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PREFACE

The insertion of new and enhanced materials based on materials belonging to 

the Nano scale in the day-by-day has growth up in a silent way.  In part, a number of 

works in the nanotechnology stemming of theoretical research using Density Functional 

Theory (DFT) and sophisticated simulation methods; another part is associated to the 

protected technologies associated to the military and patented nanomaterial and its 

process. In this sense, open access to recent aspects on the nanostructures application 

and properties can be reached in this book. Here, an interesting set of chapters gives 

opportunity of access texts that reach process and processing of nanostructures, 

applications of nanotechnology, advanced techniques to theoretical development. A broad 

set of nanostructures are here covered such as, nanocrystal, superficial nanograins, inner 

microstructures with nanograins, nanoaggregates, nanoshells, nanotubes, nanoflowers, 

nanoroad, nanosheets, Also, reveals new investigations areas as grainboundary of 

nanograins in ceramics and metals. A great number of software has been used as a tool 

of development of Science and Technologies for nanotechnology COMSOL Multiphysics 

5.2. Phenomena and properties has been investigated by recent or classical techniques 

of materials characterization as Localized Surface Plasmon Resonance (LSPR), X-ray 

photoelectron spectroscopy (XPS), Field Emission Gun Scanning Electron Microscopy 

(FEG-SEM) with Energy Dispersive Spectroscopy (EDS), Raman Scattering Spectroscopy 

(RSS), X ray diffraction (XRD), 57Fe Mössbauer spectroscopy, UV-vis spectroscopy, 

dynamic light scattering (DLS), Atomic Force Microscopy (AFM), and Field Emission 

Gun Scanning Electron Microscopy (FEG-SEM). In this sense, collections of spectra 

from Mössbauer spectroscopy, UV-vis spectroscopy and Infrared spectroscopy can be 

found. As a matter of fact, some chapter’s item can be seemed as specific protocols for 

synthesis, preparations and measurements in the nanotechnology.   

               I hope you enjoy your reading.

Prof. Dr. Marcos Augusto Lima Nobre
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CHAPTER 1

ROLLING OF 316L STAINLESS STEEL WITH ROUGH 
ROLLS: A POSSIBLE TECHNIQUE TO OBTAIN 

SUPERFICIAL NANOGRAINS

                 
Data de submissão: 17/03/2021
Data de aceite: 06/04/2021

Carlos Camurri
University of Concepción

 Department of Materials Engineering
Concepción, Chile

Alejo Gallegos
University of Concepción

 Department of Materials Engineering
Concepción, Chile

ABSTRACT: 316L stainless steel plates of 5 
mm thickness, normalized at 900°C, were cold 
rolled with different reductions and number 
of passes by using rolls with three different 
surface roughnesses: grain heights of  0.17 
and 0.33 mm and rombhoid-shaped grains 
of 1.5 mm height. Subsequently, the rolled 
samples were annealed at 275°C for 1 h in an 
effort to achieve superficial nanograins. The 
plates laminated by using low-roughness rolls 
had continuous superficial microcrystallization 
when they were rolled for at least 26 passes. 
For samples made with rougher rolls, the 
recrystallized superficial grains formed on the 
surface (sized ~10–15 μm) were smaller than 
those below the surface; this behavior was 
caused by the major deformation induced 
by repeated indentations. The superficial 
recrystallization of the sample also tended 

to be more continuous for higher number of 
passes; micrographs of the penetration profiles 
of indentation in the samples rolled with high 
roughness rolls revealed that a sample rolled 
24 times had not yet reached the steady 
surface topology. As a conclusion, in order to 
successfully form superficial nanograins, very 
low roughness rolls must be used as well as a 
small absolute reduction per pass, followed by 
annealing. These rolling conditions generate 
a continuous field of highly superficial 
deformations, which act as nucleation centers 
for nanograins during annealing. 
KEYWORDS: Surface. Nanograins. Rolling. 
Rough rolls. Annealing.

1 INTRODUCTION

The development of the economy, 

with an annual increase of 3.7% on the global 

growth product  since 2003, has generated an 

increasing demand for metals, which have risen 

in  price, sometimes drastically; for example, 

the price of copper has increased by 409.5%. 

