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1. Introduction

In the last decades, increasing attention has been dedicated 
to increasing production sustainability by limiting energy 
consumption and containing pollution [1]. The importance of 
this aspect increases when energy-consuming processes are 
involved, where even a small percentage of energy reduction, 
represents a great advantage for the environment [2]. However, 
this principle is rarely fully applied by industries, due to 
production rate maximization required by the market [3].
Hence, the possibility of employing simple tools capable of 
simultaneously optimizing different factors, in addition to 
process time, represents a tactical task [4].

Hot deformation manufacturing covers a wide range of 
energy-intensive processes, such as forging, cogging, shape and 
ring rolling (RR). This latter concerns the processing of a ring-

shaped workpiece using a dedicated equipment consisting of a 
motorized rotating driving roll, an idle mandrel that moves 
radially towards the driving roll, and a couple of conical rolls 
that compress the ring axially. The combined action of these 
rolls induces a state of radial-axial deformation permitting a 
diametral growth through a reduction of its thickness and 
height, up to the desired ring dimensions [5]. Thanks to RR 
capability of processing a great variety of materials [6,7], it is 
widely employed in energetics, oil and gas, aero-space, and 
transportation fields, to produce large seamless rings [8]. 
Furthermore, in comparison with other processes, RR results 
advantageous in terms of surface quality, material savings, 
microstructure orientation, and no need of post-heat treatments 
[9].

Despite this, due to the complexity of the state of 
deformation, the influence of rolling parameters must be deeply 
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analyzed, to obtain high quality products. Under this point of 
view, scholars exploiting slip-line field theory [10], artificial 
neural networks [11], regression models [12], and finite 
element method (FEM) [13] were proposed. However, most of
these studies only focuses on separate ring quality attributes, 
while poor is the bibliography concerning multiple aspects 
related to quality, energy, and process time. In [14] rolling 
temperature and mandrel feed were simultaneously optimized 
by the maximization of a dedicated formability index. In 
another work [15], fishtail effects were reduced by improving 
the design of equipment components based on the deformation 
zone geometry and strain distribution. An objective function 
defined as the combination of strain, temperature, and 
deformation trajectory, was proposed in [16] to optimize grain 
size and loads.

Focusing attention on the process sustainability, the present 
paper proposes a multi-objective optimization of RR based on 
energy consumption, driving roll torque, ring quality, and 
production time. For developing it, a simulative campaign
based on an already validated FEM model, was planned by 
varying five levels of two rolling parameters, namely mandrel 
feed and ring rotational speed. The achieved values of energy, 
maximum driving roll torque, ring quality, and production time, 
have been arranged to define the objective function that, once 
minimized, has allowed to identify the optimized combination 
of process parameters. The results obtained are encouraging, 
suggesting the possibility of applying the proposed 
methodology to wider range of more sustainable energy-
consuming processes.

2. Multi-objective optimization workflow

In the present paper, the proposed multi-objective 
optimization workflow was applied to a ring rolling process, 
since it is considered to be an energy-intensive one.

In the first step of the workflow, the RR parameters (inputs), 
and the responses (outputs), most influencing the process 
sustainability, are selected. The related experimental plan is 
then designed by varying the inputs on different levels. After 
the collection of the experimental responses, these are arranged 
in an objective function. The minimization of the objective 
function will result in the optimum process parameters 
combination. The following paragraphs describe how the 
workflow was developed in the analyzed case study.

3. Materials and methods

3.1. Simulation plan and setup

The simulation plan was designed considering two factors 
(namely, mandrel feed rate F [mm/s] and ring rotational speed 
r [rad/s]) that have been varied on 5 different levels as reported 
in Table 1. The FEM model used for carrying out the process 
simulations has been already validated in a previous research 
paper [17].

The simulations were performed using the ring rolling 
guided using interface (GUI) of the simulation software. This 
GUI concerns a dedicated arbitrary Lagrangian-Eulerian (ALE) 
solver reducing the computational times.

Table 1. The simulation plan considered.

