the exit of 

the metal from the rolls. The force value at the steady 

stage is 175, 215, and 250 kN for reductions ε of 30 %, 

40 %, and 50 %, respectively. Here, there is a trend of 

increasing rolling force by 20 % with a 10 % increase 

in reduction. The rolling torque varies less predictably 

over time. Peaks corresponding to the capture and exit 

of the metal from the rolls are also observed here, but 

the steady stage is characterized by numerous oscilla-

tions. This may be due to the presence of two objects 

in the deformation zone, whose interfacial friction is 

uneven along the DZ.

Fig. 4. Temperature fields in the deformation zone (а) and temperature as a function of deformation zone transit time 

in the base (P1) and cladding (P2) layers during rolling (b)

Numbers at the curves are values of the strain ratio

Рис. 4. Температурные поля в очаге деформации (а) и температура в зависимости от времени прохождения очага 

деформации в основном (P1) и плакирующем (P2) слоях в процессе прокатки (b)

Цифры у кривых – значения степени относительной деформации

Fig. 5. Change in force (а) and torque (b) during the rolling process 

Numbers at the curves are values of the strain ratio

Рис. 5. Изменение усилия (а) и момента (b) в ходе прокатки

Цифры у кривых – значения степени относительной деформации 

a

b

a b
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Another feature is the difference in the rolling 

torque acting on the upper and lower rolls. The torque 

on the lower roll, which is in contact with the metal of 

the base layer, is on average twice as high as that on 

the upper roll in all cases considered. This is due to the 

difference in the f low stress of the investigated alloys, 

which directly affects the conditions of contact friction. 

However, when comparing the rolling forces acting on 

the lower and upper rolls in each simulation case, such 

a high discrepancy was not observed, with a maximum 

difference of 10 %.

Stress-strain state of the rolled product 
in the deformation zone

The nature of the formation of equivalent strain 

(εeq) and the distribution of the equivalent plastic strain 

rate  (ε–eq) along the deformation zone (DZ) is shown in 

Fig. 6. As can be seen, the degree of relative reduction 

significantly influences these characteristics. As the re-

duction increases, the extent of the deformation zone 

noticeably expands, and consequently, the contact time 

of the joined surfaces under pressure also increases. The 

work hardening of the base layer occurs less intensively 

with increasing ε compared to the cladding layer. This 

is due to both the temperature conditions (significant 

cooling throughout the thickness of the cladding layer) 

and the different patterns of equivalent strain rate dis-

tribution, which in the contact zone of the cladding lay-

er was 0.9, 1.25, and 1.6 for relative reductions of 30 %, 

40 %, and 50 %, respectively. The values of the equiva-

lent strain rate are roughly the same in all cases: up to 

80 s–1 at the entry to the DZ (in the zone of maximum 

compression) and an average of 15 s–1 in the middle 

of the thickness of the rolled product (and on average 

throughout the entire DZ).

The distribution fields ε–eq also allow for some ob-

servations. Deformation is most intense at the entry 

and exit from the deformation zone in the areas where 

the workpieces contact the tool. The extent of these 

zones differs in each case, but their volumetric share 

relative to the entire geometric DZ is the same. The 

occurrence of such distinct X-shaped patterns in the 

distribution ε–eq is associated with the nature of met-

al f low and the accompanying development of shear 

deformations in these areas. 

Several studies [18; 19] assert the existence of a pat-

tern of adhesion in layered rolled products with signifi-

cantly different strengths (hardness). They suggest that 

a high difference in the strength of the contact surfac-

es of the joined sheets promotes uneven metal f low of 

the workpieces within the deformation zone relative to 

each other. This creates additional shear stresses be-

tween the layers, reducing the effect of normal stresses 

and, as a result, hindering the formation of a strong 

welded joint in the DZ. Also, considering the “film” 

theory of metal bonding, it can be assumed that the 

high strength of the surfaces of the joined sheets will 

contribute to more effective oxide film destruction 

during deformation and the bonding of the formed ju-

venile areas. 

