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This study examines the two-pass hot rolling process of 6061 aluminum alloy wire, focusing on forming 
load measurement to evaluate process stability and its effects on dimensional accuracy and mechanical 
property uniformity. Using response surface methodology (RSM), process parameters and forming loads 
were analyzed to assess their influence on mechanical property distribution and verify the applicability 
of load measurement in process quality evaluation. A full-factorial finite element simulation was conduc-
ted to investigate the effects of pre-forming section reduction rate, material temperature, roll speed, and 
friction coefficient. Experimental results indicate that forming load measurements effectively capture 
variations in initial wire temperature and reveal the influence of material velocity and roll speed. Load 
data also identify the spike phenomenon caused by improper roll positioning, leading to abnormal load 
surges and reduced mechanical property uniformity. The strong agreement between experimental for-
ming loads and FEM simulations validates the reliability of the proposed measurement method. This 
study provides a basis for wire rolling process design and machine learning-based quality prediction, 
supporting advancements in smart manufacturing applications. 
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 Introduction 

 Rolling Process and Load Distribution Opti-
mization 

Compared to wire drawing, wire rolling offers sig-
nificant advantages in reducing material damage and 
improving surface quality, making it particularly suita-
ble for high-strength applications [1]. By designing ap-
propriate roll groove shapes, the distribution of rolling 
load and shear force can be optimized, thereby impro-
ving material flow and surface quality [2]. Numerous 
studies have investigated roll groove design strategies 
for achieving more uniform load distribution, minimi-
zing forming load variation, and enhancing the dimen-
sional accuracy of the final product [6,11,21-27]. 

Aksenov et al. [3] conducted numerical simulations 
to examine the effects of different groove designs on 
rolling load, discovering that adjusting roll gaps 
effectively optimizes load distribution. Lambiase [4] 
applied artificial neural networks (ANNs) to predict 
geometric changes during rolling and combined gene-
tic algorithms (GA) to optimize roll gap and groove 
design, achieving a more uniform load distribution. 
Minutolo et al. [5] proposed a new groove design and 
experimentally verified that it significantly reduces for-
ming loads and improves the geometric accuracy of 
the final product. Additionally, Sheu et al. [6] studied 
the Bézier curve groove roll design method, compa-
ring it with the traditional round-oval-round design 
and found that the Bézier curve groove enables higher 

compression ratios per pass, thereby enhancing for-
ming efficiency. 

Regarding load distribution and stress control, 
Overhagen et al. [7] introduced a three-roll rolling mo-
del, demonstrating that the three-roll system reduces 
rolling loads, minimizes slippage, and improves mate-
rial flow stability. Chenot et al. [8] applied finite ele-
ment analysis to simulate hot rolling processes, confir-
ming that controlling rolling loads can effectively re-
gulate material flow and final geometry, ensuring pro-
duct dimensional accuracy and stability. Byon et al. 
[9,10] experimentally investigated the effects of roll 
gap and wear on forming loads and geometric preci-
sion, concluding that improper gap adjustment and 
roll wear lead to non-uniform forming loads, negati-
vely impacting the dimensional accuracy of the final 
product. 

 Rolling Load Measurement 

In hot rolling processes, non-uniform load distri-

bution can lead to localized material flow anomalies, 

causing a sudden increase in forming loads, which 

subsequently affects the uniformity of mechanical 

properties. Rolling load monitoring, as addressed in 

this study, has been the focus of several research 

efforts. 

Kim et al. [11] developed a knowledge-based ex-

pert system, integrating finite element analysis and em-

pirical formulas to optimize roll groove design for  
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round and square bars, thereby improving load unifor-

mity. Lambiase et al. [12] employed finite element ana-

lysis and optimization algorithms to establish an auto-

mated rolling design method, demonstrating that this 

approach reduces design time and improves the di-

mensional stability of the final product. Li et al. [13] 

explored the impact of roll damage on load distri-

bution, finding that damage models effectively predict 

roll lifespan and optimize roll design to minimize ge-

ometric variations in the final product. 

 Application of Sensor Technology in Rolling 
Load Monitoring 

The application of load sensor technology in metal 

forming processes has been extensively studied, with 

many researchers exploring methods to improve sen-

sor accuracy and enhance the reliability of load moni-

toring data in process control. 

