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Abstract: The roll bonding of an experimental Al-2%Cu-2%Mn alloy with technically pure 1050A 
aluminum at true deformations of 0.26, 0.33 and 0.40 has been simulated using the QForm 10.3.0 
FEM software. The flow stress of the Al-2%Cu-2%Mn alloy has been measured in temperature and 
strain rate ranges of 350–450 °C and 0.1–20 s−1, respectively. The simulation results suggest that the 
equivalent strain in the cladding layer is more intense than that in the base layer, reaching 1.0, 1.4 
and 2.0 at strains of 0.26, 0.33 and 0.40, respectively. The latter fact favors a decrease in the difference 
between the flow stresses of the rolled sheet layer contact surfaces by an average of 25% at the high-
est strain. The experimental roll bonding has achieved good layer adhesion for all the test samples. 
The average peeling strength of the samples produced at strains of 0.26 and 0.33 proves to be 12.6 
and 18.4 N/mm, respectively, and at a strain of 0.40, it has exceeded the flow stress of the 1050A 
alloy cladding layer. The change in the rolling force for different rolling routes has demonstrated 
the best fit with the experimental data. 

Keywords: finite element modeling; cladding; aluminum alloy; strain–stress state; rheology;  
peeling strength 
 

1. Introduction 
Aluminum-based alloys have gained wide application in a number of industry 

branches due to their unique combination of performance and relatively low cost [1,2]. 
Known are a series of heat-treatable Al-Cu system alloys (2219, 2014, 2024 etc.) used as 
construction materials. These alloys exhibit excellent strength that does not undergo deg-
radation during operation in a wide temperature range [3]. A drawback of these alloys is 
the necessity of heat treatment, i.e., homogenization before deformation, quenching and 
long-term artificial aging for the achievement of the maximum possible strength. The fab-
rication of semi-finished products of these alloys is therefore complicated. There are also 
indications that their strength decreases significantly during high-temperature operation 
(at above 200 °C) [4]. The above problems can be solved with a new series of non-heat-
treatable Al–Cu–Mn system alloys [5,6] with far higher manufacturability as compared to 
the Al–Cu system alloys. The authors studied the effect of various alloying additions on 
the properties of the alloys [7–10], but it was concluded [5] that even without alloying the 

Citation: Koshmin, A.; Zinoviev, A.; 

Cherkasov, S.; Mahmoud Alhaj Ali, 

A.; Tsydenov, K.; Churyumov, A.  

Finite Element Modeling and  

Experimental Verification of a New 

Aluminum Al-2%Cu-2%Mn Alloy 

Hot Cladding by Flat Rolling. Metals 

2024, 14, 852. https://doi.org/10.3390/ 

met14080852 

Academic Editors: Wenming Jiang 

and Shusen Wu 

Received: 8 July 2024 

Revised: 18 July 2024 

Accepted: 23 July 2024 

Published: 25 July 2024 

 

Copyright: © 2024 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Metals 2024, 14, 852 2 of 17 
 

 

base experimental Al-2%Cu-2%Mn alloy exhibits good room-temperature performance 
and retains it at higher operation temperatures. 

Copper-bearing aluminum alloys are highly susceptible to exfoliation corrosion and 
corrosion cracking [11]. Therefore, the corrosion protection of products made from these 
alloys includes various types of surface modification, e.g., paint, varnish or polymer ap-
plication, anodic treatment and cladding with corrosion-resistant aluminum grades. 
However, the use of anodic treatment or coating for the protection of aluminum construc-
tion products has a number of restrictions due to the low strength of the protective layers, 
which can be damaged even by a weak mechanical impact [12]. Among other variants, the 
cladding of aluminum alloys with technical-grade aluminum by rolling welding is the 
simplest method providing reliable protection of the base layer under thermal and me-
chanical loads. 

Despite the relatively long practical experience of hot roll-bonding application for 
high-strength aluminum alloys and a large number of works on the topic [13,14], the 
mechanisms of bonding between different metals are not yet completely clear. There are 
several theories on the formation of strong adhesive bonds between metals as a result of 
high-pressure treatment, i.e., the “film”, diffusion and combined theories [15]. It is, how-
ever, doubtless that the key process determining the bonding of metals is joint plastic 
strain. It is described by the impact duration, stress magnitude, strain magnitude and rate, 
and process thermal conditions [16]. 

