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Abstract: The rolling condition for fabricating a low-carbon niobium-microalloyed steel sheet with 
an ultrafine-grained (UFG) structure was examined through rolling experiments and finite element 
analysis. A large-diameter rolling process was proposed to create a UFG structure. The rolling was 
conducted near the transformation point, Ar3, from austenite to ferrite. The Ar3 was measured at the 
surface and the center of the sheet. First, the through-thickness microstructure and equivalent strain 
distribution in a 1-pass rolled sheet 2.0 mm thick were examined. In the rolling experiments, the 
embedded pin method was employed to understand through-thickness deformation. The 
magnitude of the equivalent strain to obtain a UFG structure was estimated to be 2.0. Based on these 
results, the fabrication of a 2 mm UFG steel sheet by 3-pass rolling for an initial thickness of 14.5 
mm was attempted by the proposed large-diameter rolling process. 
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1. Introduction 

Research on metallic materials with an ultrafine-grained (UFG) structure (below ~2 μm) is 
constantly being conducted all over the world, because they have improved mechanical and physical 
properties without the addition of alloying elements [1–8]. The grain size depends on processing 
parameters such as the deformation temperature, strain, strain rate, and cooling rate [9–11]. Of these, 
the strain introduced in materials by plastic deformation is as important a factor as the deformation 
temperature for creating UFG structures. Generally, since a large strain is needed for creating grain 
refinement, severe plastic deformation (SPD) techniques have been proposed [3], and the mechanical 
properties and microstructures of UFG materials fabricated through these techniques have been 
studied in detail. However, most SPD techniques use batch processes, and a large strain is achieved 
by repeating the plastic deformation. Hence, these SPD techniques do not directly lead to the 
production of bulk UFG materials on a commercial level. 

Rolling is a superior plastic deformation process in the mass production of metallic sheets. 
Attempts have been made to create UFG steel sheets by a rolling process. A simple method of creating 
UFG steel sheets is to conduct multi-pass rolling at a warm temperature [4–8]. In this case, since the 
microstructure has a strong texture that depends on the rolling process, the mechanical properties, 
especially toughness, are strongly related not only to grain size but also to texture [4,6–8,12,13]. 
Furthermore, this method is the same as SPD techniques, and it is not efficient in the deformation 
process. Etou et al. [14] reported that UFG steel sheets 1.2 mm thick with random texture were 
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successfully fabricated by 40% to 50% reduction 3-pass continuous rolling at the final-pass interval 
of 0.17 s, at a temperature around Ae3. The rolling was conducted using a φ 200 mm two-high tandem 
mill with a high speed of 6–12 m/s. The size of the equiaxed ferrite grain was 0.9 μm at the surface 
layer and 1.4 μm at mid-thickness. Shen et al. [15] showed that a micro-alloyed steel plate 20 mm 
thick with UFG ferrite of 1–3 μm at the surface layer and ferrite of 7.8 μm at mid-thickness was 
fabricated by a rolling coupling water-cooling control process. The 6-pass rolling was conducted at 
above Ae3 by a φ 450 mm two-high reversible mill with a rolling speed of 1.3 m/s, and the total 
reduction was 76%. 

The microstructure of a sheet processed by rolling changes depending on the thickness location 
of the sheet [16–18]. It seems that these changes are mainly caused by the strain distribution through-
thickness rather than the cooling rate and temperature. The strain imposed by rolling is determined 
by not only the friction between the rolls and the sheet surface but also the roll bite geometry, Ld/td 
[3]. Here, Ld denotes the projected length of the contact arc to the horizontal plane, and td is the 
average sheet thickness, as shown in Figure 1a. The Ld/td is expressed as follows: 
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here, r is the reduction, dφ denotes the roll diameter, and t0 is the initial thickness. As can be seen from 
this equation, the Ld/td increases with increasing dφ or r and with decreasing t0. Hence, a very large 
strain can be introduced near the surface layer with a large roll diameter, high reduction, and thin 
sheet thickness. Figure 1b shows the relation between dφ and the equivalent strain εeq at the sheet’s 
surface for a friction coefficient, μ, of a 50% (2t→1t mm) rolled pure Al sheet [3]. The εeq at the sheet’s 
surface becomes larger with dφ, and this is more effective under high friction. Generally, dφ below 400 
mm, as a rolling simulator, is used in the laboratory setting. On the other hand, in a commercial 
setting, a small dφ under a rolled sheet and a large d under a rolled plate are employed. That is, the 
d in the rolling mill becomes smaller with decreasing steel thickness because of the reduction of the 
rolling load. From the viewpoint of large strain introduction, a UFG steel sheet may be fabricated by 
a hot rolling process with a large-diameter roll. 

