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Abstract

This study investigates the effect of friction on the mechanical and thermal characteristics of the hot rolling process of
AA2024 aluminum alloy using three dimensional finite element simulations performed in DEFORM-3D. A
thermomechanically coupled model incorporating a shear friction law was employed to analyze the influence of different
friction conditions on rolling force, stress state, strain distribution, and workpiece temperature. The results indicate that the
rolling force increases almost monotonically with increasing friction factor, while the peak compressive stress at the workpiece
center remains nearly unchanged, suggesting that friction mainly affects the overall rolling load through contact conditions
rather than internal stress levels. Higher friction promotes strain localization at the workpiece edges, increasing the risk of
edgerelated defects. In addition, increasing friction leads to a slight rise in the workpiece temperature after rolling due to
enhanced frictional heat generation. Based on the simulation results, a moderate friction factor in the range of 0.3-0.5 is
recommended to balance rolling load reduction, strain uniformity, and thermal conditions. The findings provide useful
guidance for friction control and lubrication selection in industrial hot rolling of AA2024 aluminum alloy.
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AHHOTaNMsA

B panHol paboTe uccieayercs BAWSHUE TPEHWs HAa MeXaHUUeCKHe U TeryIOBble XapaKTePUCTUKU TpOLiecca ropsuei
MPOKATKU a/toMUHKEeBOro cryiaBa AA2024 ¢ ucnonb3oBaHWEM TPEXMEPHOTO YMC/IEHHOTO MOZE/MPOBaHUsI MeTOJOM KOHEUHBIX
3nemeHTOB B mnporpaMMHOM Komruiekce DEFORM-3D. TepMomexaHWuecKu CBfi3aHHasi MO/je/lb, OCHOBaHHAs Ha 3aKOHe
CAIBUTOBOTO TPEeHUs, OblIa MpUMeHeHa [I/Isl aHa/Ii3a BJIMSTHUS Pa3/AUYHbIX YCIOBHU TPEeHHUs Ha CHIY MPOKATKH, HANPSDKEHHOE
COCTOsIHMe, pacrpefiefieHue fedopMaliii M TemriepaTypy 3aroTOBKW. Pe3ysibTaThl IOKa3bIBalOT, UTO CHJIa TIPOKATKU
MpPaKTHYeCKX MOHOTOHHO BO3pacTaeT C yBeluuyeHHeM Ko3¢¢uieHTa TpeHUs], B TO BpeMs Kak MaKCHMasbHOe C)KUMarolljee
HarpsbKeHHe B LIeHTPaJbHOM YacTH 3arOTOBKU OCTAeTCsl TIOUTH HeM3MeHHBIM. DTO yKa3biBaeT Ha TO, UTO TPeHHE B OCHOBHOM
B/IMsIeT Ha OOLMM YypOBEHb MPOKATHOM HArpy3KU 3a CUET KOHTAaKTHBIX YCJOBHWM, a He 3a CUeT W3MEHEHUs BHYTPEHHHUX
HarpsbkeHWd Matepuasa. [10BbIIIEHHOE TPEeHHe CMOCOOCTBYET JIOKa/iu3alyu AedopMaliuid B KPaeBbIX 30HAX 3arOTOBKH, UTO
YBe/IMUMBAaeT PUCK BO3HUKHOBEHUS Ae(eKTOB, CBS3aHHBIX C Kpasmu. Kpome Toro, yeemrueHue Ko3(hGHUIMEHTa TpPEHUS
MPUBOAUT K He3HauWTe/bHOMY TIOBBIIIEHUIO TeMIlepaTypbl 3arOTOBKU TI0C/e TPOKAaTKU BC/ECTBHE YCUIEHHOTO
TeI/IOBbIZIe/IeHUs] TMpU TpeHuu. Ha OCHOBaHMM pe3y/bTaTOB UMCAEHHOTO MOJeTMPOBaHUsI PeKOMEeHAYeTCsl HCI0/b30BaTh
yMepeHHOe 3HaueHue Ko3ddurmvenra TpeHus B Auana3oHe 0,3-0,5, obecrieunBaroijee KOMIPOMHCC MeX/y CHI>KEHHEM
TIPOKaTHOM Harpy3ku, paBHOMEPHOCThIO AedopMaliii U TeIJIOBBIMU yCJIOBUSMU Tpoliecca. [losyueHHble pe3ynbTaThl MOTYT
CJTy)KUTh MPAKTHUECKUM PYKOBOJCTBOM TPU BBIOOpE YCJIOBUM TPEHUs U CMA30UHBIX MaTe€PUasioB B TIPOMBIILIEHHOM Topsiueit
TIPOKaTKe aJFOMUHHUEBOro crutaBa AA2024.

KiroueBble cioBa: amomuHueBbld criiaB AA2024, ropsiyas TpokaTtka, K03(GHLMEeHT TpeHus, KOHeYHO-3/IeMeHTHOe
MOZIe/IMpOBaHye, Cuja MPOKAaTKH.
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Introduction

AA2024 aluminum alloy, which belongs to the Al-Cu-Mg alloy family, is extensively applied in aerospace and
transportation structures due to its high strength to weight ratio, good fatigue performance, and resistance to damage [1], [2],
[3]. In industrial production, hot deformation processes especially hot rolling are essential not only for shaping the material but
also for determining its final properties and process stability.