Process 
parameter Levels

F [mm/s] 0.50 0.75 1.00 1.25 1.50

r [rad/s] 5 10 15 20 25

Figure 1 shows the simulation setup where F, r, the 
rotational speed of the driving roll DR, and the conical roll 
axial speed fAR are represented. In Figure 2a the geometric 
features of the ring, its cross-section variation from the 
beginning to the end of the process and the related rolling curve 
are reported. The rolling curve represents the simultaneous 
values of ring height (H) and width (W) during RR. The same 
rolling curve was employed for all the simulations, and it is 
shown in detail in Figure 2b.

Fig. 1. Simulation setup and rolling curve.

Fig. 2. (a) Ring dimensions and cross-sectional variation during RR, (b) the 
rolling curve employed in the simulations.

Table 2 reports initial and final theorical dimensions of the 
ring. The driving roll, the mandrel, and the conical axial roll 
were considered perfectly rigid bodies. The diameters of the 
driving roll DDR and of the mandrel were 700 mm and 110 mm 
respectively, while the axial roll taper angle was 15.7°.
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Table 2. Initial and final theorical dimensions of the ring.

Initial dimension Final dimension

Outer diameter [mm] Di = 258 Df = 387.39

Inner diameter [mm] di = 120 df = 279.79

Width [mm] Wi = 69 Wf = 53.8

Height [mm] Hi = 75 Hf = 54.5

The ring was discretized with a mesh of 14,500 hexahedral 
elements refined in the contact area with the equipment 
components. The ring was modeled as a viscous-plastic 
AISI 1045 steel material; the stress-strain law was taken from
the internal simulation database. The friction on the contact 
interfaces was considered using a shear model with a friction 
factor equal to 0.7. The kinematics of the equipment were 
derived considering the rolling curve and the ring volume 
constancy. Hence, the ring width evolution W(t) is represented 
by Eq. (1)

𝑊𝑊(𝑡𝑡) = 𝑊𝑊𝑖𝑖 − 𝐹𝐹 ∙ 𝑡𝑡 (1)

From the F value it is possible to calculate the process 
duration tRR [s] according to Eq. (2):

𝑡𝑡𝑅𝑅𝑅𝑅 = (𝑊𝑊𝑖𝑖 −𝑊𝑊𝑓𝑓) 𝐹𝐹⁄ = ∆𝑊𝑊 𝐹𝐹⁄ (2)

The axial roll speed fAR(t) [mm/s] was selected as linearly 
increasing during the process. The initial value of fARi was set to
half of the mean value of the speed to cover the height reduction 
H (Eq. (3)).

𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 =
1
2
(𝐻𝐻𝑖𝑖 − 𝐻𝐻𝑓𝑓)

𝑡𝑡𝑅𝑅𝑅𝑅
= ∆𝐻𝐻 2𝑡𝑡𝑅𝑅𝑅𝑅⁄ (3)

The axial speed ratio m was determined by equaling the 
integral of fAR(t) along tRR to the height reduction H (Eq. (4)):

∫ 𝑓𝑓𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑
𝑡𝑡𝑅𝑅𝑅𝑅

0
= ∫ (𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑚𝑚 ∙ 𝑡𝑡)𝑑𝑑𝑑𝑑

𝑡𝑡𝑅𝑅𝑅𝑅

0
= Δ𝐻𝐻 → 𝑚𝑚 = ∆𝐻𝐻

2𝑡𝑡𝑅𝑅𝑅𝑅2
(4)

Therefore, fAR(t) can be derived as reported in Eq. (5), 
leading to the instantaneous ring height H(t) of Eq. (6):

𝑓𝑓𝐴𝐴𝐴𝐴(𝑡𝑡) = 𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑚𝑚 ∙ 𝑡𝑡 = (∆𝐻𝐻 2𝑡𝑡𝑅𝑅𝑅𝑅⁄ ) + (∆𝐻𝐻 2𝑡𝑡𝑅𝑅𝑅𝑅2⁄ )𝑡𝑡 (5)