Calculation methods have been used for studying the formation of bonds between 
different and similar metals by rolling techniques since the middle of the last century. 
However, FE-based analysis has undergone rapid development only in last few decades. 
The advancement of FE methods in this field would facilitate the precise determination of 
metal bonding, thereby enabling the accurate prediction of the resulting product quality. 
Good results of cold-cladding simulation were achieved using the Zhang–Bay model 
[17,18] and the cohesive zone model (CZM) [19,20]. These models allow prediction of the 
metal layer bond strength with a good accuracy and are widely used for the solution of 
the planar (2D) task. Moreover, 3D simulation is used much less frequently due to its high 
time consumption, but there are some 3D simulation works, including those conducted 
using the QForm software [21,22]. Their results indicate the applicability of the QForm 
software for joint strain simulation for at least two objects. 

However, there are no published works dealing with the roll bonding of metal layers 
from the viewpoint of the influence of the deformation center (DC) shape and size, tem-
perature, force and strain rate on the bonding of flat-rolled layered sheets. The aim of this 
work is to study the plastic parameters of the Al-2%Cu-2%Mn alloy, develop and imple-
ment a finite element model of its cladding with technically pure aluminum at different 
strain parameters, and analyze the results by comparing them with experimental roll-
bonding data. 

2. Materials and Methods 
2.1. FE-Modeling Methods 

Hot roll bonding (cladding) was simulated in 3D problem mode in accordance with 
the principles of plastic deformation, with the elastic properties excluded from the analy-
sis. The geometrical parameters of the tool, along with the parameters of a DUO 21 × 300 
rolling mill (Figure 1a), were imported into the QForm software using the tetrahedral 
shape of FEs. The workpieces were two individual sheets of 50 mm in width and length, 
with three combinations of base and cladding layer thicknesses: 5.85 and 0.65, 6.3 and 0.7, 
6.75 and 0.75 mm. The roll gap was 5 mm in each case. The contact stress and flow rate 
were studied using tracked points in the middle of the workpiece width, and, over the 
workpiece thickness, at the contact between the base (P1) and cladding (P2) layers, at the 
contact between the base layer and the lower roll (P3) and in the middle of the overall 
rolled workpiece thickness (P4), see Figure 1b. Figure 1c schematically illustrates the DC 
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and the length of the arc-shaped metal/roll contact point trajectory relative to the X-axis 
(X/Ldc). The simulation data were analyzed and the curves were plotted for that section. 

 

 
(b) 

 
(a) (c) 

Figure 1. Roll unit (a), view of the central longitudinal workpiece section (b) and schematic of the 
deformation center (c). 

The calculation accuracy was improved by adaptable reconstruction of the calcula-
tion mesh, with the mesh adaptation coefficient for the workpieces being accepted at 1.5. 
Thus, the ratio between the maximum size of the simulated object and the size of any finite 
element mesh element was within the preset range. The key input parameters of the model 
are summarized in Table 1. 

Table 1. Input parameters of the workpiece and tool models. 

Model Parameters Value 
Roll material 41Cr4 

Roll temperature, °C 25 
Workpiece temperature, °C 400 
Ambient temperature, °C 25 

Number of tool finite elements, ths. pcs. 135 
Number of workpiece finite elements at start/end of simulation, ths. pcs. 167/377 

Time step, ms 0.7 

The contact interaction of the workpiece/workpiece and workpiece/tool pairs was de-
scribed using Siebel’s law representing the tangential stresses (τ) at the workpiece surface 
as the product of the friction factor (kf) and the flow stresses of the workpiece layers con-
tacting with the tool and with the other workpiece (σ): 𝜏 = 𝑘 𝜎√3.  (1)

The friction factor was studied experimentally by measuring the rolling time for sam-
ples of alloys similar to the test ones and comparing that time with the model time. 
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Furthermore, the changes in the shapes of the sheet butt-ends and side edges were com-
pared. The friction factor was set to be 0.75 for the workpiece/tool pair and 0.98 for the 
workpiece/workpiece pair. The workpiece/workpiece pair friction factor was set large, 
taking into account the special pre-treatment of their contact surfaces, i.e., degreasing and 
mechanical treatment (for greater roughness). 

