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Abstract
In skin-pass rolling, which is the last stage of cold rolling, the roughness is transferred to the surface of sheet materials by 
means of specially roughened rolls. Sheet material becomes ready for use at the end of the skin-pass rolling process. In terms 
of dyeing and shaping capability of the material, the surface is desired to have an optimum roughness profile. In this study, 
HC420LA grade sheet material was used from HSLA (high strength low alloy) steels, which has been recently used in the 
automobile industry to reduce the weight of vehicles and fuel consumption due to its high strength feature. From the rolling 
parameters, the effects of reduction ratio, rolling speed, roll roughness, and lubricating condition on roughness transfer were 
investigated experimentally. It was observed that roughness transfer ratio increases as the reduction ratio increases. Rough-
ness transfer ratio decreased as the roll roughness increased and when lubricant was used. In addition, there was no observed 
effect of the increase in the rolling speed on the roughness transfer ratio. With the use of lubricant, a more homogeneous 
roughness distribution was obtained compared to the dry conditions. It was concluded that increasing the reduction ratio, 
roll roughness, and rolling speed disrupted the homogeneous roughness distribution.
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1  Introduction

The most important challenges in the automotive industry 
at the present time are the fuel consumption reduction and 
CO2 emissions. Achieving these goals can only be reached 
by reducing the weight of the vehicle [1]. In order to reduce 
the weight of the vehicle, high strength steels or light mate-
rials are mostly used [2, 3]. In parallel with this purpose, 
HSLA (high strength low alloy) steel sheet materials are 
used extensively in automobile construction [4].

The surfaces of sheet materials used in the automotive 
industry is desired to have an optimum level of roughness 
in terms of painting and shaping ability. With the excessive 
roughness of the surface, the painting ability improves, but 

the shaping ability is negatively affected [5–7]. The rough-
ness profile on the surfaces of sheet materials is provided 
by the skin-pass rolling method, which is the last step of 
the cold rolling process [8]. In this method, the rolls are 
roughened with special methods (e.g. electro discharged 
texture, shot blast texture, laser texture, electron beam tex-
ture, electro-chrome deposition) [9, 10]. With the skin-pass 
rolling process, the peaks and valleys on the surface of the 
rolls with a special roughness profile form valleys and peaks, 
respectively, on the sheet material. Thus, the sheet mate-
rial surface gains a roughness profile [11, 12]. The obtained 
sheet material is used as a final product in many industries, 
especially in the automotive industry.

Roughness transfer in skin-pass rolling is affected by many 
rolling parameters. Studies examining the effects of these 
rolling parameters on roughness transfer have increased in 
recent years. Pawelski et al. showed that the rolling elonga-
tion was a function of the reduction ratio and determined that 
the roughness transfer to the sheet material surface increased 
with increase in the rolling elongation. Also, they determined 
that the roughness transfer ratio was higher than the LT (Laser 
Texturing) method in the skin-pass rolling performed with 
roughened rolls with the EDT (Electro Discharge Texturing) 
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method [13]. Simao et al. determined that as the rolling speed 
increases, the surface roughness increases up to a certain roll-
ing speed and then stabilizes [14]. Ma et al. showed that the 
roughness of the material increases with the increase in the 
rolling speed. They also stated that the surface roughness 
mostly increases with the increase in reduction ratio [15]. 
Asgari et al. investigated the effect of force changes on sur-
face texture in hot-dip galvanized steels and concluded that the 
increased rolling force increases the surface roughness [16]. 
Nagase et al. determined that using water-soluble lubricant 
in the skin-pass rolling of high carbon steels provides more 
roughness transfer than dry and mineral lubricants. Also, 
they found that the skin-pass rolling of low carbon steels with 
water-soluble lubricant and dry conditions provides equiva-
lent roughness transfer, while lower roughness transfer was 
achieved with the mineral lubricants [17]. Kijima investigated 
the effect of lubrication on elongation and roughness transfer 
in skin-pass rolling and confirmed the relationship between 
lubrication behaviour and roll radius by experimental rolling 
tests [18, 19]. Wu et al. stated that the surface texture of a 
roll can be transferred to the strip by rolling and determined 
that the roughness transfer increases as a result of the increase 
in the reduction ratio. They also found that an increase in 
reduction ratio increases rolling force [20]. Çolak and Kur-
gan concluded that each parameter that increases rolling 
force increases roughness transfer. They showed that lubri-
cated skin-pass rolling, compared to dry rolling, provides 
decreased roughness of the material surface, and also a more 
uniform roughness distribution [21]. Wu et al. concluded that 
the effect of rolling speed on roughness transfer is negligible 
compared to the reduction ratio [22]. Rodriguez-Vidal et al. 
determined that the mechanical properties of metal sheets sig-
nificantly affect the roughness transfer ability [23]. Mekicha 
et al. reported that the most important parameter affecting the 
surface quality of sheet materials is thickness reduction ratio. 
They also concluded that the rolling speed has little effect on 
the surface quality [24]. Surveying the literature shows that 
there are no published investigations on the roughness trans-
fer of HSLA materials by skin-pass rolling. Also, it is seen 
that there is a big gap in the studies that investigate whether 
the roughness profile obtained in the sheet material exhibits a 
homogeneous distribution.