In that context, the international scientific 

community has made efforts to improve the 

mechanical and chemical performance of 

metals in order to optimize their use and widen 

their range of applications. In that sense, it is 

known that the presence of small grains favors 
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the mechanical resistance of metallic materials. This phenomenon can be observed from 

the classic Hall–Petch equation, which indicates that smaller grain sizes produce higher 

yield strengths. This relationship has led to several investigations on refining the grain 

size of metallic materials. The methods used to refine the grain size to microscale and 

nanoscale regimes can be classified into three groups depending on the phases involved in 

the process: solid-state methods, solidification methods, and condensation/solidification 

methods. A number of studies have analyzed the deformation-recrystallization sequence 

of solid-state methods, a sequence which causes severe plastic deformation to the grain 

structure 3. This methodology has industrial limitations because of the size of the pieces 

and the high amounts of energy needed process the entire bulk structure instead of only 

its surface. 

Other investigations have developed means of refining surface grains by inducing 

highly peripheral deformation and then recrystallizing the material; these deformation 

methods include sandblasting, shot-blasting,  ultrasound pulses , wire-brushing  and, more 

recently, high-speed waterjet deformation. For example, a previous report demonstrated 

the generation of a nanocrystalline surface layer on AISI 316 stainless steel by sandblasting 

with 0.75-mm alumina grains followed by annealing; this process refined the grains and 

increased hardness to a depth of 200-μm. Similar results have been obtained on AISI 

304 stainless steel by sandblasting with 0.21–0.30-mm silica grains followed by annealing; 

this process produced 20-nm grains ; the presence of this surface layer considerably 

improved the steel’s corrosion resistance and mechanical properties. 

Another technique that has been used to obtain superficial nanograins is 

superficial deformation/recrystallization induced by wire brushing. In fact, a previous 

study demonstrated the generation of 20–300-nm superficial equiaxed grains on low-

carbon steel alloys, austenitic stainless steel, commercial aluminum, Al-Mg, Al–4% Cu, 

pure Cu, Cu-Zn, and Pb-Sn; the authors of that study indicated that this technique can 

easily generate superficial nanostructures on any metallic alloy.  

Additionally, several authors have reported the presence of nanocrystals in 

metallic surface layers after pin-on-disk tests performed on train rails or induced by 

friction. Nonetheless, none of these techniques are compatible with ongoing processes 

or for processing large surfaces, because they are slow and have low operative speed. 

Because of these limitations, in this work the possibility of generating superficial 

nanostructures by other means is addressed. Specifically, cold rolling with rough rolls, thus 

simulating the superficial deformation processes occurring in sandblasting, could generate 

a dense, complex, high field of superficial deformations in a 316L stainless steel, and with a 

subsequent low-temperature annealing would induce the desired superficial nanostructures. 



The Great World of Nanotechnology Vol II Chapter 1 3

In effect, the application of a strong microcontinuous deformation field in a 

certain volume near the roll accumulates enough energy that new crystals can form 

at temperatures as low as 275°C. These new grains will be smaller than the original 

grains, given that a higher amount of energy can enter in the original network and that 

more nucleation centers are generated. Sandblasting and shot-blasting have produced 

positive results, but they cannot be used to treat large surfaces while maintaining proper 

dimensional control. The methodology proposed in this report simulates the deformation 

generated by these processes while allowing for better dimensional control and the 

possibility of treating larger surfaces. 

2 EXPERIMENTAL DETAILS

A 316L austenitic stainless steel sheet with a nominal thickness h0 of 5 mm, 

previously normalized at 900°C for 12 h, was considered as a raw material. To cold roll 

the sheet, was used a 7.5 kW Joliot two-high reversible rolling mill, equipped with rolls that 

were 200 mm wide and 127 mm in diameter. Based on the grain sizes of alumina and silica 

(between 0.21 and 0.75 mm) used for sandblasting samples of stainless steel in previous 

reports, three rolls with varying degrees of roughness were used in this work, between 

one half of the minimum to twice the maximum of the roughness considered by the cited 

references. The three rolls used are as follows: rolls with 0.17-mm and 0.33-mm average 

height surface grains (from ten measurements with standard deviation of 0.05 and 0.08 

mm respectively), referred to as low-roughness rolls, and a roll with rhomboid-shaped 

base pyramids of 2.08-mm length, 1.04-mm width, and 1.5 -mm height on its surface, 

referred to as the high-roughness roll. The surface heights size of grains of the rough rolls 

were obtained by measuring it with a probe on a micrometer screw of 0.01 mm sensibility. 