Groche et al. [14] compared different sensor insta-

llation positions and measurement methods in stam-

ping processes, revealing that embedding sensors 

within the die provides more detailed load informa-

tion, facilitating process control and quality ma-

nagement. Kim et al. [15] developed a bolt-type piezo-

electric sensor to monitor die and process conditions 

in forging, demonstrating that the sensor effectively 

detects tool wear and process variations, thereby ex-

tending die lifespan and optimizing production pro-

cesses. 

For intelligent monitoring of rolling processes, 

Traub et al. [16] proposed a Decision Support System 

(DSS) that analyzes sensor data to reduce operator de-

pendency and enhance rolling process stability. Traub 

et al. [17] further explored the integration of sensors 

and automated decision-making systems in rolling, 

finding that real-time load measurement effectively 

identifies inefficiencies and incorrect process settings, 

thereby reducing reliance on human expertise and im-

proving process automation. 

Therefore, this study aims to evaluate the feasibility 

and effectiveness of using forming load measurements 

as indicators for process quality assessment in the hot 

rolling of EN AW-6061-T6 aluminum alloy wire. To 

achieve this, a series of experiments were conducted 

to analyze the effects of wire temperature, pre-for-

ming reduction rate (hRₙ), and roll positioning on for-

ming load behavior and strain distribution. By compa-

ring measured load data with FEM simulations and 

mechanical testing, this study seeks to verify the po-

tential of forming load signals for supporting process 

adjustment and defect detection in practical rolling ap-

plications. The findings are expected to provide a 

foundation for enhancing quality evaluation and ena-

bling future integration with smart manufacturing sys-

tems. 

 Wire Rolling process and Roller design 

 Roller groove design 

In the wire rolling process, rolls are used to gradu-
ally reduce the wire diameter until the target size is 
achieved. Compared to the conventional wire drawing 
process, rolling significantly reduces surface friction 
due to its rolling contact mechanism. This experiment 
adopts a typical round-oval-round groove configura-
tion, where the oval groove is designed using the 
Bézier curve method (Fig. 1) [6]. A wire with an initial 
outer diameter of 20 mm is rolled down to 16 mm 
through two rolling passes, with an area reduction rate 

(𝐴𝑅𝑛) of 10% per pass, totaling 20% across both pas-
ses. 

In the first pass, a Bézier curve-designed oval gro-
ove is used to roll the wire into an elliptical cross-
section with a short axis of 14.6 mm, corresponding 

to a section reduction rate (ℎ𝑅𝑛) of 27%. In the se-
cond pass, a round groove is used to further roll the 
wire into a circular cross-section with a final outer di-
ameter of 16 mm. 

𝐴𝑅𝑛 = (𝐴𝑛 − 𝐴𝑛−1)/(𝐴𝑛−1) (1) 

ℎ𝑅𝑛 = (ℎ𝑛 − ℎ𝑛−1)/(ℎ𝑛−1) (2) 

Where: 

𝐴𝑛, 𝐴𝑛−1…The cross-sectional areas of the wire 
in the n -th and (n − 1)-th passes, respectively, while 

𝐴𝑅𝑛 is the area reduction rate for the n -th pass. 

ℎ𝑛, ℎ𝑛−1…The section reductions in the n -th and  

(n − 1)-th passes, and ℎ𝑅𝑛  is the section reduction 
rate for the n -th pass (Fig. 2). 

 

Fig. 1 Roller groove-shape designs for round-Bézier-round 

 

Fig. 2 Section reduction rate 

 Experimental conditions 

In the rolling experiment setup, the first pass 
functions as the pre-forming pass, while the second 
pass serves as the final round-shaped forming pass. 
The roll axes of the two passes are oriented at a  
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90-degree angle to each other, enabling the wire to un-

dergo reduction forming in two different directions 

(Fig. 3). Each roll consists of two grooves of the same 

type but different sizes. During the rolling process, 

only one side of the groove is engaged in forming, re-

ferred to as the "rolling side", while the non-forming 

side is referred to as the "empty side". 