QForm uses a special contact element for the numerical simulation of the joint defor-
mation of two objects (workpieces) because the finite element mesh nodes of contacting 
bodies generally do not match. Figure 2 schematically shows the principle of that interac-
tion. The normal direction is shown by the vector �⃗�. The node variables are the node ve-
locities (vp). Then, the normal force function Pn that minimizes the penetration along the 
normal to the workpiece contact surfaces is as follows: 𝑃 = 𝐶 𝑣 − 𝑣 ,  (2)

where C is the penalty coefficient, i.e., a parameter exceeding the greatest of the rigidity 
matrix diagonal coefficients for both the contacting bodies. Thus, one can find the forces 
in the nodes of the contacting element using the form functions as follows: 𝑃 = 𝑃 − 𝑃 − 𝑃 − 𝑃 .  (3)

 
Figure 2. Schematic of the contacting finite elements for two workpieces [23]. 

2.2. Materials Characterization 
The materials studied were technically pure 1050A-grade aluminum (EN 573-3:2007 

[24]) for the cladding layer and the experimental Al-2%Cu-2%Mn alloy (hereinafter, 
2Cu2Mn) for the base layer. The charge for casting ingots of the required composition was 
technically pure aluminum (99.97%), oxygen-free copper (99.9%) and Al-10%Mn master 
alloy. The charge was melted in a muffle furnace at 750 °C, in a fire-clay crucible. The melt 
was cast into 20 × 130 × 180 mm graphite molds for the 2Cu2Mn alloy and 10 × 75 × 180 
mm ones for 1050A. The ingots were sampled for the chemical composition spectral anal-
ysis. The as-cast structure of the experimental alloy (Figure 3) contains the Al2Cu and 
Al6Mn eutectic phases in the form of globular particles and veils, respectively. The chem-
ical compositions of the alloys are summarized in Table 2. 
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Figure 3. Microstructure and EDS maps of the 2Cu2Mn alloy. 

Table 2. Chemical composition of the test alloys (wt.%). 

Alloy Al Cu Mn Si Fe 
2Cu2Mn Base 1.93 ± 0.05 1.94 ± 0.04 0.05 ± 0.04 ≤0.01 

1050A Base - - 0.18 ± 0.03 0.03 ± 0.02 

2.3. Experimental Procedure 
The 2Cu2Mn alloy ingot was first rolled at 400 °C in a DUO 210 × 300 two-roll mill to 

a 10 mm thickness for structure deformation. Then, 5 × 10 mm cylindrical samples were 
cut from the as-rolled sheet in the transverse vertical direction for studying the rheological 
parameters with the quenching/deformation unit of a DIL805A/D dilatometer. The test 
temperatures and strain rates were chosen based on the hot deformation conditions typi-
cally used for treating the test alloy, i.e., the temperatures T = 350, 400 and 450 °C and the 
strain rates 𝜖 = 0.1, 1, 10 and 20 s−1. Given the high precision with which the intermediate 
values in the experiment matrix can be calculated, it was deemed unnecessary to perform 
the experiment for the two cases, T 400 °C, 𝜖 1 s−1 and T 400 °C, 𝜖 = 10 s−1. The samples 
were compression tested to a true strain (𝜀 ) of 0.9. The resultant test alloy strengthening 
curves (Figure 4) were corrected for friction and temperature, and the coefficients of the 
deformation resistance (σ) equation were calculated with an allowance for thermal soften-
ing [25]: 𝜎 = exp 𝐴 ∙ 𝜖 ∙ 𝜀 ∙ exp 𝜀 ∙ 𝑛 ∙ exp 𝑇 ∙ 𝑙 ,  (4)

where A, m, n1, n2 and l are the coefficients describing the material properties. 
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Figure 4. Experimental (solid) and calculated (dashed) flow stress curves of the 2Cu2Mn alloy. 

The calculated coefficients for the alloys are summarized in Table 3, along with the 
calculated relationship coefficients R2. 

Table 3. Hot-rolling deformation resistance coefficients. 

Alloy A m n1 n2 l R2 
2Cu2Mn 6.2121 0.0756 −0.0382 −0.0046 −0.0616 0.9678 

1050A 4.9577 0.1475 0.1607 −0.0035 −0.0174 0.9744 

An indispensable experimental alloy parameter for simulation is the heat conductiv-
ity. It was calculated using the Wiedemann–Franz law: 𝑘𝛾 = 𝐿 ∙ 𝑇,  (5)

where k is the heat conductivity (W/m·K); γ is the electrical conductivity (S/m); and L is 
the Lorentz number, which is 2.23·10−8 W·Ohm·K−2 for aluminum alloys [25]. 