In this study, HC420LA grade sheet material was used from 
HSLA steels, which has been used in the automobile industry 
to reduce the weight of vehicles and fuel consumption due 
to its high strength feature, in recent years. From the rolling 
parameters, the effects of reduction ratio, rolling speed, roll 

roughness, and lubricating condition on roughness transfer 
were investigated experimentally. This study is important 
because of the necessity of the standard roughness in automo-
tive sheets for painting and shaping ability, and the investi-
gation of the effect of rolling parameters in the roughening 
process by skin-pass rolling and under which conditions the 
roughness is homogeneous with the change inf these parame-
ters. Also, the results obtained from the study can be optimized 
and provide benefits to the manufacturing industry.

2 � Material and Method

2.1 � Material

HC420LA steel sheet material was supplied from Ereğli Iron 
and Steel Factories in 1.0 mm thickness as cold rolled and 
tempered. For the experimental skin-pass rolling study, the 
samples were cut using a CNC router guillotine machine at 
30 mm width and 250 mm length. The chemical composi-
tion of the material was determined using Spectrolab brand 
optical emission spectrometer. The chemical composition of 
the HC420LA sheet material is given in Table 1.

The tensile properties of the material were determined 
using the Instron brand universal tensile device (100 kN) on 
the test samples prepared in accordance with the guidelines 
of the ISO 6892–1 standard. The tensile properties of the 
HC420LA sheet material are presented in Table 2.

2.2 � Experimental Equipment and Parameters

A specially manufactured rolling equipment was used 
in the experimental study. The rolling equipment has a 
power of 1.5 kW, and rolling speeds range of 0–100 rpm. 
In the equipment with a 2-high roll system, the rolls are 
75 mm in diameter and 50 mm in length. The roll pairs 
are made of cold work tool steel and specially roughened 
with diamond. Details of the experimental study are shown 
in Fig. 1. The skin-pass rolling equipment can be seen in 

Table 1   The chemical 
composition of the HC420LA 
sheet material

Chemical composition (wt.%)

Fe C Si Mn P S Cr Ni Cu Mo Al Nb Ti V

Bal. 0.084 0.014 1.017 0.019 0.010 0.035 0.032 0.053 0.004 0.053 0.057 0.056 0.042

Table 2   The tensile properties of the HC420LA sheet material

Material 
grade

Standard Yield 
strength 
(MPa)

Tensile 
strength 
(MPa)

Total elon-
gation (%)

HC420LA EN 10268 445 ± 10 549 ± 8 18.4 ± 0.2
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Fig. 1a in which the location of the rough rolls and the 
image of the roll are presented. The reduction ratio in the 
equipment is adjusted with the turning handle. Figure 1b 
shows the reduction ratio and the details of other param-
eters used in the experiments. Figure 1c shows the stage 
where the reduction ratio is precisely adjusted with the 
dial gauge.

Experimental study includes the effects of the reduction 
ratio, rolling speed, roll roughness and lubricant usage 
parameters on roughness transfer. Table 3 shows the exper-
iments performed with the change of different parameters 
and the purpose of these experiments. The reduction ratio 
is the thickness reduction ratio and is the ratio of the thick-
ness change in the material after rolling to the initial mate-
rial thickness. Mineral lubricant with a viscosity of 1.57 
cm2/s was used in the experiments where the effect of the 
lubricant was examined.

2.3 � Surface Roughness Measurements

The roughness parameters of the roll pairs were measured 
with the Mitutoyo SJ-410 model roughness device. In this 
study, two roll pairs with different roughness were used. Ra 
(arithmetic mean roughness) values of each of these roll 
pairs were determined as follows. Four measurements were 
taken from different regions of each roll. The Ra value of the 
roll pair was determined by taking the average of eight meas-
urements. The same procedure was applied for the other roll 
pair used in the study.