𝐻𝐻(𝑡𝑡) = 𝐻𝐻𝑖𝑖 − (∆𝐻𝐻 2𝑡𝑡𝑅𝑅𝑅𝑅⁄ )𝑡𝑡 + (∆𝐻𝐻 2𝑡𝑡𝑅𝑅𝑅𝑅2⁄ )𝑡𝑡2 (6)

Once W(t) and H(t) are known, the growth of the outer 
diameter D(t) can be calculated as reported in Eq. (7) 
considering the volume constancy:

𝐷𝐷(𝑡𝑡) = 𝑊𝑊(𝑡𝑡) + 𝐻𝐻𝑖𝑖(𝐷𝐷𝑖𝑖2 − 𝑑𝑑𝑖𝑖2)
4𝐻𝐻(𝑡𝑡)𝑊𝑊(𝑡𝑡) (7)

In absence of sliding condition, the instantaneous driving 
roll rotational speed DR(t) is determined by equaling ring and 
driving roll tangential speeds (Eq. (8)):

𝜔𝜔𝐷𝐷𝐷𝐷(𝑡𝑡) =
𝜔𝜔𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷

𝐷𝐷(𝑡𝑡) = 𝜔𝜔𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷

𝐷𝐷(𝑡𝑡) [𝑊𝑊(𝑡𝑡) + 𝐻𝐻𝑖𝑖(𝐷𝐷𝑖𝑖2 − 𝑑𝑑𝑖𝑖2)
4𝐻𝐻(𝑡𝑡)𝑊𝑊(𝑡𝑡) ] (8)

For each combination of process parameters in Table 1, 
fAR(t) and DR(t) calculated according to Eqs. (5) and (8) were 
implemented in the simulation software as motion laws of axial 
and driving rolls. The constant radial speed F was assigned to 
the mandrel. Since the rotations of mandrel and axial rolls 
around their axes are free, the related resistant torque was set to 
the null value. The ring temperature was 1150°C and, due to the 
low process time, the simulations were carried out in isothermal 
conditions.

3.2. Collection, selection, and calculation of process outputs 

Four responses, differently affecting the process 
sustainability, were selected:

• the total energy necessary to complete the process, E [Nm];
• the maximum driving roll torque, Tmax [Nm], influencing the 

motor dimensions and costs;
• the process duration, tRR [s];
• the geometric ring quality Q, leading, if not respected, to the 

need of post-processing operations.

The E was calculated by applying Eq. (9):

𝐸𝐸 = ∫ [𝐹𝐹𝑟𝑟(𝑡𝑡) ∙ 𝐹𝐹 + 𝐹𝐹𝑎𝑎(𝑡𝑡) ∙ 𝑓𝑓𝐴𝐴𝐴𝐴(𝑡𝑡) + 𝑇𝑇(𝑡𝑡) ∙ 𝜔𝜔𝐷𝐷𝐷𝐷(𝑡𝑡)]𝑑𝑑𝑑𝑑
𝑡𝑡𝑅𝑅𝑅𝑅

0

(9)

where Fr(t) [N], Fa(t) [N], and T(t) [Nm] are the evolution 
during the simulation of mandrel radial force, conical roll axial 
force Fa(t) [N], and driving roll torque T(t) [Nm], respectively.

The Tmax value was also recorded.
To individuate the most restrictive geometric feature, in 

terms of quality, a preliminary analysis of Wf, Hf, and Df, was 
performed. For each feature of every simulation, a precision 
parameter was calculated as reported in Eq. (10):

%𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
|𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠|

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 100% (10)

where feat alternatively indicates one of the geometric 
features (Wf, Hf, or Df), while featsim the value of the same 
feature (Wf_sim, Hf_sim, or Df_sim) measured in the simulation. 
Considering Eq. (10), a lower value of %pfeat corresponds to a 
simulated value closer to the theorical one, indicating a better 
quality of the feature. The contour plots of %pDf, %pHf, and 
%pWf, for the combinations of the rolling parameters are visible 
in Figure 3. In these plots, each precision level highlights a 
determined area. It is possible to observe that for each precision 
level of %pDf, the highlighted areas corresponding to the same 
levels of %pHf and %pWf are smaller. As an example, the 
subtended areas for a precision value of 1% are contoured. This 
means that, once a determined quality of Df_sim will be reached, 
the tolerances obtained for Hf_sim and Wf_sim will be narrower, 
revealing Df_sim as the most restrictive geometric feature.