The room temperature electrical conductivity of the 2Cu2Mn alloy was measured 
with an eddy current structurescope. The result was 15.3·106 S/m. The electrical conduc-
tivity γ of the model alloy for elevated temperatures was obtained by extrapolating the 
available data [26] relative to the experimental result. Thus, the calculated heat conduc-
tivity of the model alloy was 161, 159 and 151 W/(m·K) for 350, 400 and 450 °C, respec-
tively. The heat conductivity of the 1050A alloy cladding layer was sourced from the 
standard QForm deformable materials library and was 226 W/(m·K). It was assumed that 
the specific heat of the 2Cu2Mn and 1050A alloys were 838 and 930 J/(kg·K), respectively. 

The base and cladding layer ingots of the 2Cu2Mn and 1050A alloys, respectively, 
were rolled in the DUO 210/300 mill to three different initial workpiece thicknesses, as 
described in the Section 2.1. Thus, subsequent rolling of the assembled workpieces for all 
the test thickness variants to a final thickness of 5 mm provided for true strains (𝜀 ) of 0.26, 
0.33 and 0.40 (Table 4). The workpiece thicknesses were chosen so as to have a final clad-
ding layer thickness of 10% of the overall final workpiece thickness. The sheet surfaces 
were pre-treated for cladding, i.e., mechanically treated with metal brushes and degreased 
with perchloroethylene (C2Cl4), and the corners of each assembled workpiece were fas-
tened with wires to avoid layer shift upon roll clamping. The final assembled workpieces 
were rolled at 400 °C. 

Table 4. Dimensions of the cladding workpieces. 

Route Base Layer Thickness Cladding Layer Thickness Total Thickness 𝜺𝒕 
I 5.85 mm 0.65 mm 6.5 mm 0.26 
II 6.30 mm 0.70 mm 7.0 mm 0.33 
III 6.75 mm 0.75 mm 7.5 mm 0.40 
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The final sheets were sampled for the metallographic analysis and mechanical tests. 
The microstructure of the alloys was examined under a TESCAN VEGA 3 SEM, the phase 
composition was studied with an OXFORD Aztec EMPA and the microhardness was 
tested with a MH-6 Vickers hardness tester (Metkon Instruments Ltd., Bursa, Turkey) at a 
25 g load and a 10 s dwell time. The ultimate tensile strength, yield stress and elongation 
tests were conducted on an Instron 5900 Series universal tester at a tension rate of 0.001 
s−1. The tension test material was sampled along the rolling direction. The layer bonding 
strength was assessed with a method similar to the peeling test (T-Peel test, ASTM D1876 
[27]). The peeling test microsamples were 5 mm in width and 30 mm in length, taken from 
the mid-width section of the sheets. The tests were stopped when a steady state was 
achieved. 

3. Results 
3.1. Simulation Results 
3.1.1. Temperature 

The thermal fields in the workpieces formed similarly, regardless of the deformation 
(Figure 5). Upon entering the DC, the metal temperature dropped almost immediately by 
an average of 50 °C at the contact with the tool. As the workpieces moved farther along 
the rolling axis, the temperatures in their contact zones equalized steadily, tending to the 
temperature of the inner non-contacting zone. This was favored by deformation heating 
of the base layer, which did not reduce but on the contrary increased its temperature by 
an average of 10 °C above the initial temperature. Cladding layer cooling attracts special 
attention (Figure 5b, P2 (refer to Figure 1b)). Upon contact with the tool, the cladding layer 
temperature decreased over the entire layer thickness, but the temperature decrease did 
not extend into the base layer (Figure 5b, P1 (refer to Figure 1b)), whose temperature re-
mained high. This fact can be accounted for by specific features of the software heat trans-
fer calculation procedure, which is individual for each workpiece and does not allow for 
excluding the pause coefficient after passing the deformation center. In other words, the 
model used does not account for the formation of a weld joint (adhesion) between the 
layers. Nevertheless, the data on the temperature change in the rolled layers seem to be 
plausible. The temperatures of the layers near the contact zone always tend to equalize as 
soon as after 20–30 ms after sheet release from the DC. 

 
 

(a) (b) 

Figure 5. Thermal fields in the deformation center (a) and temperature of the base (P1) and cladding 
(P2) layers during rolling (b). 

