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Introduction 

In the last step of cold rolling, sheet materials with both the 

desired surface roughness and the desired mechanical 

properties are manufactured with specially roughened rolls 

[1]. The last step of cold rolling is known as skin-pass 

(temper) rolling. One of the most important purposes of this 

process is to give the surface a roughness texture in order to 

provide painting and shaping [2, 3]. There are many 

parameters that affect the roughness transfer to sheet 

materials in the rolling process. The studies encountered in 

the literature on these parameters are given below. Mekicha 

et al. concluded that the most important parameter affecting 

the topography of the surface in roughness transfer in 

rolling is the reduction ratio and the rolling speed affects the 

surface topography to a very small degree [4]. Rodriguez-

Vidal et al. stated that the roughness transfer process by 

rolling strongly depends on the mechanical properties of the 

materials [5]. Özakın and Kurgan stated in their study that 

the use of lubricant in the rolling process decreases the 

rolling force, and a more homogeneous roughness profile is 

obtained [6].  In a study by Özakın et al., they were stated 

that in the rolling process applied to materials with different 

thicknesses at the same reduction ratios, materials with 

higher thicknesses had more homogeneous roughness 

distribution [7]. Wu et al. demonstrated the effects of roll 

diameter, material thickness and roll roughness on 

roughness transfer to the surfaces of sheet materials by 

rolling. They showed that larger roll diameter reduces 

roughness transfer, with more roughness transferred to the 

thinner strip [8]. Patel et al. showed the effects of roll 

diameter, reduction ratio and sheet width on roughness 

transfer using finite element methods. They evaluated the 

deviation transfer values with their unique methods [9]. 

Zhang et al. investigated the effects of grinding, polishing 

and sandblasting processes applied to roll surfaces on 

surface topography, mechanical properties, and 

microstructure in the rolling process. They showed that 

when sheet materials were rolled with rolls produced by 

sandblasting at the same reduction ratio, they had the 

highest peak density, the smallest grain size, and the highest 

tensile strength [10]. 

It is determined that roughness transfer in the rolling 

process is intensively applied to sheet steel materials within 

the literature information. In this direction, aluminum alloys 

are widely used in high-tech applications due to their many 

advantageous properties such as light weight, high 

mechanical properties, good corrosion resistance and cost 

effectiveness [11-13]. The surface appearance of aluminum 
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ABSTRACT 

 
 

Sheet materials are manufactured with roughness in order to be ideally painted and shaped.  This process 

is carried out in the final stage of cold rolling using roughened rolls. The sheet material passing between 
the rough rolls is finally roughened and put into use. Aluminum alloys are used in many industries due to 

their superior properties such as light weight, high corrosion resistance and high mechanical properties. 

This study was carried out to determine the surface roughness behavior of aluminum sheet materials in 
cold rolling roughening. In this context, AA2024-T3 aluminum alloys were subjected to cold rolling 

process using roughened rolls at different reduction ratios (1%, 5%, 10%, 20%). During the tests, the 

rolling forces were read from the test equipment and the roughness parameters Ra, Rv and Rp and roughness 
profiles of the surfaces roughened by rolling at different reduction ratios were obtained. It was determined 

that the rolling force and roughness transfer ratio increased as the reduction ratio increased.  When the 

roughness parameters, roughness distribution and surface images were evaluated together in the roughness 
transfer with cold rolling at 1% reduction ratio, it was concluded that there was a homogeneous roughness 

distribution on the sheet material surfaces, while the homogeneous roughness distribution gradually 

deteriorated at 5% and increasing reduction ratios.  
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sheet materials is one of the important factors that reveal 

their commercial value, as with all sheet materials. The 

surface appearance of sheet materials is affected by the 

rolling parameters of the manufacturing line. Surface 

quality characteristics of aluminum sheets are expressed as 

tribological elements between surfaces such as rolling 

force, forward slip, rolling speed, lubrication conditions, 

reduction ratio, surface properties of the work roll. It is 

actually the surface topography of the work roll that 

determines the surface quality of aluminum sheet materials 

[14]. The studies encountered in the literature on roughness 

transfer to aluminum-based sheet materials by rolling are 

given respectively. Lenard cold rolled AA6061-T6 

aluminum alloys with different reduction ratios using 

mineral lubricant. They investigated the effects of roll 

roughness on roll force, roll torque and forward slip. They 

found that the increase in roll roughness did not adequately 

lubricate the interfaces and caused an increase in roll force 

[15]. Frolish et al. reported that roll roughness is one of the 

main factors affecting the surface properties of aluminum 

sheet materials in rolling [16]. Sun et al. investigated the 

experimental conditions under which the surface roughness 

of aluminum materials in the rolling process is optimum. 