The roughness parameters of the sheet material samples 
were measured with the PCE-RT2000 model roughness 
device. Ra values of sheet material samples were deter-
mined by taking the average of six measurements, three from 
the lower part and three from the upper part, in the rolling 
direction.

Fig. 1   Details of the experimental study: a the skin-pass rolling equipment, b the reduction ratio and the details of other parameters used in the 
experiments, c the stage where the reduction ratio is precisely adjusted with the dial gauge

Table 3   The experiments performed with the change of different parameters and the purpose of these experiments

Experiment 2 is the reference experiment. The experiments shown with red color in other experiments are the parameters that change according 
to the reference experiment

Experiment 
Number
Skin- pass roll-
ing parameters

Reduction ratio 
(%)

Rolling speed 
(rpm)

Lubrication condition 
(Dry/Lub.)

Roll roughness 
(µm)

Purpose of the experiment

1 0.5 10 Dry 4.4 To determine the effect of reduction ratio
2 3.0 10 Dry 4.4 Compared reference experiment
3 3.0 50 Dry 4.4 To determine the effect of rolling speed
4 3.0 10 Lub 4.4 To determine the effect of the lubricant
5 3.0 10 Dry 6.8 To determine the effect of the roll roughness
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3D area scan images and roughness parameters obtained 
by the Bruker Contour GT-K model optical profilom-
eter device are used to determine the roughness distribu-
tions transferred to the surfaces of sheet materials. The 
3D area scan images were taken with high precision for 
0.95 × 1.25 mm sample surface area. The parameters used 
to determine the roughness distribution were obtained as a 
result of the analysis performed with Vision-Software.

3 � Results and Discussion

The roughness transfer ratio (TR) transferred to the sheet 
material surface as a result of skin-pass rolling was calcu-
lated using the formula given in Eq. (1) [25]. In the formula, 
Ra_e is the arithmetic mean roughness value of the rough-
ness values taken from the surface of the sheet material after 
rolling, Ra_s is the arithmetic mean roughness value of the 
roughness values taken from the surface of the sheet material 
before rolling and Ra_r presents the arithmetic mean rough-
ness value of the roll pair.

Figure 2 shows the 3D surface roughness profiles obtained 
from the skin-pass rolling tests conducted in order to exam-
ine the effect of different rolling parameters in Table 3.

In order to determine the effect of different reduction 
ratios on roughness transfer in skin-pass rolling, the experi-
ments numbered 1 and 2 given in Table 3 were performed 
and their results were compared in Fig. 3a. For 3.0% reduc-
tion ratio, the roughness transfer ratio is found higher than 
0.5% reduction ratio. As the reduction ratio increased, the 
contact of the roll roughness profile to the material surface 
increased. Therefore, this increase caused an increase in the 
roughness transfer ratio. This observation agrees well with 
the results in the literature that the roughness transfer ratio 
increases with the increase in the reduction ratio [20–22, 
26]. In addition, the peaks and valleys in the roughness pro-
file of automotive sheets should be uniformly distributed [6]. 
It is seen in the 3D images given in Fig. 2a and b that the 
peak height and the depth of the valleys increase with the 
increase in the reduction ratio. Also in Fig. 3b, it is seen that 
although there are similar core roughness (Sk) values at 3.0% 
reduction ratio and 0.5% reduction ratio in profile height-
material ratio curve, peak heights (Spk) and valley depths 
(Svk) are higher in 3.0% reduction ratio than 0.5% reduction 
ratio. As the reduction ratio increased, the contact of the roll 
roughness profile on the material surface increased. This 
resulted in an increase in peak heights and valley depths. 
When 3D images and material ratio curves (MRC) are evalu-
ated together, it is seen that the increase in the reduction 

(1)TR (% ) =
Ra_e − Ra_s

Ra_r − Ra_s

× 100

ratio disrupts the homogeneous roughness distribution for 
the HC420LA material.

In order to determine the effect of different rolling speeds 
on roughness transfer in skin-pass rolling, the experiments 
numbered 2 and 3 given in Table 3 were performed and 
their results were compared in Fig. 4a. It is seen that rough-
ness is transferred at the same ratio regardless of the roll-
ing speeds, which agrees with the previous studies in the 
literature, e.g. [24]. It is observed in the 3D images given in 
Fig. 2b and c that the peaks height increases and the depth 
of the valleys decreases with the increase in rolling speed. 
Figure 4b shows that the 50 rpm rolling speed has more 
core roughness values (Sk) and the amount of deep valleys 
higher than the 10 rpm rolling speed. The decrease in the 
peak height parameter (Spk) at high rolling speeds indicates 
that the peaks are broken more and it is thought that this 
situation caused an increase in the core roughness (Sk) and 
valley depth (Svk) parameters on the new surface. When the 
3D images and material ratio curves are evaluated together, 
it can be said that a more homogeneous roughness distribu-
tion occurs for the HC420LA material at low rolling speeds.