The primary factors influencing the geometry of 

the final product in the second pass are the short-axis 

deformation in the first-pass oval groove and the ad-

justment of the roll gap [9]. Based on the initially de-

signed 27% ℎ𝑅𝑛, this study further simulates poor roll 

adjustment conditions by modifying the roll gap, 

setting the ℎ𝑅𝑛 to 24%. During the hot rolling pro-

cess, EN AW-6061-T6 aluminum alloy is heated 

above its recrystallization temperature of 250°C [19]. 

The wire heating temperature significantly impacts 

energy consumption and forming load on the equip-

ment. Therefore, this study designs two temperature 

conditions for comparison: 400°C and 350°C, the lat-

ter representing a scenario with reduced heating time. 

Three sets of forming experimental parameters 

were designed, as shown in Tab. 1. The comparison 

between Case 1 and Case 2 is used to analyze the effect 

of wire temperature on the forming load, while the 

comparison between Case 1 and Case A investigates 

the influence of ℎ𝑅𝑛 on the forming load. Additiona-

lly, the study observes changes in the forming load in 

Stand 2 when a spike phenomenon occurs due to the 

reduced ℎ𝑅𝑛 in Stand 1.

Tab. 1 Forming Experiment Cases 

Experimental Parameters Case1 Case2 CaseA 

Stand1 ℎ𝑅𝑛 27% 27% 24% 

Wire Temperature 400°C 350°C 400°C 

 

Fig. 3 Wire rolling rollers and installation 

 FEM Simulation of the Wire Rolling Process 

This study employs Simufact Forming to perform 

finite element method (FEM) simulation of wire 

rolling, aiming to verify whether different experimen-

tal parameters influence forming geometry and for-

ming load. The symmetric boundary conditions are 

illustrated in Fig. 4. The material used is EN  

AW-6061-T6 aluminum alloy, modeled as a perfectly 

plastic material, as detailed in Tab. 2. 

The roll speed ratio for the first and second passes 

is set at 2.00:2.52, with an initial roll temperature of 

20°C and a shear friction coefficient between 0.5 and 

0.8 (Friction Correction Curve at 400 Degrees, Fig. 5). 

In the simulation, the rolls are considered rigid bodies, 

while the wire is modeled with 1/4 symmetry. The 

wire mesh consists of hexahedral elements with a size 

of 0.5 mm, determined through a convergence test. 

The FEM  parameters are listed in Tab. 3 and Tab. 4. 

 

Fig. 4 Simulation Model and Symmetry plan

Tab. 2 EN AW-6061-T6 aluminum alloy Material Flow stress (MPa) Model 

Strain rate 
Wire Temperature 

300 °C 
Wire Temperature 

400 °C 
Wire Temperature 

500 °C 

0.1 130 60 38 

1.0 160 80 42 
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Fig. 5 EN AW-6061-T6 aluminum alloy, Friction 
Correction Curve at 400°C 

Tab. 3 Simulation parameters 

Process Conditions Values 

Initial wire diameter (mm) 20 

Initial wire length (mm) 200 

Maximum roll diameter (mm) 100 

Element type Hexahedral 

Element size(mm) 0.5 

 Virtual Mechanical Properties Dataset 

This study utilizes FEM to establish a dataset con-
taining process parameters, wire mechanical proper-
ties, and forming loads, and applies response surface 

methodology (RSM) to predict the quality of mecha-
nical property distribution. This dataset enables an 
analysis of the correlations between process parame-
ters, forming loads, and final product quality, and also 
allows for a comparison between simulated forming 
loads and experimental data. The process parameter 
combinations used in the dataset are detailed in  
Tab. 4. 

In the first pass (oval pre-forming), the ℎ𝑅𝑛 is a 
critical factor influencing the final circular cross-
section of the wire [9]. Additionally, in the hot rolling 
process, the strain rate significantly affects material de-
formation behavior. Therefore, the roll speed is set 
between 25–75 rpm, covering the typical speed range 
for rolling processes. Friction influences whether na-
tural rolling occurs, and based on the friction 
correction experiment (Fig. 5), the constant shear 
friction coefficient is set between 0.5–0.8, while the 
material temperature is varied between 300–400°C. 

This study adopts equivalent strain [18] as a refe-
rence metric for quality evaluation, and the strain di-
fference between the wire’s outer surface (Ya) and cen-
ter (C) (Fig. 6) is used as an indicator of mechanical 
property uniformity.