 
Figure 1. (a) Schematic illustration showing the geometry of the rolling process. (b) Equivalent strain, 
εeq, at the surface layer of a 50% rolled Al sheet against roll diameter, dφ, under different friction 
coefficients, μ. Here, solid lines represent results obtained by finite element analysis and dashed lines 
are expected ones. r denotes reduction. 
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This study aims to determine a rolling condition for fabricating UFG steel sheets through a 
combination of rolling experiments and finite element analysis (FEA), which is a powerful tool for 
understanding deformation behaviors during the plastic deformation process. In order to introduce 
a large strain, a rolling mill with a large roll diameter of 624 mm was used in steel sheet hot rolling 
without a lubricant.  

2. Experimental Procedure  

A low-carbon niobium (Nb)-microalloyed steel with a chemical composition of 0.16 C, 0.2 Si, 1.4 
Mn, 0.03 Nb, and the balance Fe (all in mass %) was used in this study in order to utilize the pinning 
effect of austenite with a high accumulated dislocation density before transformation. A 170 kg ingot 
was prepared by vacuum induction melting and casting, homogenized at 1200 °C, hot forged to a 90 
mm thickness, and then hot rolled into a plate 48 mm thick. A block, 45t × 140w × 300L mm3, was cut 
out of the plate, homogenized at 1200 °C, and then hot rolled to a thickness of 10 mm. The 10 mm 
thick plate was solution treated at 1200 °C for 1 h, followed by water quenching. Steel sheets 4 mm 
thick, 77 mm wide, and 500 mm long were machined from the plate. In order to obtain accurate 
through-thickness deformation after rolling, a pin composed of low-carbon Nb-microalloyed steel 
and type 304 stainless steel was embedded at mid-width for the sheet, as shown in Figure 2. The low-
carbon Nb steel bar with a diameter of 5 mm was machined from the 10 mm thick plate. The pin was 
made by inserting the bar in a hollow type 304 stainless steel, having an outer diameter of 6 mm and 
an inner diameter of 5 mm. 

 
Figure 2. Image drawing of the embedded pin method. Here, the embedded pin is composed of low-
carbon steel and type 304 stainless steel. 

The rolling schedules are shown in Figure 3. The sheets were first heated to 900 °C and held for 
1800 s. At this time, the austenite grain size was about 20 μm. Here, since the grain size of ferrite 
transformed from deformed austenite becomes finer with a decrease in the initial austenite grain size 
[19], a relatively small austenite grain size of 20 μm for the purpose of producing a sheet with UFG 
structure was selected. Subsequently, the sheets were air-cooled and rolled near the Ar3. A rolling 
mill of the reverse type with a roll diameter of 624 mm was used, and the rolling was conducted 
without a lubricant at a rolling speed of 1 m/s. The roughness at the roll’s surface was 0.25–0.30 μm. 
The temperatures immediately before rolling and after water cooling were measured at the sheet’s 
surface by a surface thermometer with a gold-coated cavity, MBST-102 (Kawaso Electric Industrial 
Co., Ltd., Osaka-shi, Japan). The exact rolling reduction was calculated by measuring the sheet 
thickness after rolling. After rolling, the sheets were cooled immediately to 500–550 °C by rapid water 
cooling, and then they were air-cooled to ambient temperature. The equilibrium transformation 
point, Ae3, of the present steel is about 820 °C [20]. However, since the transformation point from 
austenite (γ) to ferrite (α) depends on the cooling rate and prior γ grain size, the accurate Ar3 in the 
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sheets was measured. Figure 4 shows variations in temperature at the surface and center of a sheet 
with time after being taken out of the heating furnace. Here, the temperature at the sheet’s surface 
was measured by a surface thermometer, and that at mid-thickness was measured by inserting a 
thermocouple from the end of the sheet’s width to the width center. The Ar3 was about 680 °C at the 
surface and about 720 °C at mid-thickness. The deformation of the pin in the rolled sheets was 
observed through a digital microscope, VHX-900 (KEYENCE, Osaka-shi, Japan). The microstructures 
at mid-width in the rolled sheets were observed using the electron back-scattered diffraction (EBSD) 
method in a SEM (Carl Zeiss, Jena, Germany) equipped with a field emission gun. 

