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Abstract

The ultra-fine grained austenitic AISI 304 stainless steel sheets were prepared using various rolling
techniques. The room temperature symmetric rolling (SR) as well as the sub-zero temperature cryorolling (CR)
were performed. In addition to conventional rolling techniques the asymmetric rolling (ASR) and the
asymmetric cryorolling (ACR) experiments were set up. Different rolling techniques were compared with regard
to the resulting mechanical properties and feasibility. In comparison with the symmetric rolling, the asymmetric
rolling process imposes additional shear strain to the normal plane strain. A large plastic strain has a direct
influence on the process of the grain refinement. Cooling the steel to the sub-zero temperatures supresses the
dynamic recovery and recrystallization, thus improving the grain refinement process. A high velocity ratio ACR
(1:2.3) and the CR (liquid N2) techniques give rise to the austenitic stainless steel with high values of the yield
strength, the tensile strength and the ductility at the same time.

Keywords: Cryorolling, asymmetric rolling, austenitic stainless steel, mechanical properties, grain
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1. INTRODUCTION

In recent years a significant effort has been made to develop a bulk ultrafine-grained (UFG) metals using the
phenomenon of severe plastic deformation (SPD). UFG metals usually possess unique and favourable
properties, e.g. higher tensile strength and ductility. A number of studies have reviewed the application of
SPD [1-5]. These studies were focused mainly to a fabrication of non-ferrous metals in rather small, even
laboratory scale [6]. The laboratory scale methods attempted to obtain UFG structures via equal channel
angular pressing, accumulative roll bonding or high pressure torsion techniques. However, the majority of all
metal products is produced using various rolling processes. The present study is focused on manufacturing
UFG austenitic stainless steel AISI 304 using more profound rolling techniques [6]. Austenitic stainless steel
AISI 304 is commercially available and frequently used construction material due to its good corrosion
resistance and ductility. However, both the yield strength and the ultimate tensile strength is rather poor
(approx. 200-300 MPa, 500-600 MPa respectively), mainly thanks to the soft face centred cubic (fcc) y-phase.
The strength of the austenitic stainless steel can be improved by the grain refinement, solid solution
strengthening and work-hardening [7,8]. The grain refinement has been achieved by adopting thermo-
mechanically (TMCP) controlled processing. However, recent studies [9,10] have indicated that the limitation
in grain refinement achievable by TMCP can be overcome by severe plastic deformation, and thereby UFG
structures can be acquired. The CR, ASR, ACR techniques are considered as SPD processes [11,12]. The
presented experiment compares above mentioned rolling techniques with conventional SR with regard to
resulting mechanical properties and feasibility. Asymmetric rolling techniques utilize a different velocity of
working rolls. The velocity ratio ranging from 1.1 up to 4 has been used in most of the recent studies [6,11].
Both the hot and the cold ASR techniques have been applied to various ferrous and non-ferrous
materials [13,14]. Due to the different circumferential speed of working rolls friction forces act in the opposite
direction at the upper and lower work roll surfaces, thus generating additional shear strains. This additional
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shear strain may cause structural changes of the rolled material which can be beneficial for material properties.
During the rolling process the dynamic recovery may occur due to the increased deformation resistance at
higher strain. Decreasing the deformation temperature leads to suppression of dynamic recover that results in
higher defects density and consequently higher strength. AISI 304 steel has a fully austenitic structure.
However, the application of plastic deformation or cryogenic treatment can lead to formation of martensite in
metastable austenitic steels [6]. In general, face centred cubic metals exhibit higher work-hardening rates.
Both the stable dislocation interactions and very fine deformation twins contribute to the high flow stress.

2, EXPERIMENTAL

A commercially available AISI 304 austenitic stainless steel (18/8) sheet of the 6 mm thickness was used. The
sheet was cut into 100 mm wide strips. SR and CR experiments were performed on the COMTES FHT rolling
mill using the four-high rolling mill setup. Diameters of the working rolls and the back-up rolls respectively are
240 mm and 650 mm respectively (Figure 1). The multi-pass unidirectional SR and CR was carried out. The
input AISI 304 sheet in 6 mm thickness was rolled by approximately 5 % reduction at each pass down to 4 mm
(i.e. 30 % accumulated reduction), 3 mm (i.e. 50 % accumulated reduction) and 2,4 mm (i.e. 60 % reduction)
respectively. The ASR and ACR experiments were carried out incorporating the four-high rolling mill rolls and
the two-high rolling mill roll with the diameter of 550 mm. The CR and ACR samples were cryorolled after
immersing them in liquid nitrogen before each pass. Asymmetrically rolled samples were flipped horizontally
before each pass due to the curvature of the as-rolled sheets. The ASR and ACR experiments did not run
smoothly. Due to friction stresses generating additional lateral forces and insufficient support from the back-
up roll, the wiggling effect occurred (Figure 1). Instead of continuous and smooth flow through the rolling gap
the material skipped in an abrupt manner. Due to this fact deformation was not uniform across the cross-
section. However, the surface layers were severely deformed. The attempt to use a lubricant to prevent
wiggling behaviour failed. The cryorolled samples, i.e. CR and ACR, exhibited almost twice as high deformation
resistance in comparison to symmetrically rolled samples, i.e. SR and ACR. Figure 4 illustrates different
deformation behaviour of the room temperature and cryorolled samples. Due to the poor control of the ASR
and ACR experiments the respective rolling passes can’t be compared to those of SR and CR experiments.
Thus, unfortunately, the lower rolling forces and energy savings, being the advantages of asymmetrical rolling,

couldn’t be confirmed.
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Figure 1 Left: Asymmetric cryorolling (ACR). Right: Wiggling effect due to the insufficient support from
the back up roll.
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3. RESULTS