In hot rolling operations, the interaction between the roll surface and the workpiece inevitably introduces friction, which
strongly affects material flow behavior, rolling load, and product quality [4]. Adequate friction is necessary to ensure stable
biting conditions, while excessive friction leads to higher rolling forces, increased torque, and additional heat generation. It
also contributes to nonuniform distributions of stress and strain, particularly near surface and edge regions. Due to the severe
contact conditions, shear-based friction models are commonly adopted instead of classical Coulomb formulations in bulk
forming simulations [4], [5].

Recent research has emphasized that lubrication and tribological conditions play a crucial role in controlling friction and
improving process performance during hot rolling operations [6]. At the same time, tribological mechanisms at elevated
temperatures remain essential for understanding the complex interactions between contacting surfaces, including adhesion,
wear, and thermal effects [7], [8]. Furthermore, numerical and experimental studies have shown that contact conditions
significantly influence the coupled thermomechanical response of the material during deformation processes [9].

A growing number of recent studies have focused on the influence of process parameters on deformation behavior and
material performance in aluminum alloys. For instance, rolling parameters and deformation conditions have been shown to
strongly affect material flow and surface integrity [10], [11]. Advanced thermomechanical processing routes, including
combined forming techniques, have also been explored to enhance the microstructure and mechanical properties of aluminum
alloys such as AA2024 [12], [13], [14]. In addition, the role of friction-related phenomena in modifying surface conditions and
material response during deformation has been highlighted in recent investigations [15].

Despite these developments, many previous works have mainly addressed isolated aspects such as rolling force,
lubrication conditions, or microstructural evolution. Comprehensive studies focusing on the combined influence of friction on
internal mechanical and thermal responses such as stress distribution, strain localization, and temperature evolution remain
limited, particularly for AA2024 aluminum alloy. A more integrated understanding of these coupled effects is necessary for
improving process control and minimizing defects in industrial rolling operations.

Therefore, the present work aims to investigate the effect of friction on the mechanical and thermal behavior of AA2024
aluminum alloy during hot rolling using a three dimensional thermomechanically coupled finite element model implemented in
DEFORM-3D. The influence of different friction conditions on rolling force, stress state, strain distribution, and temperature
evolution is systematically analyzed. The results provide useful insights for optimizing friction control and lubrication
strategies in practical hot rolling processes.

Research methods and principles

The material considered in this investigation is AA2024 aluminum alloy, which is widely applied in structural components
requiring high strength. The material behavior was obtained from the DEFORM-3D database, where the flow stress is defined
as a function of strain, strain rate, and temperature. The corresponding stress strain relationships at a strain rate of 100 s~ are
presented in Fig. 1.
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Figure 1 - Stress strain relationships at a strain rate of 100 s~
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A three-dimensional model of the hot rolling process was created using Autodesk Inventor and then imported into
DEFORM-3D in STL format. The initial dimensions of the workpiece were 60 x 15 x 4.5 mm. Two rolls with a diameter of
140 mm and a length of 200 mm were used. Due to their significantly higher rigidity compared to the workpiece, the rolls were
treated as rigid bodies. The configuration of the rolling process and the contact region are illustrated in Fig. 2.

Upper roll

Lower roll

Figure 2 - The configuration of the rolling process
DOI: https://doi.org/10.60797/ENGIN.2026.11.1.2

The numerical simulation was carried out using a three-dimensional finite element approach. The workpiece was modeled
as a plastically deformable body and discretized into tetrahedral elements, consisting of 110,695 elements and 22,696 nodes
(Fig. 3a). To ensure numerical stability under large deformation, automatic remeshing was implemented throughout the
simulation.
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Figure 3 - Meshing model for parts:
a - plastically deformable body; b - roll
DOTI: https://doi.org/10.60797/ENGIN.2026.11.1.3

The rolls were also discretized using 37,847 elements and assigned the material properties of SKD61 (AISI H13) tool steel
(Fig. 3b). Although considered rigid, discretization of the rolls is necessary for accurate representation of contact interaction,
heat transfer, and frictional effects at the interface.

A coupled thermomechanical formulation was adopted to account for the interaction between deformation and temperature
evolution. Heat transfer mechanisms included conduction between the rolls and the workpiece, convection between the
workpiece surface and the surrounding environment, and thermal radiation. A portion of the plastic deformation work and
frictional work was assumed to be converted into heat, contributing to the temperature rise during the rolling process.

The contact interaction between the rolls and the workpiece was described using the shear friction model, which is
appropriate for forming processes involving high contact pressure. The shear stress at the interface is expressed as:

T = mk (€))]

where m is the shear friction factor (0 < m < 1), and k is the shear yield stress of the material determined according to the
Von Mises yield criterion. Four friction factors were considered to represent different lubrication conditions: m = 0.2 (good
lubrication), m = 0.4 (moderate lubrication), m = 0.6 (poor lubrication), and m = 0.8 (no lubrication). These values allow a
systematic evaluation of the effect of friction on the rolling process.