 
Figure 3. Schedules of the rolling process. Here, a rolling mill with a roll diameter of 624 mm was 
used under a rolling velocity of 1.0 m/s. Here, Ts denotes rolling temperature at the sheet surface, and 
Tf denotes temperature at the sheet surface after rapid water cooling. The temperatures were 
measured by a contact thermometer. 

 
Figure 4. Variations in temperature with time at the surface and center in a 4 mm thickness sheet after 
being taken out from a heating furnace of 900 °C. Here, the temperature at the surface was measured 
by a contact thermometer and that at the center was measured by a thermocouple inserted inside the 
sheet. 
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3. Numerical Procedure 

The FE code ABAQUS/Explicit was employed for numerical analysis. A 4-node linear element 
in a plane strain model, element type CPE4R, was used for a sheet of 4 mm in initial thickness, and 
the rolls were regarded as the rigid body. No remeshing was carried out in the analysis because the 
mesh deformed by rolling is related to the flection of the pin in the embedded pin method. The 
Coulomb condition was used as the frictional condition between the rolls and the sheet, τf = μ p, where 
τf denotes the shear stress, p is the contact pressure, and μ is the friction coefficient. The roll diameter 
and the rolling speed are the same—624 mm and 1 m/s, respectively—as in the experiments. The 
appropriate mesh division in the FEA must be examined because the magnitude of strain near the 
surface with a very large shear deformation certainly depends on the mesh size. Suitable meshes were 
determined based on previous results [17]. The finite element mesh in the sheet 4 mm thick with 
dimensions of 2t × 30L mm2 is shown in Figure 5. The sheet thickness was divided into 40 elements, 
i.e., tel = 0.05 mm was used throughout the sheet. On the other hand, the minimum Lel is 0.025 mm at 
mid-length (center element), and Lel gradually increases toward the front and back. The stress–strain 
relationships, depending on the strain rate employed in the analysis, were measured experimentally 
by the compression test of a cylindrical specimen. The relationships were measured experimentally 
until the true strain of 0.4, and subsequent relationships were extrapolated by assuming Hollomon’s 
equation. As shown in Figure 4, since the Ar3 varies with the cooling rate after the austenite 
temperature, the cylindrical specimen was controlled at 6 K/s by gas cooling after 900 °C and, 
subsequently, was compressed at 700 °C at strain rates of 1/s, 10/s, and 50/s. The 700 °C corresponds 
to the average temperature of the Ar3 at the surface and center of the sheet measured experimentally, 
and the rolling temperature in the FEA was conducted at 700 °C. A Young’s modulus of 140 GPa and 
a Poisson’s ratio of 0.35 were used as the elastic modulus. The rolling reduction used in the FEA was 
determined based on the experimental results. 

 
Figure 5. Initial finite element mesh used for a 4 mm thickness sheet. Here, Lel and tel denote the mesh 
length in the rolling direction (RD) and thickness direction, respectively. 

4. Results and Discussion 

Figure 6 shows the SEM microstructure at the surface, quarter, and center of the rolled sheet. 
When the rolling conditions are r = 40% and Ts = 773 °C, the size of the α grain is almost the same 
(Figure 6(a–c)) throughout the thickness. This is because the rolling temperature is about 50 °C higher 
than the Ar3, and the microstructure is insensitive to the strain distribution in the sheet thickness. On 
the other hand, in Figure 6(d–f), when rolling was conducted at Ts = 690 °C just above the Ar3 (680 °C) 
at the surface under r = 50%, the grain size changes depending on the thickness location of the sheet. 
In particular, an ultrafine-grained structure is formed at the sheet’s surface. Figure 7 shows the 
orientation maps along the normal direction (ND) at each site’s through-thickness that were obtained 
by EBSD analysis for the rolled sheet of r = 50% and Ts = 690 °C, and the misorientation distributions. 
The average grain sizes, dα, with misorientation angles of more than 15° were 1.2 μm at the surface, 
4.5 μm at the quarter, and 5.8 μm at the center. Namely, the dα becomes smaller toward the surface. 
Although the temperature at the sheet’s center, from Figure 4, is estimated to be 708 °C lower than 
the Ar3 (720 °C) at the center, the microstructures have random orientation throughout the thickness. 
This seems to be caused by heat generation due to plastic deformation during high reduction at a 
large roll diameter. The difference in the grain size depending on the thickness location mainly occurs 
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by strain distribution. The strain distribution in the rolled sheet was quantified through FEA and the 
rolling experiments with the embedded pin method. 