Fig. 6. Distribution fields of equivalent strain (а) and strain rate (b) in the deformation zone at different values of strain

Рис. 6. Поля распределения эквивалентной деформации (а) и скорости деформации (b) в ОД 

при разных значениях относительного обжатия

a b
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Figure 7 shows the change in f low stress (σ) of the 

base (P1) and cladding (P2) layers along the deforma-

tion zone. Flow stress in QForm is calculated as the 

distribution of σ (f low stress) values, set in the mate-

rial properties, depending on the equivalent strain, 

strain rate, and temperature. It should be noted that 

the length of the DZ relative to the X-axis is standar-

dized for all cases considered, but its actual geometric 

length, as well as the contact time under rolling force, 

increases by ~15 % with each 10 % increase in reduc-

tion. The graphs show that the f low stress of the base 

layer changes little with varying reduction and averages 

100 MPa, while for the cladding layer, it is more affec-

ted by reduction: ~70 MPa at ε = 30 and ~80 MPa at 

ε = 40 and 50 %.

The increase in σ is due to the regular growth of εeq 

with increasing reduction, and the equal σ values at 

ε = 40 and 50 % can be explained by the greater cool-

ing of the cladding layer at ε = 40, as clearly shown in 

Fig. 4. In all cases considered, at the length of the defor-

Fig. 7. Change in the flow stress of the base (P1) and cladding (P2) layers and the difference in their flow stresses (Δσ) along 

the length of the deformation zone

Рис. 7. Изменение сопротивления деформации основного (P1) и плакирующего (P2) слоев 

и разность их сопротивления деформации (Δσ) вдоль длины очага деформации
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mation zone of 0.65—0.70, a decrease in σ values of 

approximately 25 % can be observed, followed by their 

recovery to the previous level, which is maintained un-

til the metal exits the rolls. This fact is explained by 

the passage of the traced points through an area with 

relatively low equivalent plastic strain rate (blue areas 

in Fig. 6, b), as well as a general reduction in the nor-

mal and shear stresses (σxx and σzz, respectively) act-

ing in this section. Comparing the difference in f low 

stress values for each layer’s surface (Δσ), a systematic 

decrease with increasing relative strain is noted, which 

is evident: the smallest Δσ value is achieved at a 50 % 

reduction. These graphs also indicate that the achieve-

ment of surface layer strength uniformity is ensured by 

the strengthening of the cladding layer on one side and 

the softening of the base layer due to heating on the 

other.

The combination of rolling process parameters that 

occur during the joint deformation of two workpieces, 

characterized by inhomogeneity along the length and 

height of the deformation zone (DZ), such as tempera-

ture, flow velocity, strain rate, surface strength of the lay-

ers, and others, leads to an increase in the shear stresses 

acting at the layer interfaces. To assess their influence on 

the formation of the composite bond, standard QForm 

subroutines — “Pressure” and “Friction” — were used 

to calculate the values of normal contact pressure (σp) 

and shear friction stress (τf).

Figure 8, a shows the change in shear stress along 

the deformation center. It is evident that the value of 

τf at each point of the DZ and in each case considered 

may differ from the presented one due to being subject 

to many poorly controlled factors of contact interaction 

between the two workpieces during joint deformation. 

Nonetheless, the nature of the obtained stress distribu-

tion patterns along the DZ remains consistent with roll-

ing at different ε values. For example, it can be noted 

that τf remains almost unchanged from the moment the 

metal enters the deformation center until it reaches 0.1 

of the DZ length, which is associated with the absence 

of plastic deformation in the base layer in this section. 

Then, as it progresses along the DZ, the inhomogenei-

ty of strain rates and plastic flow in the layers increases, 

leading to a rise in τf. Approaching the neutral section of 

the DZ, the stress level gradually decreases toward zero, 

only to rise again afterward.

The nature of the normal stress variation along 

the deformation zone is more uniform. It f luctuates 

from 150 MPa at the entry to the DZ to 225 MPa at 

the exit. This is also reflected in the graph of the σp /τf 

(Fig. 8, b). As seen from the curves, this ratio is 5 for 

more than 70 % of the DZ length, indicating generally 

favorable conditions for the formation of an interlayer 

bond. In each case considered, two characteristic peaks 

can be noted on the curves — at 0.1 and 0.7 of the DZ 

length. The first peak symbolizes the onset of the weld-

ed bond formation between the layers, associated with 

the beginning of plastic deformation in the base layer, 

while the second is linked to improved contact inter-

action conditions in this section, specifically the drop 

in strain rate and the accompanying reduction of τf to 

zero. It can be assumed that in this point, the most sig-

nificant bonding work between the layers occurs under 

the influence of normal stresses.