Tab. 4 Establishment of virtual mechanical property parameters in rolling process 

Level 
Roller speed 

(RPM) 
Stand1 𝒉𝑹𝒏 

(%) 

Wire 
Temperature(oC) 

Friction 
(-) 

1 25.0, 31.5 27 300 0.5 

2 50.0, 62.9 24 350 0.6 

3 75.0, 94.4 22 400 0.7 

4  19  0.8 

 

Fig. 6 Measurement of strain on the outside (Y) and center 
(C) of the wire 

 Sensor and measurement system 

To capture the characteristic signals of forming lo-
ads during the rolling process, this study installs load 
sensors in the rolling equipment and designs an inte-
grated mechanism that combines sensor preloading 
with roll position adjustment (Fig. 7). This mechanism 
utilizes a wedge-type bearing seat pressure plate to ad-
just the bearing seat (roll) position, forming a wedge 
relationship between the bearing seat pressure plate 
and the sensor pressure plate to achieve both sensor 
preloading and locking. The adjustment process con-
sists of two steps: first, the bearing seat pressure plate 
is used to position the rolls, and then, the sensor pres-
sure plate is adjusted to set the sensor’s preloading 
force, ensuring that the preloading force remains con-
sistent after roll positioning. 

This study considers the load capacity of the sensor 
and evaluates its mechanical behavior under different 
loading conditions. Additionally, the effect of sensor 
installation position (Fig. 8) on its sensitivity to  
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forming load response is analyzed. A sensor position 
evaluation fixture is designed, and a sensitivity experi-
ment is conducted. The experiment involves varying 
the installation position conditions by modifying the 
thickness ratio (D/H) Fig. 9) and applying a 5-ton uni-
versal testing machine to simulate rolling loads acting 
on the sensor fixture. Based on the experimental  

results (Fig. 10), it is confirmed that the sensor output 
voltage is influenced by changes in D/H. The most 
sensitive installation distance (D/H = 0.1) is selected 
as the optimal sensor installation position in the rolling 
mill. The force sensor used in this study was the WFS 
model developed by the Industrial Technology Re-
search Institute (ITRI), Taiwan. 

 

Fig. 7 Integration design of load sensor preload mechanism and roll adjustment mechanism 

 

Fig. 8 The sensor installation position on the rolling mill (with certain components concealed) 

 

Fig. 9 Sensor Position Evaluation Experimental Fixture 
 
In this study, the sensor module (Fig. 7) is designed 

and installed on the upper roll of the rolling mill stand, 
with the installation position set at D/H = 0.1 (Fig. 8). 
Using roll positioning and sensor preloading tech-
niques, the sensor is preloaded to 1V after roll positi-
oning, and the output voltage baseline is reset to zero 
to ensure uniform sensor preloading across all sensors. 

The rolling equipment, module system, and display 
interface after sensor installation are shown in Fig. 11. 
This system collects sensor voltage signals and dis-
plays real-time forming voltage variations on a ma-
chine-side screen. Additionally, by establishing a  
voltage-to-load conversion relationship through 

compression experiments, the voltage signals are con-
verted into forming loads. 

In this study, the first and second passes are deno-
ted as S1 and S2, respectively, where the rolling side is 
referred to as R, and the empty side is referred to as L. 

 

Fig. 10 The relationship between sensor output voltage and 
rolling force varies with changes in D/H 
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Fig. 11 Rolling mill load sensor installation and display equipment 

 Results and discussions 

 Forming geometry 

In the rolling simulation results, the final cross-

sectional geometries of Case 1 (ℎ𝑅𝑛 = 27%) and Case 

A (ℎ𝑅𝑛 = 24%) are shown in Fig. 12. When ℎ𝑅𝑛 = 
27%, the target cross-section is successfully formed. 
However, in Case A, which simulates poor roll ad-
justment, a spike phenomenon occurs at S2. 