 
Figure 6. SEM images at (a,d) surface, (b,e) quarter and (c,f) center of the sheets after rolling. Here, t1 
represents the value of sheet thickness measured after rolling, and Ts and Tf are shown in Figure 3. 

 
Figure 7. Orientation maps along the normal direction (ND), and misorientation distributions at (a) 
surface, (b) quarter and (c) center of the sheet after 50% rolling. 

The flection of the pin embedded before rolling is exhibited in Figure 8, including SEM 
microstructures at the surface, quarter, and center. The ΔLs, which denotes the distance from the 
center to the surface in the rolling direction (RD), measured using the embedded pin method, was 
2.2 mm. It can be seen that the contrast at the surface layer of 0.2 mm varies within the 2 mm thickness. 
The UFG structure was formed in the surface layer. Such a contrast difference in optical micrographs 
has been reported in the literature [15,16,21]. Figure 9 shows deformed meshes of a center part of the 
FE mesh (center mesh in Figure 5) with μ = 0.1, 0.2, 0.3, and 0.4. The flection through the thickness, 
i.e., the ΔLs, becomes larger with increasing μ. This feature is consistent with the experimental results 
[3,18], in which the flection of the embedded pin is larger in a sheet rolled without lubricant than that 
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with lubricant. Figure 10 shows variations of ΔLs against μ obtained from FEA and a distribution of 
the equivalent strain, εeq, throughout the thickness. From Figure 10a, the μ is estimated to be 
approximately 0.3 in the present experiments (ΔLs = 2.2 mm). The εeq for over μ = 0.2 gradually 
increases toward the surface from the center and shows a distribution with the maximum at the 
surface, because a shear strain is imposed at a location other than the thickness center. The εeq at the 
center is constant regardless of μ, and its magnitude indicates 0.8. This agrees with the value 1.15 
ln{1/(1−r)} calculated simply from a 50% reduction in thickness. 

 
Figure 8. Flection of the pin embedded in the sheet after rolling. 

 
Figure 9. Initial mesh and deformed mesh after rolling with various friction coefficients, μ, under 50% 
reduction (4t→2t mm). Here, ΔLs denotes the distance from the center to the surface in the rolling 
direction (RD) illustrated in Figure 1. 
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Figure 10. (a) Relation between μ and ΔLs after rolling obtained by FEA. Here, the experimental result 
denotes the measured value obtained by the embedded pin method shown in Figure 8. (b) 
Distributions of equivalent strain, εeq, through the sheet thickness for various friction coefficients, μ. 

It is well known [9,15,22–25] that the grain size of α transformed from deformed γ becomes finer 
with an increase in the εeq induced in the γ. Thus, it is difficult to produce a uniformly UFG structure 
throughout the thickness because the εeq has a distribution in a hot rolled strip as shown in Figure 
10b. In previous papers [9,24], we reported that the α grain size becomes constant at a strain range of 
εeq ≥ εeq (cri.) regardless of the temperature. If a plastic strain more than the critical strain, εeq (cri.), can be 
introduced to the γ region, fine ferrite grains of the same size may be created uniformly throughout 
the rolled sheet thickness. From Figure 10b, when the μ is 0.3, the εeq represents a maximum value of 
about 12 at the surface. Additionally, the εeq at 0.2 mm from the surface corresponding to the layer of 
the UFG structure indicates just 2.0. This indicates that the εcri. for creating a UFG structure in hot 
rolling is 2.0 in the present steel. This critical value corresponds to a high reduction of r = 83% under 
a plane strain condition such as sheet rolling. However, since this is impossible with a 1-pass rolling 
process, 3-pass rolling was attempted with a total reduction of more than 83%.  

First, a steel plate, 14.5t × 70w × 500L mm3, was prepared. The Ar3, measured in the same way as 
for the single-pass tests, was about 710 °C at the surface and about 720 °C at the center. Figure 11 
shows a schematic diagram of the 3-pass rolling. In Zone A, the temperatures Ta1 and Ta3, immediately 
before the first pass and the third pass, respectively, and the temperature Ta2, immediately after the 
second pass during rolling, were measured using a surface thermometer, MBST-102. On the other 
hand, in Zone B, the temperatures Tb1 and Tb3, immediately after the first pass and the third pass, 
respectively, were measured using infrared thermography, Avio InfRec R300 (NEC, Tokyo, Japan). 
The time between passes was about 6 to 7 s. The roll gap was set at 8.5 mm for the first pass, 4.0 mm 
for the second pass, and 0.1 mm for the third pass. The temperatures at the sheet surface measured 
using a surface thermometer were Ta1 = 711 °C, Ta2 = 718 °C, Ta3 = 694 °C, and Tf = 546 °C. The maximum 
temperatures on the sheet surface, measured using infrared thermography, were estimated as Tb1 = 
751 °C and Tb3 = 720 °C. Here, the emissivity of the infrared thermography used was set to 0.77, and 
its value was determined by comparing with the results of the contact thermometer. 
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Figure 11. Schematic diagram of 3-pass rolling. 