Discussion of modeling results

Figure 9 shows the change in the velocity of traced 

points located at the roll contact, at the interlayer 

Fig. 8. Variation along the deformation zone of tangential stresses between rolled layers (а) and the ratio of normal stress 

to tangential stress (b)

Рис. 8. Изменение вдоль очага деформации касательных напряжений между слоями проката (а) 

и отношения нормального напряжения к касательному (b)

a b
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boundary, and at half the thickness of the composite 

during rolling with ε = 40 %. The curves represent a 

typical pattern for the longitudinal rolling process, al-

lowing for the delineation of lagging and leading zones, 

positioned at 0.65 of the deformation zone length. At 

the same time, the sharp changes in values observed in 

Figs. 7 and 8 manifest themselves at a deformation zone 

length of 0.70. This is explained by the significant in-

homogeneity in the distribution of metal flow velocity 

along the height of the deformation zone, as seen in the 

fields of the workpiece in Fig. 9. It can be noted that the 

sticking zone has an I-shaped form, and its center (neu-

tral section) is slightly tilted, which is due to the rolling 

of dissimilar metals and, consequently, different torque 

values on the upper and lower rolls.

Thus, the nature of the plastic flow of metal in the 

deformation zone had the most significant influence on 

the results presented in the previous section. Under its 

influence, zones with low strain rate values were formed, 

which contributed to the reduction of flow stress in both 

layers. In this same area, the shear stresses are equal to 

zero.

The results obtained from the cladding modeling 

at different degrees of reduction are ambiguous. On 

one hand, increasing the degree of deformation has 

strengthened the cladding layer, thereby significantly 

reducing the ratio of the f low stress of the base layer to 

the cladding layer (σр1 /σр2) from 3 to 1.5. On the other 

hand, the influence of the degree of deformation had 

little effect on the friction stresses acting along the roll-

ing axis. This suggests that the influence of contact and 

interlayer friction under thin sheet rolling conditions is 

insignificant, and the success of metal layer bonding 

in this case is ensured by the action of normal stresses, 

which are enhanced by increasing the degree of defor-

mation.

Overall, the comparison of the results obtained in 

this study with elements of the classical theory of longi-

tudinal rolling [20—23] and modern computational and 

experimental results [24—29] allows us to conclude the 

adequacy of the developed model and the effectiveness of 

the applied computational methods and software pack-

age.

Conclusion

1. Using the QForm finite element simulation 

software, the cladding process of the experimental 

Al—2%Cu—2%Mn alloy with technically pure alu-

minum was simulated at reduction ratio of 30 %, 

40 %, and 50 %. The temperature-rate and deforma-

tion parameters of the process, as well as the metal 

stresses in the layers along the deformation zone, 

were studied.

2. It was found that the strengthening of the cladding 

(softer) layer occurs more intensively with increasing 

deformation degree. The equivalent strain in the contact 

zone of the cladding layer with the base layer at relative 

reductions of 30 %, 40 %, and 50 % was 0.9, 1.25, and 

1.6, respectively. This fact contributed to the reduction 

of the difference in flow stress between the contact sur-

faces of the rolled layers.

3. When studying the features of contact interac-

tion between the surfaces of the layered rolled product, 

characteristic areas were identified along the length 

of the deformation zone at 0.1 and 0.7 relative to the 

X-axis, which are characterized by the dominance of 

normal stresses over shear stresses. The formation of 

these areas was facilitated by uneven metal f low in 

the deformation zone, caused by the difference in the 

deformation characteristics of the base and cladding 

layer materials. 

Fig. 9. Velocity of traced points along the X-axis (а) and flow velocity fields in the deformation zone (b)

Рис. 9. Скорость движения трассируемых точек вдоль оси X (а) и поля скорости течения в очаге деформации (b)

a
b
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4. The calculated values of normal and shear stress-

es between the layers of the workpieces along the defor-

mation zone suggest that bonding will occur along the 

entire length of the rolled product in all cases consid-

ered, although the bonding strength will vary in each 

case.
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