 

Fig. 12 Final cross-sectional geometry of FEM simulations 
for Case 1 and Case A 

 
In the hot rolling experiment, Fig. 13 presents the 

forming geometry of Case 1 (wire temperature = 

400°C, S1 ℎ𝑅𝑛 = 27%). In Case 2, the wire tempera-

ture was adjusted to 350°C, while S1 ℎ𝑅𝑛 remained at 
27%, with the forming geometry shown in Fig. 14. Ne-
ither Case 1 nor Case 2 exhibited a spike, resulting in 
the expected forming outcome. However, in Case A, 

where S1 ℎ𝑅𝑛 was reduced to 24%, a spike was clearly 
observed (Fig. 15), indicating that the material flow 
trend during forming aligns with FEM simulation pre-
dictions. 

The final product dimensions for the three rolling 
cases are listed in Tab. 5. Compared to FEM predicti-
ons, the X-axis width increased by 0.28–0.34 mm, 
while the Y-axis height decreased by 0.34–0.37 mm, 
resulting in a more elliptical shape. This discrepancy is 
primarily attributed to elastic deformation of the roll 
mold in S2 due to forming loads, as the S2 roll axis is 
aligned with the Y direction, causing the X-axis di-
mension to widen. 

Additionally, cross-sections from the Case 1 and 
Case A rolling experiments were extracted (Fig. 16) 
and compared with the simulated profiles. In Case A, 

where ℎ𝑅𝑛 was reduced due to poor design, the spike 
observed in the rolling experiment was even more 
pronounced than in the numerical simulation. This is 
attributed to elastic deformation of the roll mold, 
which increases the roll gap, further exacerbating the 
spike phenomenon. 

 

Fig. 13 Case 1: Defect-free product geometry (Stand 1, 
Section reduction rate 27%, wire temperature 400°C) 

 

Fig. 14 Case 2: Defect-free product geometry (Stand 1, 
Section reduction rate 27%, wire temperature 350°C) 

 

Fig. 15 Case A: Product with flash defect (Stand 1, Section 
reduction rate 24%, wire temperature 400°C) 

 

Fig. 16 Comparison of Experimental and Simulated Cross-
Sections for Case 1 and Case A 
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Tab. 5 Measurement of Rolling Product Dimensions 

 
𝒉𝑹𝒏 27%, 400°C 

(Case1) 
𝒉𝑹𝒏 27%, 350°C 

(Case2) 
𝒉𝑹𝒏 24%, 400°C 

(CaseA) 

Product X diameter 16.20 mm 16.26 mm 16.28 mm 

Product Y diameter 15.19 mm 15.16 mm spike 

 Forming Load 

By collecting forming load data from the upper roll 

sensor, the load curve of Case 1 is shown in Fig. 17. 

The results indicate that the R-side sensor load is 1.5 

to 2 times higher than the L-side sensor load, primarily 

due to the groove design, where the Rolling side (R) 

bears a greater load than the Empty side (L). 

A comparison between the numerically simulated 

forming load and the forming load measured in the 

hot rolling experiment (by summing the R-side and L-

side loads) is shown in Fig. 18. The maximum discre-

pancy between the two is approximately 15%.  

Additionally, when the wire enters S2, the forming 

load in S1 increases significantly (by approximately 3 

kN, from 25 kN to 28 kN). This occurs because the 

reduction in cross-sectional area accelerates the 

forward speed of the wire, making its speed higher 

than the roll’s tangential speed upon entering S2. As a 

result, the rolls decelerate the wire, inducing axial 

compression in the longitudinal direction, which leads 

to an increase in the S1 forming load. 

However, this effect was not observed in the nu-

merical simulation, as the speed relationship between 

S1 and S2 was ideally set in the model. 

 

Fig. 17 Forming Experiment for Case 1, Forming Load Data Collected by Load Sensors 

 

Fig. 18 Comparison of FEM and rolling experimental loads 

This study compares the forming loads in Case 1 

and Case 2, where Case 1 has a wire temperature of 

400°C, and Case 2 has a temperature of 350°C. The 

S1 sensor-collected load data is shown in Fig. 19, re-

vealing that the forming load at 350°C (Case 2) is sig-

nificantly higher than at 400°C (Case 1). Additionally, 

the forming time at 350°C is longer, indicating that 

more sliding occurs during the rolling process. 

The S2 sensor-collected load data is shown in Fig. 