3.1.2. Rolling Force and Torque 
The rolling force curves (Figure 6a) clearly show all the process stages, i.e., workpiece 

clamping by the rolls, steady-state stage and metal release from the rolls. The steady-state 
forces are 75, 90 and 105 kN for Routes I, II and III, respectively. There is a clear trend of 
increasing the rolling force by 20% with each 0.5 mm deformation increment. The rolling 
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torque changes less predictably. Its curve also exhibits peaks corresponding to metal 
clamping and release from the rolls, but the steady-state stage features multiple oscilla-
tions originating from the presence of two objects in the DC, the contact friction between 
which varies along the DC. Another specific feature is the difference in the rolling torques 
for the upper and lower rolls. The lower roll torque at the contact with the base layer is on 
average two times higher than the upper roll torque at the steady-state rolling stage for 
all the test samples. This is obviously caused by the difference in the flow stresses of the 
test alloys, which directly affects the contact friction conditions. However, comparison 
between the rolling forces at the lower and upper rolls for all the simulation cases reveals 
a smaller difference, within 10%. 

  
(a) (b) 

Figure 6. Changes in the rolling force (a) and torque (b). 

3.1.3. Stress–Strain State 
The patterns of the equivalent strain formation (𝜀eq𝜀 ) and equivalent strain rate dis-

tribution (𝜀̅ ) along the DC are shown in Figure 7. It can be seen that the strain magnitude 
greatly affects the above parameters. An increase in the strain noticeably increases the DC 
length and hence the contact duration of the bonded surfaces under pressure. The base 
layer strengthening with an increase in 𝜀  is less intense as the cladding layer strengthen-
ing, due to a more intense cladding layer cooling and a different equivalent strain rate 
distribution. The equivalent strains in the cladding layer contact zone were 1.0, 1.5 and 1.9 
for Routes I, II and III, respectively. The equivalent strain rates were roughly the same in 
all cases, i.e., within 80 s−1 at the DC entrance in the maximum deformation zone and 
within 15 s−1 in the middle of the DC height (and on average along the entire DC). The 𝜀̅  
distribution fields also allow for making some observations. The deformation is the most 
intense at the DC entrance and exit. The lengths of these zones differ between the samples, 
but their percentage relative to the entire DC length remains the same. One can also dis-
tinguish impeded deformation zones at about 0.7 of the DC length. The illustrative 𝜀̅  
distributions (X-shaped) originate from the metal flow pattern and the accompanying de-
velopment of shear strains in these zones. 
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(a) (b) 

Figure 7. Equivalent strain (a) and equivalent strain rate (b) fields in DC for different routes. 

Many researchers [28,29] reported regularity in the adhesion of layered rolled sheet 
surfaces differing in hardness or strength. Their results suggest that a large difference in 
the strengths of the contact surfaces between bonded sheets favors nonuniform metal flow 
at the workpiece surfaces relative to each other within the deformation center. This gen-
erates additional tangential stresses between the layers, thus reducing the effect of normal 
stresses, resulting in a failure to produce a strong weld joint. Furthermore, relying upon 
the “film” metal bonding theory, one can hypothesize that the high strengths of the con-
tacting surfaces favor more efficient fracture of the oxide films upon deformation and the 
bonding of the juvenile (oxide-free) areas forming as a result. Figure 8 shows the change 
in the flow stress (σ) of the base and cladding layers along the DC. It should be noted that 
the DC length relative to the rolling axis is the same for all the test samples, but its actual 
length and hence the duration of contact under rolling force increases by approx. 15% 
with each 0.07 true deformation increment. It can be seen from the curves that the defor-
mation resistances of both layers change, albeit slightly, with deformation. They are on 
average 90 and 60 MPa for the base and cladding layers, respectively. However, the most 
important factor that can be traced from the curves (Figure 8, I–III) is the permanent sof-
tening of the base layer and the strengthening of the cladding one. This change in the 
metal properties along the DC is in a good agreement with the above-described rolling 
temperature conditions (Figure 5) and the role of the equivalent strain (Figure 7a). For all 
the test samples, σ decreases by approx. 20% at 0.55–0.75 of the DC length and then re-
stores to the previous level, which is retained until metal release from the rolls. This can 
be accounted for by the fact that the tracked points pass the relatively low equivalent plas-
tic strain rate zones (blue zones in Figure 7b) and by the overall decrease in the normal 
and tangential stresses in that zone. Comparing the difference in the deformation re-
sistances for the surfaces of each layer (Δσ, Figure 8d Figure 8, Δσ), one can see their 
steady decrease with an increasing strain. Obviously, the lowest Δσ is achieved at a 0.40 
strain. The curves suggest that the strengths of the layer surfaces are equalized due to the 
cladding layer strengthening and base layer softening caused by heating. The strengthen-
ing of the cladding layer results in a pronounced reduction in Δσ, commencing from the 
0.70 X/LDC point and reaching a minimum at length 0.85. This is due to the complex strain–
temperature effect, particularly a sharp increase in the strain rate beyond the region of its 
decrease, marked in Figure 7b, and the continued cooling of the cladding layer in contact 
with the roll. After reaching the indicated point 0.85, the strain rate decreases markedly 
and the temperature due to heat transfer equalizes, which contributes to the return of the 
curve to the previous values. 
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Figure 8. Change in deformation resistance of the base (P1) and cladding (P2) layers and the differ-
ence in their deformation resistances (Δσ) along the deformation center. 