In consideration of this, the geometric ring quality parameter 
Q was defined as the ratio between Df_sim and the desired Df, as 
reported in Eq. (11), indicating a good quality when Q is closed 
to the unity.
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𝑄𝑄 = 𝐷𝐷𝑓𝑓_𝑠𝑠𝑠𝑠𝑠𝑠 𝐷𝐷𝑓𝑓⁄ (11)

Fig. 3. Contour plots of the precision parameters defined by Eq. (10) for: (a) 
Df_sim, (b) Hf_sim, and (c) Wf_sim. The subtended areas for a precision level of 

1% are highlighted.

Referring to Eq. (2), it is evident how tRR assumes the 
maximum value for the lowest value of F, and vice versa.

Figure 4 reports the behavior of E (Figure 4a), Tmax

(Figure 4b), and Q (Figure 4c) as F and r vary.
The opposite trends of E and Tmax are visible in Figures 4a-

b. An intensification of F, in fact, leads to an energy diminution 
and a Tmax growth. Contrarily, the higher the r, the greater the 
energy consumption and the lower the Tmax. For better 
understand this behavior, Figure 5 reporting the torque T(t)
evolution during process time for the combinations of the 
extreme process parameters values of the plan, has been added. 
As reported by Eq. (8), a higher r implicates a higher DR.
Despite an intensification of r reduces Tmax, this decrease does 
not compensate the DR growth, making the energy 
consumption increasing. Again, an increase of F results in a 
Tmax growth due to a higher contact area between the driving 
roll and the ring. In addition, a reduction of tRR is obtained. The 

diminution of the process time has a greater effect on E respect 
to the intensification of the torque. As a result, when increasing 
F, a reduction of E is noticeable.

Fig. 4. Values of the selected responses (a) energy, (b) maximum torque, and 
(c) ring quality, as a function of F [mm/s] and r [rad/s].

The quality index Q results to be positively influenced by an 
increase of the r value, while it is negatively influenced by an 
increment of F. Moreover, for low r values, the adverse effect 
of F is more pronounced, meaning that the expected diameter 
growth is hindered. When increasing F, in fact, a higher radial 
penetration of the deformation is detectable, resulting in an 
increment of the material flow stress in the central part of the 
ring width. In this condition, the radial-axial material flow is 
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facilitated rather than the circumferential one, leading to a 
limited diametral growth. A reduction of F, instead, reduces the 
radial penetration enhancing the ring growth [18].

In consideration of the counter effect of F and r on the 
different responses, these latter were arranged in an objective 
function allowing to find an optimized combination of the 
process parameters, reducing at the same time energy,
maximum torque, process time by maintaining a high quality.

Fig. 5. T(t) during process time for different combinations of F and r.

4. Objective function definition and minimization results

With the aim of making the several responses comparable 
one to each other in the definition of the objective function, they 
were normalized by dividing each response value by its 
maximum as described in Eqs. (12), (13), and (14); the 
subscript i represents the i-th simulation.

𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝑖𝑖 = 𝐸𝐸𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚(𝐸𝐸𝑖𝑖)⁄ (12)

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 _𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝑖𝑖 = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 _𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖)⁄ (13)

𝑡𝑡𝑅𝑅𝑅𝑅_𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝑖𝑖 = 𝑡𝑡𝑅𝑅𝑅𝑅_𝑖𝑖 𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝑅𝑅𝑅𝑅𝑖𝑖)⁄ (14)

Table 3 reports the values of tRR and tRR_norm.

Table 3. Effective and normalized process time depending on F.