20. In the S2 load curve, the effect of temperature on 

forming load is less significant. However, a periodic 

load fluctuation of approximately 8 seconds is obser-

ved. This fluctuation is unrelated to roll speed and may 

be associated with mechanical springback, although 

further verification is needed. 
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Fig. 19 Forming load of Stand 1 in Case 1 and 2 experiments 

 

Fig. 20 Forming load of Stand 2 in Case 1 and 2 experiments 
 
This study compares the forming loads in Case 1 

and Case A, where S1 ℎ𝑅𝑛 is 27% in Case 1 and 24% 
in Case A, with both cases having the same wire tem-
perature of 400°C. The S1 sensor-collected load data 
is shown in Fig. 21. The results indicate that in Case A 

(S1 ℎ𝑅𝑛 = 24%), the forming load does not increase 
when the wire enters S2. This occurs because, with S1 

ℎ𝑅𝑛 reduced to 24%, the wire exit speed at S1 is lower 
than the S2 roll tangential speed, meaning the wire is 

not subjected to axial compression, and thus, no incre-
ase in S1 forming load is observed. 

The S2 sensor-collected load data is shown in Fig. 

22. Since the pre-forming ℎ𝑅𝑛  at S1 in Case A is 
lower, the forming amount at S2 is higher, resulting in 
a higher S2 forming load compared to Case 1. Additi-
onally, the spike defect in Case A is reflected in a sud-
den increase in forming load, where the forming load 
on the rolling side (S2R) increases by approximately 
1.7 times, reaching 42 kN. 

 

Fig. 21 Forming load of Stand 1 in Case A and 1 experiments 
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Fig. 22 Forming load of Stand 2 in Case A and 1 experiments 

 The Distribution of Mechanical Properties in 
Experimental Results 

In this study, Case 1 (without spike defects) and 

Case A (with spike defects) wires were selected for 

hardness testing. Test specimens with a height of 

15mm were sectioned using a grinding wheel and po-

lished with sandpaper to ensure a smooth and uniform 

cross-sectional surface. 

The actual hardness testing locations are shown in 

Fig. 23, where each test point was spaced at least two 

probe diameters apart, and no closer than two probe 

diameters from the specimen edges, in accordance 

with standard hardness testing protocols. After obtai-

ning the HRB hardness distribution, the values were 

converted to equivalent plastic strain using a previ-

ously established material model [20], and the results 

are presented in Tab. 6. 

The results indicate that Case 1, formed with the 

designed reduction rate, exhibits a higher center strain 

compared to Case A, which exhibited spike defects. In 

the Y-direction (roll gap area), the strain is notably 

higher when spike defects are present, indicating loca-

lized over-deformation, which aligns with the obser-

ved simulation trend in Fig. 24. 

To validate the reliability of the simulation, the 

strain distribution derived from FEM results was com-

pared with the strain converted from hardness 

data(Fig. 25). The average percentage error between 

experimental and simulated strain values was found to 

be 4.6%, demonstrating good agreement and confir-

ming the accuracy of the FEM model in capturing de-

formation behavior. 

 

Fig. 23 The Indentation Locations for HRB Hardness Tes-
ting

Tab. 6 Strain Distribution Converted from HRB Hardness Testing 

Hardness Measurement Locati-
ons 

Case 1 
Strain, Hardness HRB 

Case A Spike 
Strain, Hardness HRB 

C 0.27, 49.9 0.20, 48.1 

Xa 0.30, 50.6 0.32, 51.0 

Xb 0.36, 51.7 0.27, 49.9 

Ya 0.33, 51.2 0.38, 52.1 

Yb 0.32, 51.0 0.44, 53.0 
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Fig. 24 Equivalent Strain Distribution of Wire Cross-Section from FEM Simulation 

 

Fig. 25 Average percentage error between FEM simulation and experimental strain measurements 

 Relationship Between Sensor Load and Uni-
formity of Finished Product Mechanical Pro-
perties 

This study evaluates the uniformity of mechanical 
properties in the final product based on the equivalent 
strain distribution in the radial (Y) direction (Fig. 24) 
and uses it as a process quality indicator. As the rolling 
process progresses, the reduction rate may fluctuate 
due to roll wear, machine vibration, and other factors. 
Therefore, real-time process quality assessment can be 
achieved through forming load measurement. 