3.1.4. Surface Interaction 
The multiple rolling process parameters that act during the joint deformation of two 

workpieces and are nonuniform in the DC length and height, e.g., temperature, flow rate, 
strain rate, layer surface strength, etc., increase the tangential stresses at the interlayer 
boundary. Their effect on the formation of composite bonds was assessed using the stand-
ard QForm subroutines, “Pressure” and “Friction”, for calculating the normal pressure 
stress (σp) and the tangential friction stress (τf). The calculation results are shown in Fig-
ures 9 and 10. The calculations covered not only the DC but also the foregoing section in 
which there is yet no strain but flat rolling stresses already start to develop. The pressure 
curve shows that it grows in all the test samples in the –0.17–0.30 X/LDC section, where the 
decrease in the rolled sheet thickness is the greatest. This section is followed by a slight 
decrease in the pressure and its further steady growth to the maximum point at 0.7 DC 
length. The highest normal pressure (275 MPa) is achieved for rolling via Route III. The 
normal pressure grows on average by 10% with a 0.07 true strain increment. The normal 
pressure distribution in the DC lateral direction (Figure 9b) does not exhibit peaks, in con-
trast to the central section. The pressure decreases steadily in the DC zone toward the 
sheet edges, reaching a minimum value of 100 MPa in the near-edge zones. The normal 
pressure in the zones at 8 and 16 mm distances from the central section decreases steadily, 
on average by 10 and 40%, respectively. 
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(a) (b) 

Figure 9. Change in normal pressure between the rolled sheet layers along the deformation center 
(a) and over the entire DC area for 𝜀 = 0.33 (b). 

  
(a) (b) 

Figure 10. Change in friction stress along (τfX) and across (τfY) the rolling axis (a) and ratio of pressure 
forces to friction forces between the layers along the DC (b). 

The change in the friction stress has a different pattern (Figure 10a). Obviously, the 
friction stress at each DC point of the test samples can differ from the simulated one due 
to the multiple weakly controlled contact interaction factors in the case of two jointly 
strained workpieces. However, it is clear that the overall pattern of the stress distributions 
along the DC remains the same for rolling at different 𝜀 . As to the friction stress pattern 
along the rolling axis (τfX), one can distinguish four typical sections: the DC entrance zone 
(–0.17–0.00 X/LDC), the backward slip zone (0–0.25 X/LDC), the no-slip zone where the strain 
is the highest (0.25–0.75 X/LDC) and the forward slip zone (0.75–1.00 X/LDC). The friction 
stress grows in the first zone in the direction opposite to the rolling one. Upon DC en-
trance, the friction stress between the workpieces reorients to coincide with the rolling 
direction and grows steadily to 8–10 MPa until the workpieces enter the no-slip zone. The 
stress in the latter zone is constant. At the no-slip zone boundary, the friction stresses at 
the workpiece surfaces reach 0 MPa and then become negative again, eventually growing 
back to zero upon the release from the DC zone. The friction curve along the Y-axis (wid-
ening direction) has peaks at the no-slip zone boundaries. The friction stress along the Y-
axis varies on average within −1 to 1 MPa. 

Figure 10b shows the σp vs. τfX curve. For all the test samples, the curve has two typ-
ical peaks at 0.17 and 0.7 DC length. Both peaks correlate with the extrema in the curve 
shown in Figure 9a. The former peak is caused by the start of weld joint formation between 
the layers, accompanied by an increase in the plastic strain of the base layer at that point. 



Metals 2024, 14, 852 12 of 17 
 

 

The latter one originates from the improvement of the contact interaction conditions at 
that section, i.e., a lower strain rate and the respective decrease of τт to zero. It is safe to 
assume that the layer-bonding work is the greatest at that point under normal stresses. 
The stress ratio in the no-slip zone is generally constant and approximately the same for 
the test samples. 