They stated that the reduction ratio and the viscosity of the 

lubricant play a dominant role in achieving the optimum 

roughness [17]. Jeng et al. investigated the effects of roll 

speed, reduction ratio and lubricant viscosity on the surface 

quality of aluminum sheets from cold rolling parameters. 

From the theoretical results they obtained, they stated that 

increasing the reduction ratio, decreasing the roll speed and 

viscosity will cause an increase in the contact area and an 

increase in the roll pressure [18]. Hussein et al. investigated 

the effects of reduction ratio, forming temperature, lubricant 

properties on surface hardness, surface residual stresses and 

surface roughness in the rolling process of aluminum alloys. 

They reported that lubricant properties had a strong effect 

on surface roughness, while reduction ratio had a strong 

effect on surface hardness and surface residual stresses [19]. 

Ma et al. investigated the effects of different lubrication 

conditions on surface quality after rolling. They showed 

that water-based nanolubricant exhibited the best properties 

in terms of surface quality [20]. Warneke et al. produced 

rough rollers by high-speed laser ablation, characterized the 

rolls and investigated the transfer of roughness texture to 

aluminum sheet materials. They stated that the rolls 

produced by laser ablation technique exhibited more 

homogeneous roughness distribution compared to those 

produced by electrolyte etching [21]. 

When the literature studies are examined, roughness 

transfer to sheet materials by rolling is generally subject to 

steel materials and the effects of many parameters in which 

steel materials are used have been tried to be examined. It 

has been determined that aluminum-based sheet materials 

have been subjected to fewer studies on roughness transfer 

by rolling. It has been observed that AA2024-T3 alloy 

materials, which are used extensively in the aerospace and 

automotive fields, have not been subjected to roughness 

transfer in cold rolling and there is a gap in this subject. In 

this study, AA2024-T3 aluminum alloys were subjected to 

cold rolling process using roughened rolls at different 

reduction ratios. The roughness transfer to the material with 

different reduction ratios was experimentally investigated. 

Materials and Methods 

Material 

In this study, AA2024-T3 aluminum alloys were preferred. 

AA2024-T3 aluminum alloys are frequently used in 

aerospace structural components due to their many 

advantages such as high strength, corrosion resistance and 

easy machinability. The chemical composition of AA2024-

T3 aluminum alloy is given in Table 1 and its mechanical 

properties are given in Table 2. 2 mm thick AA2024-T3 

aluminum alloys were prepared using a 125 mm long, 25 

mm wide laser cutting machine. The surfaces of the cut 

samples were cleaned with ethyl alcohol and subjected to 

rolling tests. 

 

Table 1. Chemical composition of AA2024-T3 aluminum alloy sheet material [22]. 

Chemical composition (wt%) 

Al Cu Mg Mn Fe Zn Si Ti Cr 

Balance 4.55 1.49 0.45 0.17 0.16 0.10 0.02 <0.01 

Table 2. Mechanical properties of AA2024-T3 aluminum 

alloy material [23, 24]. 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength  

(MPa) 

Ultimate 

Tensile 

Strain  

(mm/mm) 

72.4 345.0 482.0 0.1587 

Methods 

Rolling tests were carried out in the rolling test equipment 

by setting four different reduction ratios (1%, 5%, 10%, 

20%). The reduction ratios were determined by the ratio of 

the difference between the thicknesses of the material 

before the rolling process and the thicknesses after the 

rolling process to the thicknesses before the rolling process. 

Rolling tests were carried out under dry conditions with 75 

mm diameter rough rolls at a rolling speed of 10 rpm. 

Rolling loads were read from the load cell during each test. 

After the rolling tests, the roughness measurements of the 

surfaces were performed using a PCE-RT 2000 roughness 

tester and the surfaces were imaged with a SOIF XJP-6A 

optical microscope at 10X magnification. Figure 1 shows 

the rolling test equipment and characterization methods 

used in the study. 
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Figure 1. Rolling test equipment and characterization methods. 