The forming load reflects process conditions and 
parameters (Fig. 19–Fig. 22), while process parameters 
influence the mechanical property distribution of the 
wire and the occurrence of spike defects (Fig. 23, Fig. 
24). This study establishes the correlation between 
sensor load signals and the target process quality. 

Data analysis indicates that the Pearson correlation 
coefficient is -0.14 for S1 forming load and 0.41 for S2 
forming load, suggesting that S2 forming load is more 
sensitive to process quality variations. Additionally, S1 

pre-forming pass ℎ𝑅𝑛 is the key factor affecting pro-
cess quality distribution, with a Pearson correlation 
coefficient of 0.91. 

To further analyze this relationship, a response sur-
face was developed to correlate target quality, S2R 

load, and S1 pre-forming ℎ𝑅𝑛 (Fig. 26). The response 

surface was also visualized in 2D form (Fig. 27), 
illustrating the relationship between mechanical pro-
perty uniformity of experimental cases and S2R 
(Rolling Side) forming load. The experimental results 
were highly consistent with the regression model esta-
blished through simulation analysis. 

This study successfully predicts the mechanical 
property distribution of the final product through for-
ming load measurement and process parameter coll-
ection during manufacturing. 

 

Fig. 26 Relationship Between S2 Forming Load, S1 ℎ𝑅𝑛, 
and Y-Direction Strain Variation (Response Surface) 
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Fig. 27 Relationship Between S2 Forming Load, S1 ℎ𝑅𝑛, and Y-Direction Strain Variation (2D- Response Surface) 

 Conclusions 

This study investigates the hot rolling process of 
EN AW-6061-T6 aluminum alloy wire, focusing on 
the feasibility and effectiveness of using forming load 
measurements for process quality evaluation. Forming 
load data were recorded and analyzed across various 
conditions to explore their correlation with key pro-
cess parameters and product quality. The main conc-
lusions are as follows: 

• 1. Forming Load Measurement Enables 

Real-Time Quality Assessment 

Forming load signals accurately reflect wire 

temperature changes, multi-pass load balance, 

and process anomalies due to improper roll 

design. At a lower temperature of 350 °C, S1 

forming load increases by approximately 40% 

and forming time extends by 3% compared to 

400 °C, indicating increased sliding during de-

formation. The load variation across passes 

shows that stand one pre-forming section re-

duction rate (hRₙ) directly affects stand two 

forming load, underscoring its role in load ba-

lancing. 

• 2. Detection and Impact of the spike Phe-

nomenon 

Load signals effectively capture the spike phe-

nomenon, caused by improper roll positio-

ning, which results in a sudden surge in S2 

forming load on the rolling side (S2R), incre-

asing up to 1.7× (42 kN). This not only  

indicates mechanical instability but also corre-

lates with reduced strain uniformity in the  

Y-direction. When stand one section re-

duction rate is reduced to 24%, the spike be-

comes more pronounced, while stand one 

load remains unchanged, suggesting insuffi-

cient axial constraint upon entering stand 

two. 

• 3. Pre-Forming Reduction Rate of Stand 

one Is Critical to Product Uniformity 

The section reduction rate of stand one is the 

most influential factor affecting mechanical 

uniformity and forming load stability. A Pear-

son correlation coefficient of 0.91 confirms a 

strong relationship between section reduction 

rate of stand one and the final product quality. 

The pre-forming reduction rate also directly 

affects the right hand side load of stand two 

and the occurrence of spike defect at stand 

two. 

• 4. Validation and Application Potential of 

Load-Based Process Monitoring 

The experimental forming load and strain dis-

tribution show good agreement with FEM si-

mulation and statistical modeling results, con-

firming the reliability of the proposed mea-

surement method. These findings demon-

strate that forming load signals can serve as 

reliable indicators for process adjustment and 

early-stage defect detection in rolling operati-

ons. This approach provides a data-driven 

basis for quality assurance and offers strong 

potential for integration with machine lear-

ning and smart manufacturing systems. 
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In conclusion, this study confirms the utility of for-
ming load measurements as a practical and quantita-
tive tool for evaluating process quality, detecting de-
fects, and supporting parameter optimization in hot 
rolling. Its application offers significant value for qua-
lity assurance and future intelligent manufacturing de-
velopments. 
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