The rolling process was simulated as a single pass reduction, where the thickness of the workpiece was reduced from 4.5
mm to 3.15 mm. The initial temperature of the workpiece was set to 460 °C, while both the roll temperature and ambient
temperature were assumed to be 20 °C. The rolls rotated in opposite directions at a constant speed of 50 rpm. All other
parameters were kept unchanged in order to isolate the effect of friction.

Results and Discussion

The simulation results reveal that the force component acting in the thickness direction dominates during the rolling
process, while the forces in the rolling and width directions are comparatively small. Therefore, the Z-direction force is used to
characterize the rolling load (Fig. 4a).

The evolution of rolling force can be divided into three distinct stages: an initial increase as the workpiece enters the roll
gap, a steady region corresponding to stable deformation, and a rapid decrease when the material leaves the deformation zone.
As shown in Fig. 4b, the steady state rolling force increases progressively with increasing friction factor.
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Figure 4 - Rolling force time graph:
a - the Z-direction force; b - with increasing friction factor
DOI: https://doi.org/10.60797/ENGIN.2026.11.1.4

This behavior is associated with the increased resistance to material flow at higher friction levels, which leads to higher
contact pressure. Under low friction conditions, sliding between the roll and the workpiece is more pronounced, resulting in
relatively uniform deformation. In contrast, higher friction promotes sticking conditions near the surface, leading to larger
velocity gradients and increased rolling load.

The stress evolution at different positions through the thickness shows that the compressive stress reaches its maximum
within the roll gap (Fig. 5). However, the peak stress at the center of the workpiece remains nearly constant for different
friction conditions. This suggests that the internal stress state is mainly governed by the material behavior rather than
interfacial friction.
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Figure 5 - Stress distribution (a) and stress time curves (b) at points P1, P2, and P3
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Note: m = 0.4

Comparison of different friction conditions shows that the peak compressive stress at the midthickness of the workpiece
remains nearly unchanged with increasing friction factor. This observation suggests that the internal stress required to sustain
plastic deformation is primarily controlled by the intrinsic flow behavior of the material at the given temperature and strain
rate, rather than by interfacial friction.

Therefore, while friction significantly affects the overall rolling force, it has only a minor influence on the internal stress
state at the workpiece center. The increase in rolling load associated with higher friction mainly arises from changes in contact
conditions and stress distribution near the surface regions, rather than from an increase in internal compressive stress.

Figure 6 presents the equivalent (von Mises) strain distribution in the workpiece after rolling under different friction
conditions. The overall deformation pattern remains similar for all friction factors, indicating that friction does not
fundamentally alter the global deformation mechanism imposed by thickness reduction.

5
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Figure 6 - Strain distribution in the workpiece
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The temperature distribution after rolling (Fig. 7) shows a non-uniform profile along the rolling direction, with higher
temperatures observed near the leading end of the workpiece. An increase in friction factor results in a slight increase in
temperature due to additional heat generated at the interface.

From an engineering perspective, excessive friction should be avoided, as it increases rolling force and promotes strain
localization. On the other hand, too low friction may reduce heat retention. Therefore, a moderate friction condition provides a
balanced combination of mechanical and thermal performance.
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Figure 7 - The temperature distribution in the workpiece
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Increasing the friction factor leads to a slight increase in the average workpiece temperature after rolling. This temperature
rise is attributed to additional heat generated by frictional work at the roll workpiece interface. Although the magnitude of the
temperature increase is relatively small, it can be beneficial for maintaining thermal conditions during subsequent rolling
passes.

From a practical perspective, friction should be controlled at a moderate level to balance competing requirements.
Excessively high friction increases rolling force and promotes strain localization at the edges, while excessively low friction
may result in insufficient heat retention. Based on the present results, a moderate friction factor in the range of approximately
0.3-0.5 provides a reasonable compromise between rolling load reduction, strain uniformity, and thermal stability in hot rolling
of AA2024 aluminum alloy.

Conclusion

This study analyzed the influence of friction on the thermo-mechanical behavior of AA2024 aluminum alloy during hot
rolling using a three dimensional finite element model.

The results show that the rolling force increases with increasing friction due to higher resistance at the interface. In
contrast, the internal compressive stress at the center of the workpiece remains almost unchanged, indicating that it is mainly
controlled by material properties.

Higher friction conditions lead to more pronounced strain localization near the edges, which may increase the likelihood of
defect formation. In addition, friction contributes to a slight increase in workpiece temperature as a result of heat generation at
the contact interface.

Considering the combined effects of rolling force, strain distribution, and temperature, a moderate friction factor in the
range of 0.3-0.5 is recommended for practical applications.

The findings of this work provide useful guidance for improving friction control and lubrication strategies in industrial hot
rolling processes.
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