In order to ensure roughness transfer, the rolls were 

manufactured by roughening with diamond. The average 

roughness (Ra) of the top and bottom rolls was calculated as 

3.4 µm. Roughness measurements of the rolls were 

performed at four different points from the center points of 

the rolls and averages were taken. In the roughness 

measurements of the material surfaces, three measurements 

were taken from different points in the rolling direction and 

the roughness parameters of the surfaces were determined. 

Within the scope of the study, the roughness transfer ratio 

(RR) transferred from the rolls to the surfaces of AA2024-

T3 aluminum alloy materials was determined using the 

formula given in Equation 1 [25]. In the equation, Ra_e is the 

arithmetic mean surface roughness after rolling, Ra_b is the 

arithmetic mean surface roughness before rolling and Ra_r is 

the arithmetic mean surface roughness of the roll pairs. 

RR (%)=
Ra_e − Ra_b

Ra_r − Ra_b

 × 100 (1) 

Results and Discussion 

Roughness transfer was performed on AA2024-T3 

aluminum alloys by cold rolling process at different 

reduction ratios and the thicknesses of the materials were 

measured with a micrometer. The photos of aluminum 

samples before and after rolling with several reductions are 

given in Figure 2. In these images, the load values read from 

the load meter during roughness transfer in the cold rolling 

process were also written. The average values of 

thicknesses measured at three different points after each 

pass are given in Table 3. Material thicknesses for each pass 

initial thickness is 2.02 mm. 

 

Figure 2. Images obtained from samples roughened by 

cold rolling. 

Table 3. Material thicknesses of AA2024-T3 aluminum 

alloys before and after roughness transfer by cold rolling 

Reduction Ratio 

(%) 

Thickness 

(Average) 

0 2.02 

1 2.00 

5 1.92 

10 1.82 

20 1.62 

After roughness transfer to AA2024-T3 aluminum alloys by 

cold rolling, the roughness parameters Ra (arithmetic mean 

roughness), Rp (maximum profile peak height) and Rv 

(maximum profile valley depth) of the surfaces were 

measured and the graph showing the relationship between 

these parameters and reduction ratios is given in Figure 3. 

The Ra parameter increases with increasing reduction ratio. 

When the reduction ratio increased from 1% to 5%, the Ra 

parameter increased by 52%. When the reduction ratio 

increased from 5% to 20%, the Ra parameter increased by 

42%. It is seen that the increasing trend in the Ra at 

reduction ratios of 5% and more is less compared to the Ra 

in the 0%-5% reduction ratio range. It can be said that the 

onset of work hardening in the material at high reduction 

ratios, and thus it prevents the roughness transfer from the 

roll to the material. This is also stated in the literature [26]. 
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It is also possible to see that the increasing trend of Rv and 

Rp parameters with the increase in the reduction ratio 

exhibits a similar behavior to the Ra parameter. When the 

reduction ratio increased from 1% to 5%, the Rv parameter 

increased by 44%. When the reduction ratio increased from 

5% to 20%, the Rv parameter increased by 14%. Likewise, 

when the reduction ratio increased from 1% to 5%, the Rp 

parameter increased by 114%. When the reduction ratio 

increased from 5% to 20%, the Rp parameter increased by 

90%. This shows that with increasing reduction ratio, the 

roll roughness peaks and valleys are transferred to the 

material to a lesser extent due to the hardening of the 

material and forward slip during rolling.  

 

Figure 3. Relationship between reduction ratio and 

roughness parameters Ra, Rp and Rv. 

After roughness measurements were made on the samples, 

roughness transfer ratios were calculated using Equation 1. 

The relationship between different reduction ratios and 

roughness transfer ratios is shown in Figure 4. It is seen that 

the roughness transfer ratio increases with increasing 

reduction ratio. When the reduction ratio increased from 1% 

to 5%, the roughness transfer ratio increased by 61%. When 

the reduction ratio increased from 5% to 20%, the 

roughness transfer ratio increased by 47%. The reduction 

ratio is one of the most effective parameters in the 

roughening process and it is frequently found in literature 

that the roughness transfer ratio increases as the reduction 

ratio increases [27, 28]. With increasing reduction ratio, the 

peaks and valleys on the roll surface are effectively 

transferred to aluminum sheet materials. Thus, the material 

surface gets closer to resembling the roughness profile of 

the roll. Although this ratio is predicted to be 100% due to 

the forward shift in rolling behavior, this is impossible in 

practice. However, it can be said that the work hardening, 

and forward slip behavior of the material have a great effect 

on this situation. 