F [mm/s] tRR [s] tRR_norm

0.5 30.40 1.00

0.75 20.27 0.67

1.00 15.20 0.50

1.25 12.16 0.40

1.50 10.13 0.33

As previously reported, the closer the value of Q to the unity, 
the better is the ring quality. Since from Eq. (11), Q can assume 
values greater than one, it was normalized by calculating the 
absolute value of its difference with the unity (Eq. (15)).

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = |1 − 𝑄𝑄| (15)

A multi-variable regression allowed to define a second order 
function of the process parameters for each normalized 

response. Figure 6 shows the contour plots of the regression 
models of Enorm, Tmax_norm, Qnorm, and tRR_norm, as a function of F
and r. Similar trends to those of Figure 4 are observable.

Fig. 6. Contour plots of (a) Enorm, (b) Tmax_norm, (c) Qnorm, and (d) tRR_norm as a 
function of F and r.

The objective function fobj was then defined as the sum of the 
normalized terms, as reported in Eq. (16), while its contour plot 
is represented in Figure 7.

𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 _𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑡𝑡𝑅𝑅𝑅𝑅_𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (16)
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Fig. 7. Contour plot of the objective function to be minimized.

A first outcome of this study is that, even in presence of 
responses having their minimum on the domain boundaries, fobj

shows an internal minimum (the blue area of Figure 7). Due to 
the counter effect of RR parameters on the outputs, E and tRR on 
one side while Tmax and Q on the other, the presence of the 
internal minimum permits a profitable inputs optimization. 
Since the purpose of this preliminary analysis was to confirm 
the suitability of the proposed methodology, equal weighted
responses was considered. The fobj minimum value is lower than 
1.35, corresponding to a feed rate F_opt = 1.05 [mm/s] and a ring 
rotational speed r_opt = 17.0 [rad/s] (Figure 7). Referring to 
Figure 6, it is possible to find the correlated ranges’ values of 
Enorm (0.6 - 0.8), Tmax_norm (0.2 - 0.4), and Qnorm (lower than
0.02); corresponding to ranges of 940 – 1200 [kNm] for E, 
5850 - 11700 [Nm] for Tmax, and 379 - 395 [mm] for Df_sim. The 
optimized process time tRR is around 14.5 [s]. In order to test the 
results of the proposed optimization methodology, a FEM RR
simulation using the optimized values (Fopt, r_opt) was 
performed. The responses obtained were: E = 1040 [kNm], 
Tmax = 7040 [Nm] and Df_sim = 387 [mm]; revealing a maximum 
saving of 26 % and 40 % for the energy and the torque 
respectively, by maintaining the highest quality level 
(Qnorm < 0.02). The simulated outputs considerably match the 
minimization outcomes, demonstrating the applicability of the 
proposed methodology.

5. Conclusions and future works

In this paper, a multi-objective optimization methodology 
for increasing the sustainability of energy-consumptive 
processes has been presented. Once individuated the process 
outputs mainly affecting the environmental aspects, their 
variation dependance respect to the process parameters has 
been analyzed. This allowed to arrange them in an objective 
function, that, once minimized, furnished the optimized values 
of the process parameters. The analyzed case refers to the ring 
rolling process. Energy request, maximum torque, ring quality, 
and process time has been individuated as the most interesting 
responses, leading to the identification of working parameters 
able to limit the energy consumption while maintaining a high 
level of product quality. In this preliminary study equal weights 
were assigned to the responses. To consider different 
importance of them, additional studies could be performed by 
employing a non-equal weighting strategy in Eq. (16). This 
would modify the objective function by shifting its minimum 
along the analyzed domain, altering the optimized RR 

parameters values. In this regard, a further sensitivity analysis 
of weights’ effects on optimization results should be executed 
as well. Moreover, ring rolling simulations are time consuming 
and this limits the total number of feasible tests in an actual 
industrial application. Further analyses, implementing 
analytical models and artificial intelligence techniques, will 
therefore be carried out by correlating them to supplementary 
experimental validation. The preliminary application of the 
proposed methodology also proves to be useful also for 
studying different production processes.
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