The 316L stainless steel normalized at 900°C was cold rolled first with the low-

roughness rolls; the relative reduction was varied as well as the number of passes, up to 

107. These variations were introduced in order to study the real effect on the generation 

of surface nanograins of the total reduction and that of repeated indentation induced 

by roll roughness. From the first set of results, obtained with low-roughness roll, it was 

deduced that the most important variable for generating new recrystallized grains was the 

number of passes; thus, when the high-roughness roll was used, the sheet was rolled in 

four different ways while keeping a fixed total reduction of 26%, reaching the final nominal 

thickness hf of 3.7 mm but varying the number of passes and the absolute reduction per 

pass. Then, the cold-rolled samples were annealed at 275°C for 1 h. In the pattern samples 

(normalized) and those cold rolled and annealed, the Vickers microhardness (HV) - with a 
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load of 30 Kg- using a Struers Duramin equipment was measured, and microstructures by 

optical microscopy were determined.

3 RESULTS

Figure 1 shows a typical micrograph of 316L stainless steel normalized at 900°C for 

12 h and cooled in the furnace. The central zone of the sample shows 150-μm recrystallized 

grains; also, the formation of a fragile oxide layer with 50-μm grains was detected. 

Figure 1. Micrograph of a 316L stainless steel sheet normalized at 900°C for 12 h.

   

          

Table I shows the absolute reductions, numbers of passes, and characteristics of 

recrystallization obtained after annealing in the rolling assays with low-roughness rolls. 

Table I. Characteristics of the assays made with low-roughness rolls.

Sample Height 
grains (mm) ho (mm) 

Number of 
passes hf (mm)

Results Location

r18 0.33 4.94 18 4.69 Partial recryst. surface

r12 0.33 4.92 12 4.46 No recryst.

r26 0.33 4.94 26 4.73 Continuous. surface 

r7 0.17 4.81 7 4.64 No recryst.  
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Sample
Height 

grains (mm)
ho (mm) 

Number of 
passes

hf (mm) Results Location

r22 0.17 4.77 22 3.92 Partial recryst. surface

r107 0.17 4.93 107 4.03 Continuous. surface

r54 0.17 4.95 54 3.68 Continuous. surface

r3 0.17 4.78 3 3.48 Partial recryst. internal

In Table I and then in Table II, surface recrystallization refers to that from the 

surface to a 50-μm depth, while internal recrystallization refers to that from a 600- μm 

depth and below; partial recrystallization refers to that associated with zones of maximal 

deformation in the indentation marks or the planes of highest deformation. Also, in those 

tables the rolled samples were named r (number of pass) or R (number of pass) when low 

or high roughness rolls were used respectively. 

Table I shows that continuous recrystallization on the surface is only achieved 

when the sample is rolled at least 26 times, independent of the total reduction. It is 

necessary to create a high and tangled density of deformations at the surface of the steel 

induced by the continuous indentation of the rough roll; these deformations will act as 

preferential nucleation sites during subsequent heating. Sticking friction is produced at 

the interface of the steel and roll as well as through some depth because of the indenter 

effect of the roll roughness, the latter of which increases with absolute reduction and 

the roughness itself; thus, it is deduced that global or bulk deformation does not affect 

surface recrystallization. In other words, the surface of the steel deforms mainly because 

of the indentation and not because of the deformation of the rolling itself. 

Table II shows the absolute reductions, number of passes, and characteristics of 

recrystallization obtained after annealing in the rolling assays with high-roughness rolls.

Table II.  Characteristics of the assays made with high-roughness rolls.

Sample
h0 (mm)

Number of 
passes hf (mm)

Results Location

R06 4.96 6 3.66 Partial recryst. Int. – ext.

R10 4.96 10 3.79 Partial recryst. Int. – ext.

R19 4.95 19 3.59 Partial recryst. Int. – ext.

R24 4.96 24 3.62 Continuous Int. – ext.

As shown in Table II, the assays with high-roughness rolls exhibited partial or 

continuous internal and superficial recrystallization after annealing at 275°C for 1 h, based 
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on the number of passes and independent of the absolute reduction imposed. Figure 2 

shows that samples rolled with 6 and 10 passes have certain sections on the surface with 

no new grains as well as other zones with smaller recrystallized grains of 10–15 μm. For the 

sample cold rolled with 24 passes, these small recrystallized grains appear over the entire 

surface, a behavior which highlights the cumulative effect of deformations by indentation 

based on the number of rolling passes.

Figure 2. Micrographs of the four different cold rolled samples annealed at 275°C for 1 h. 

        

Figure 3 shows that preferential recrystallization with smaller (10–15 μm) grains 

can be observed from the surface. Zone 1 (to depth of 100 μm) is mostly affected by 

the indentation deformation caused by shear, which is imposed by the roughness of 

the roll. The recrystallized surface grains of 10–15 μm appear in this zone at a depth 

of 35–50 μm; these grains are considerably smaller than the remaining recrystallized 

grains in this sample. This behavior suggests a preferential indentation effect imposed 

by the roughness on this superficial deformation and the subsequent recrystallization. 