3.2. Experimental Results 
3.2.1. Microstructure 

Figure 11 shows microstructural and layer boundary images. The layer boundaries 
of the test samples have no discontinuities, suggesting good metal bonding. The base layer 
structure is saturated with Al2Cu-phase particles, the average sizes of which increased to 
1–2 µm as a result of deformation. Some boundary regions contain larger 4–8 µm particles, 
some of which are located directly at the layer boundary (Figure 11c) and contact with the 
cladding layer metal. However, the EDS data for these regions showed no migration of 
the base layer alloying additions (Cu and Mn) to the cladding layer, suggesting that the 
adhesion of the layers occurs by a deformation mechanism rather than a diffusion one. 
Furthermore, the images of the deformed sheets do not show any clear traces of the Mn-
containing phase. The veils occurring in the ingot structure (Figure 3) were greatly refined 
as a result of the deformation and temperature. 

   
(a) (b) (c) 

Figure 11. SEM microstructural images of the layer boundary in roll bonded sheets after defor-
mation via Routes I (a), II (b) and III (c). 

3.2.2. Mechanical Properties 
The microhardness of the roll-bonded samples was measured over sample thickness 

at variable steps (Figure 12a). The average microhardness was 61 HV for the base layer 
and 29 HV for the cladding one. No change in the microhardness was observed at the 
layer boundary. It can be seen from the curve that the microhardness of the layers depends 
on roll-bonding strain, albeit slightly. Furthermore, it was almost constant over the thick-
ness of the layers except for some regions in the middle of the layered rolled sheets. There, 
the microhardness dropped to 55 HV, probably due to deformation heating localization 
at those points. 

The tensile tests of the roll-bonded sheets did not show any effect of the strain mag-
nitude on the mechanical properties (Figure 12b). The average yield stress, ultimate tensile 
strength and elongation were 160 MPa, 230 MPa and 16%, respectively. Comparing the 
experimental data with earlier data for Al–Cu–Mn system alloys, one can conclude that 
the strength of the roll-bonded sheets is 50 MPa lower as compared to those in a hot-de-
formed state [5]. The plasticity of the material is on average 5% higher. 

It is well known that the ultimate tensile strength of roll-bonded sheets can be calcu-
lated using the following formula [30]: 
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∆𝑈𝑇𝑆 = 𝐻100 𝑈𝑇𝑆 − 𝑈𝑇𝑆 ,  (6)

where H is the thickness of the cladding layers, % of the overall sheet thickness, 𝑈𝑇𝑆  is 
the ultimate tensile strength of the base layer, MPa, and 𝑈𝑇𝑆   is the ultimate tensile 
strength of the cladding layer, MPa. 

Thus, the latter formula is not applicable to the cladding of the test alloy since the 
calculation result is 2.5 times lower than the actual one. 

  
(a) (b) 

Figure 12. Microhardness over thickness (a) and yield stress (YS), ultimate tensile strength (UTS) 
and elongation (El) (b) of the test samples. 

3.2.3. Bonding Characteristic 
The interlayer boundary in the sample region destructed as a result of the tensile tests 

was studied under SEM (Figure 13). SEM allows for characterizing the quality of the bond-
ing between the metal layers by features revealed upon joint tension of materials with 
different mechanical properties. The sheet bonded at a 0.26 true strain contained mainly 
large cavities between which thin coupling bridges occurred (Figure 13a). The bridges are 
typical of an early stage of bonding. With a 0.07 increase in the strain, the number and 
regularity of the bridges between the layers increased noticeably to form interlayer bond-
ing. However, there were still some cavities sized 1000–2000 µm2. At a 0.4 strain, the sheet 
surface-tearing areas (Figure 13c) had quite smooth interlayer boundaries, indicating uni-
form elongation of the materials in these areas and hence good interlayer bonding. Bond-
ing discontinuities still occurred, but their total area was 1.5–2 times smaller than for de-
formation Route II. 

   
(a) (b) (c) 

Figure 13. SEM images of the interlayer boundaries after the tensile tests for samples roll bonded 
via Routes I (a), II (b) and III (c). 
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Figure 14 shows the peeling test data. The average layer-bonding strengths for clad-
ding at true strains of 0.26 and 0.33 were 12.6 and 18.4 N/mm, respectively. Testing of the 
sample roll bonded at a strain of 0.4 did not cause cladding layer peeling. Instead, a ten-
sion curve of the technically pure aluminum cladding layer was observed, and the clad-
ding layer underwent fracture at a 39 N/mm load, in agreement with the UTS of the 1050A 
alloy, which is 80 MPa. The latter result indicates the formation of interlayer bonding, the 
strength of which is higher than that of the cladding layer. At the steady-state peeling 
stage (0.33 strain), one can clearly see curve oscillations within 0.4–0.6 N/mm caused by 
the regular occurrence of cavities in the peeling zone. The absence of oscillations for a 0.26 
strain can be accounted for by the generally lower bond quality, i.e., a large number of 
cavities and a small overall area of coupling bridges between the layers. 