 

Figure 4. Relationship between different reduction ratios 

and roughness transfer ratios. 

Specific roll force (rolling forces acting on unit length) were 

calculated from the load values. The graph showing the 

relationship between different reduction ratios and rolling 

forces is shown in Figure 5. It is seen that the rolling force 

increases with increasing reduction ratio. The findings 

agree with the literature studies [29]. When the reduction 

ratio increased from 1% to 5%, the rolling force increased 

by 115%. When the reduction ratio increased from 5% to 

20%, the rolling force increased by 132%. At higher 

reduction ratios, higher rolling forces occur due to the 

increased volume of material that must be formed in a given 

time and the onset of work hardening. This means a shorter 

roll life and higher wear rates. Determining the appropriate 

parameters that can provide ideal roughness transfer will 

provide many advantages such as roll life and energy 

consumption. 

 

Figure 5. Relationship between different reduction ratios 

and rolling forces. 

The roughness profiles on the sample surfaces that were 

obtained with different reduction ratios are shown in Figure 

6.  It is seen that in the roughness transfer process by cold 

rolling at 1% reduction ratio, the peak and valley 

distributions of the roughness profile exhibit a 

homogeneous distribution in the range of approximately ±5 

µm. In the roughness transfer process with cold rolling at 

5% and higher reduction ratios, it is seen that the 

homogeneous distribution of peaks and valleys in the 
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roughness profile starts to deteriorate. This is indicated by 

the irregular fluctuation of the intense peaks and valleys. 

Based on the findings, we can say that high reduction rates 

(>1%) hurt the homogeneous distribution of the roughness 

profile. It should be noted that homogeneous roughness 

distribution is very effective in terms of dyeing and shaping 

[30].

 

 

Figure 6. Roughness profiles of materials in the roughness transfer process by cold rolling at different reduction ratios. 

Microscope images of the material surfaces of AA2024-T3 

aluminum alloys in the roughness transfer process by cold 

rolling at different reduction ratios are shown in Figure 7. 

In the roughness transfer process by cold rolling at 1% 

reduction rate, the traces formed on the material surface are 

in a certain order and the dark-colored regions represent the 
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valleys transferred from the rolls to the sheet material 

surface. In the roughness transfer process with cold rolling 

at 5% and higher reduction ratios, the dark colored regions 

in the traces formed on the surface of the material increase, 

but it is observed that the density of valleys and peaks 

gradually increases compared to 1% reduction ratio. The 

increase in valleys, peaks, and irregular craters on the 

surface reveals that the homogeneous distribution of valleys 

and peaks on the material surface is disrupted. 

 

 

Figure 7. Microscope images of materials in the roughness transfer process by cold rolling at different reduction ratios. 
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Conclusion 

In this study, AA2024-T3 aluminum alloys were subjected 

to a roughness transfer process with different reduction 

ratios. In the study, roughness profiles, parameters and 

images transferred to the surfaces of AA2024-T3 aluminum 

alloys due to the rolling process were evaluated and 

roughness transfer behaviors transferred to the material 

with different reduction ratios were tried to be determined. 

The results obtained from the study are given below. 

• It was determined that the increased tendency in 

Ra, Rp and Rv roughness parameters at reduction 

ratios of 5% and above was less compared to Ra, 

Rp and Rv roughness parameters in the reduction 

ratio range of 0%-5%. 

• As the reduction ratio increased, the roughness 

transfer ratio increased. This increase was 

determined to be 61% when the reduction ratio 

increased from 1% to 5% and 47% when it 

increased from 5% to 20%. 

• The rolling force increased with an increasing 

reduction ratio. This increase was 115% when the 

reduction ratio increased from 1% to 5% and 

132% when the reduction ratio increased from 5% 

to 20%. 

• It was concluded that the roughness profile 

exhibited homogeneous distribution in terms of 

peak, valley distributions, and surface images in 

the roughness transfer process by cold rolling at a 

1% reduction ratio, and the homogeneous 

distribution deteriorated at reduction ratios of 5% 

and above. 
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