In order to determine the effect of lubricant on roughness 
transfer in skin-pass rolling, the experiments numbered 2 
and 4 given in Table 3 were performed and their results 
were compared in Fig. 5a. In the case of using lubricant, it 
is observed that less roughness is transferred compared to 
skin-pass rolling in dry environment, which agrees with the 
previous studies [17, 21]. It is thought that the decrease in 
the roughness transfer ratio in case of using lubricant is due 
to the formation of a film layer that can prevent the contact 
between the roll and the sheet material and the decrease 
in the friction force on the surface. With the use of lubri-
cant, the peaks height is close to each other according to the 
dry environment conditions, while the depth of the valleys 
decreases in the 3D images given in Fig. 2b and d. In Fig. 5b, 
it has similar core roughness (Sk) values in both dry and 
lubricant used conditions. Again, it is seen that higher peaks 
and deeper valleys occur in dry conditions compared to the 
conditions where lubricants are used. It has been observed 
that the roll roughness profile has less effect on the sheet 
material surface thanks to the film layer formed by the lubri-
cant on the contact surface. When the 3D images and mate-
rial ratio curves are evaluated together, it can be said that a 
more homogeneous roughness distribution occurs for the 
HC420LA material in the conditions where the lubricant 
is used.

In order to determine the effect of different roll roughness 
on roughness transfer in skin-pass rolling, the experiments 
numbered 2 and 5 given in Table 3 were conducted and their 
results were compared in Fig. 6a. Less roughness was trans-
ferred in skin-pass rolling made with 6.8 µm roll rough-
ness than the case of 4.4 µm roll roughness. This is in line 
with the finding in the literature that as the roll roughness 
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increases, the material resists deformation [27]. Therefore, 
it is seen that roughness transfer ratio decreases as a result 
of increase in roll roughness. It is thought that this situation 
occurs because the contact area of the high roughness roll 
is less than the low roughness roll. It is seen from the 3D 
images given in Fig. 2b and Fig. 2e that the depth of the 

valleys decreases while the peaks height is higher in the 
skin-pass rolling made with high Ra roll roughness value. In 
Fig. 6b, it is seen that higher peaks and deeper valleys are 
formed in skin-pass rolling made with high roughness roll 
compared to skin-pass rolling with low roughness roll. The 
fact that the peak heights and valley depths in the roughness 

Fig. 2   3D surface roughness profiles obtained from the skin-pass rolling tests conducted in order to examine the effect of different rolling param-
eters in Table 3: a experiment number 1, b experiment number 2, c experiment number 3, d experiment number 4, e experiment number 5
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Fig. 3   a The effect of reduction ratio on roughness transfer, b profile height-material ratio curve

Fig. 4   a The effect of rolling speed on roughness transfer, b profile height-material ratio curve

Fig. 5   a The effect of lubricant on roughness transfer, b profile height-material ratio curve
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profile of the roller with high roughness are higher than that 
of the roller with low roughness led to this result. When 
3D images and material ratio curves are evaluated together, 
it can be said that the increase in roll roughness disrupts 
the homogeneous roughness distribution for the HC420LA 
material.

4 � Conclusions

In this study, HC420LA grade sheet material was used from 
HSLA steels, which has been used in the automobile indus-
try to reduce the weight of vehicles and fuel consumption 
due to its high strength feature, in recent years. From the 
rolling parameters, the effects of reduction ratio, rolling 
speed, roll roughness, and lubricating condition on rough-
ness transfer were investigated experimentally. The results 
obtained from the experimental study are as follows.

1.	 As the reduction ratio increases, the roughness transfer 
ratio increases. Also, it was concluded that the increase 
in the reduction ratio disrupts the homogeneous rough-
ness distribution for the HC420LA material.

2.	 The increase in rolling speed does not affect the rough-
ness transfer ratio. On the other hand, a more homogene-
ous roughness distribution is obtained for the HC420LA 
material in the skin-pass rolling made at low rolling 
speed.

3.	 Roughness transfer ratio decreases under the conditions 
where the lubricant is used. Also, a more homogene-
ous roughness distribution is obtained for the HC420LA 
material under the conditions where the lubricant is 
used.

4.	 Roughness transfer ratio decreases with the increase in 
roll roughness. On the other hand, it was concluded that 

the increase in the roll roughness disrupts the homoge-
neous roughness distribution for the HC420LA material.
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