Figure 12 shows the SEM microstructure at the surface, quarter, and center in the sheet 3-pass 
rolled to 2.1 mm thick, the orientation maps along the ND obtained by EBSD analysis, misorientation 
distributions, and the inverse pole figures (IPFs) for the RD and ND. Eventually, a total reduction of 
86% was achieved with 3-pass rolling. The fine-grained α of an average size of 3.4–3.6 μm and pearlite 
(P) were formed from the quarter to the center, and the ultrafine-grained α of an average size of 1.2 
μm was formed at the surface. The typical rolling texture, γ-fiber (ND//{111}) and α-fiber (RD//<110>), 
for bcc was observed only at the center. The rolling texture decreased toward the surface, and the 
microstructure became random at the surface. The microstructure at the center is composed of 
equiaxed α, deformed α, and P. Although we cannot know an accurate history of the temperature 
inside the sheet during rolling, from Figure 12f, it seems that deformed α and deformed γ were 
formed by the deformation in the α (high volume fraction) + γ (low volume fraction) dual phase 
region during rolling, and equiaxed α and relatively elongated P were formed by transformation 
from the deformed γ. On the other hand, from Figure 12d, at the surface with a very large shear 
deformation related to a large-diameter roll and high friction, the microstructure is dominated by 
ultrafine-grained α without texture. Relatively large α grains of 2.0–3.0 μm with ND//{111} and 
ultrafine-grained α of submicron size were partly observed. The transformation of nuclei into 
deformed γ was dramatically introduced by a very large shear deformation in the surface layer, and 
the ultrafine α grains were formed by the subsequent rapid cooling. From the temperatures at the 
sheet’s surface measured during rolling, the surface layer during rolling is considered to have been 
deformed at a temperature just above the Ar3 by heat generation related to the very large shear 
deformation and by internal heat from inside the sheet between passes. If the rolling speed can be 
increased to a commercial level or the rolling can be conducted by a rolling mill of the tandem type, 
which has a short inter-pass time, the α grain structure of the mid-thickness can also be transformed 
from the deformed γ, and it may be possible to fabricate an ultrafine-grained steel sheet without 
texture. 



Metals 2020, 10, 91 10 of 12 

 

 
Figure 12. (a–c) SEM images and (d–f) orientation maps along the ND, inverse pole figures (IPFs) for 
the RD and ND, and misorientation distributions at each site’s through-thickness after 3-pass rolling. 

5. Conclusions 

A rolling process with a large roll diameter of 624 mm for fabricating ultrafine-grained (UFG) 
steel sheets was proposed. The through-thickness microstructure and strain distribution were 
investigated for 0.16 C/0.2 Si/1.4 Mn/0.03 Nb steel. The magnitude of the equivalent strain to obtain 
a UFG structure was quantified through a combination of FEA and 1-pass rolling experiments with 
the embedded pin method, and the fabrication of a 2 mm UFG steel sheet was attempted by 3-pass 
rolling. The results are summarized as follows: 
1. Ultrafine ferrite grains of 1.2 μm size at the surface layer of 0.2 mm at 2.0 mm sheet thickness 

were obtained by the large-diameter rolling process of 50% reduction. The rolling was conducted 
at 690 °C, just above the Ar3, as measured using a surface thermometer. 

2. The friction coefficient is 0.3 under the present hot rolling, and the magnitude of the equivalent 
strain to obtain a UFG structure was estimated to be 2.0. 

3. Ultrafine ferrite grains of 1.2 μm size at the surface and fine grains of 3.4 μm size at the quarter 
in sheets 2.1 mm thick were obtained by 3-pass rolling with a total reduction of 86% over the 
equivalent strain of 2.0. However, at the center, ferrite grain structures of 3.6 μm size were formed 
with γ-fiber and α-fiber texture. 
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