Zone 2 is located deeper in the sample; this zone contains larger recrystallized grains, 

which are produced by deformation from slip associated with the rolling itself and from 

some shear strain due to the effect of indentations that can reach such a depth. Zone 



The Great World of Nanotechnology Vol II Chapter 1 7

3, starting from a 600-μm depth, has recrystallization associated only with the rolling 

deformation from slip on bulk. 

Figure 3: Micrograph of the R10 sample after rolling and annealing. 

         

        

Figure 4 shows the microhardness profiles of two of the samples cold rolled 

with high-roughness rolls and then annealed; they are compared with those normalized 

at 900°C for 12 h and then sandblasted with granulometry sand of 0.21–0.30 mm for 

20 min, followed by annealing at 275°C for 1 h with furnace cooling. 

The hardnesses of the sandblasted and rolled samples at 50 μm from the 

surface are 240 and 210 HV, respectively. As previously mentioned, the grain size and 

hardness in this zone are associated only with the deformation caused by indentation. 

At greater depths, the hardness of the sandblasted sample decreases greatly to 

about 60 HV, the same as stainless steel annealed at 900°C. This phenomenon does 

not occur in the rolled stainless steel R06 and R24 in whose there is an increase of 

hardness to the deeper Zone 2 shown in Figure 3; this region shows a combination 

of the effects of the deformations by rolling and by indentation. From 600-μm depth, 

zone 3 of Figure 3, the hardness tends toward a stable value due to the only effect of 

the volume deformation by rolling.  
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Figure 4. Volumetric hardness’s in samples that were cold-rolled or sandblasted and subsequently annealed.

       

Figure 5 shows how the number of passes affects the indentation imposed in the 

sample cold rolled with high-roughness rolls.

Figure 5. Micrographs of the superficial topography of samples after 6, 11, 19 and 24 passes respectively from left 
to right, with high-roughness rolls.

          

In each micrograph from Figure 5, the large white areas represent higher zones 

or plateaus from the material removed by indentation from the rough rolls. As the number 

of passes increases, these plateaus continue to interact with the roughness of the roll; 

this behavior tends to cause the surface of the steel to flatten, reducing the macroscopic 

effect of the indentation and diminishing the visibility of these plateaus in the micrographs. 

Nevertheless, the sample with 24 passes still exhibits visible white zones, although many 

fewer than the other samples. Studying the morphological evolution of the surface as the 

number of passes increases, as shown in Figure 6, a continuous increase of the density 
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of concave regions and a decrease of the plateaus was found; thus, with respect to the 

studied roughness, the superficial deformation by indentation did not reach its steady 

topology conditions. This behavior coincides with the results of cold rolling with low-

roughness rolls, as shown in Table I which both indicate the need of at least 26 passes to 

achieve a stable superficial imposition and, after annealing, continuous recrystallization of 

the surface.

4 CONCLUSION

The roughness of the roll imposes on the surface of the samples sticking friction 

and to avoid this surface adherence it is necessary to use rolls with lower roughness than 

those used in this work.

Cold rolling the sheet with rough rolls up to 24 passes did not produce a steady 

topology by  indentation; wide plateaus visible on the surface, indicators of non-deformed 

material, progressively disappeared but did not do completely.  

The industrial applicability of this process demands that the number of passes 

should be as low as possible, ideally between 5 and 10, when obtaining proper surface 

indentation. Thus, rolls with much lower superficial roughness than those used in this 

work should be considered; doing so will produce a much higher concentration of 

superficial points with high deformation, thus generating more nucleation centers during 

the annealing, producing more desirable superficial nanostructures.

The hardness at a depth of 50 μm achieved in the samples rolled with high 

roughness rolls is of the same order of that for the reference sandblasted sample. 

Nonetheless, the same recrystallization uniformity or grain size obtained from the 

sandblasted sample was not achieved. This result is caused by the differences in the 

complexity and homogeneity of the deformations imposed, a higher density of which 

can be obtained from sandblasting. Because of roughness of the rolls used, this effect 

was not reached in the samples of this report. A roll with lower roughness will cause 

the surface of the steel, over many rolling passes, to accumulate a tangle of indentation 

deformations, which is a necessary phenomenon not obtained in this work. Thus, only 

having a good hardness is not sufficient evidence of a structure with good conditions to 

generate nanograins after thermal treatment.
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