 
Figure 14. Peeling strength of the test samples. 

4. Discussion 
The simulation results do not demonstrate any significant difference between the 

stresses and strains for the rolling routes used. However, they indicate the presence of DC 
zones exhibiting the greatest change in the contact interaction between the layers during 
cladding. It is safe to assume that these zones originate from the specific metal flow con-
ditions. Figure 15a shows the change in the velocity of the tracked points at the roll contact 
(P3), at the interlayer boundary (P1) and at ½ of the composite thickness (P4) for rolling 
at 𝜀  = 0.33. The curves are typical of longitudinal rolling and allow one to distinguish the 
boundary between the forward and backward slip zones at ~0.65 of the DC length. The 
abrupt changes in the strain (Figures 8 and 10) occur at 0.7 DC length. This can be ac-
counted for by the significant nonuniformity of the metal flow rate distribution over the 
DC thickness, as can be seen from Figure 15b. One can also note that the no-slip zone is I-
shaped and has an increased tool contact area, with its center (neutral section) being tilted. 
The latter fact originates from the difference in the parameters of the rolled metals, leading 
to a difference between the rolling torques at the upper and lower rolls. Thus, the metal 
plastic flow pattern in the deformation center that was typical of asymmetrical rolling af-
fected the simulation results the most tangibly. Due to its influence, low strain rate zones 
formed, which reduced the deformation resistance of both layers. The friction stresses 
tend to zero in these zones. 
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(a) (b) 

Figure 15. Tracked point velocity along the X-axis (a) and flow rate fields in the DC (b). 

The cladding simulation results for different deformations exhibit some ambiguity. 
On the one hand, greater strain strengthened the cladding layer, thus considerably reduc-
ing the ratio between the flow stresses of the base and cladding layers from 3 to 1.5 times. 
On the other hand, the strain magnitude affected the normal and tangential stresses be-
tween the layers, albeit slightly. One can therefore assume that the effect of the contact 
and interlayer friction is negligible for thin sheet rolling. 

The rolling force simulation data show the best agreement with the experimental re-
sults. When increasing the true strain, the rolling force curves grow steadily by 20% (Fig-
ure 6a), with similar behavior being typical of the rolled sample peeling strength. The 
small discrepancy between these data can be accounted for by the effect of the DC length, 
which was not taken into account in this work and hence the rolling force application 
duration might vary. One can therefore conclude that efficient metal bonding under the 
experimental conditions can be guaranteed by the required rolling force and normal stress 
that can be achieved at elevated strain, as well as by the process duration. 

By and large, comparison of the simulation data with the standpoints of the classic 
flat rolling theory [30,31] and recent calculation and experimental results [32–34] suggests 
the adequacy of the developed model and the high efficiency of the commercial software 
used. 

5. Conclusions 
- The strengthening of the softer 1050A alloy cladding layer intensified with increasing 

strain. The equivalent strains in the cladding/base layer contact zone were 1.0, 1.4 and 
2.0 for strains of 0.26, 0.33 and 0.40, respectively. The latter fact favored the decrease 
in the difference between the flow stresses of the rolled layer contact surfaces. 

- Study of the contact interaction between the rolled sheet layer surfaces revealed spe-
cific zones at 0.2 and 0.7 of the deformation center length along the rolling axis in 
which the normal stresses dominated over the tangential ones. These zones originate 
from the metal flow pattern in the deformation center, i.e., the absence of plastic strain 
in the base 2Cu2Mn alloy layer at the DC entrance and the 10 degree tilt of the neutral 
section due to a greater torque at the upper roll. 

- The peeling strengths of the layers were 12.6 and 18.4 N/mm for roll bonding at true 
strains of 0.26 and 0.33, respectively. The bond strength for the 0.40 strain rolling 
route was higher than the 1050A alloy flow stress. The roll-bonding force simulation 
data show the best agreement with the experimental results. Roll bonding with a 105 
kN metal pressure on the roll and a 0.40 true strain guaranteed the formation of a 
strong bond between the 2Cu2Mn and 1050A alloy layers. 
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