The microstructure was revealed using the Glyceregia etchant and light microscope NIKON ECLIPSE MA200
equipped with differential interference (DIC) enabling high contrast image observation. The cryorolled material
shows more deformed grain structure as opposed to the room temperature rolling. The grains are elongated
along the direction of rolling. The microstructure shows slip bands, deformation twins and the presence of &-
ferrite as well (Figure 2). The attempt to explore both the structure and the texture evolution using Electron
backscatter diffraction (EBSD) technique failed due to the extremely deformed structure and insufficient
resolution of EBSD camera. The scanning electron microscopy (SEM) revealed extremely deformed surface
layer. The structure is presumably austenitic. The expected martensite transformation has not been confirmed.
The austenitic matrix seems to be stable at all deformation stages used in the experiment.

Figure 2 Left: DIC image of the C4 sample - inner layer. Right: SEM image
of the AS4 sample - surface.

Tensile tests were done according to the standard CSN EN ISO 6892-1. Three samples were tested at each
deformation step. Prior to testing, specimen dimensions were measured and an original gauge length for the
elongation determination was marked on each specimen. This gauge length was set to meet requirements of
the standard for the elongation As. After each test, a proof stress Rpo2 was determined as well as ultimate
tensile stress Rm. The final gauge length was also measured after each test and elongation after fracture As
was evaluated as well as the cross section reduction Z. Tests were done on electro-mechanic testing machine
Mays equipped with hydraulic grips. Strain was measured by means of DIC system (Digital Image Correlation)
Mercury in 2D configuration. Geometry of the specimens is depicted in Figure 3. All specimens were produced
by water jet cutting perpendicularly to the rolling direction.
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Figure 3 Tensile test specimen geometry. Extensometer length Lo varies with the thickness
of the specimen.
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Table 1 summarizes the results of the mechanical testing of the original austenitic stainless steel and SR, CR,
ASR, ACR rolled material. The hardness enhancement follows from diminishing grain size and from the
accumulation of large plastic strain achieved by cryorolling. As mentioned before, a cryogenic temperature
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helps to suppress dynamic recovery and recrystallization, leading to high dislocation density. As the strain
increases deformation twins are created in the austenite structure which is beneficial for the grain refinement.
HV30 hardness of the asymmetrically rolled material is 20 HV higher in comparison to symmetrically rolled
material mainly due to accumulating of larger plastic strain in surface layers. Figure 4 shows the engineering
stress-strain curves from tensile tests of the austenitic stainless steel before and after the SR, CR, ASR and
ACR rolling. Annealing was performed at 750 °C with the hold time 5 minutes and cooling in the water. The
input material shows low proof stress of 269 MPa and the tensile strength of 626 MPa. The proof strength and
the tensile strength increases rapidly in the early stages. As the accumulated deformation reaches certain level
the strength increases slightly and become stable (Figure 5). The ratio of proof strength to tensile strength
increases from 0.43 @ 0% reduction up to 0.91 @ 60% reduction and become stable as well (Figure 6). This
fact indicate that the austenitic matrix is stable and no deformation-induced martensitic transformation
occurred. The grain refinement effect generated at cryogenic temperatures can be documented on increased
ductility while the proof stress and tensile strength remain or even increase (Table 1). Moreover, the significant
mechanical enhancement are achieved after much lower accumulated reduction when using cryogenic
temperatures.
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Figure 4 Left: Rolling force during 5 % reduction steps. Right: Engineering stress-strain curves.
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Figure 5 Left: Proof stress. Right: Tensile strength.
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Figure 6 Left: Hardness HV30. Right: Proof stress to tensile strength ratio.

4. DISCUSSION

The combination of cryogenic temperatures and large plastic deformation directly effects the process of grain
refinement thus significantly enhancing mechanical properties. The tensile tests results of the respective
symmetric rolling experiments and asymmetric rolling experiments are comparable to each other. Due to the
high velocity ratio and friction-induced lateral forces together with insufficient stiffness of the working roll, the
wiggling effect occurred. The wiggling of working roll prevented the shear to act uniformly across sheet cross-
section. Thus, only surface layers (approx. 100 um) were influenced by additional shear strain. Locally
accumulated strain manifests itself via increased surface hardness. To be able to fully exploit the potential of
asymmetric rolling, much stiffer working roll has to be incorporated. Moreover, the velocity ratio seems to be
inefficient and high. The attempt to use a lubricant had no direct effect. The austenitic matrix of AISI 304
stainless steel seems to be stable at least up to the 60% accumulated reduction. No deformation-induced
transformation was confirmed. The engineering stress-strain curves indicate no significant increase in strength
due to the deformation-induced martensite transformation. The strengthening is a result of the work-hardening
and the grain refinement. However, the structure is unclear, especially at large deformations. Mainly because
of extremely deformed structure, poor etching ability of the soft austenite and insufficient resolution of used
EBSD camera. The XRD analysis should be carried out instead.

Table 1 Average values of tensile tests measurements

Specimen HV30 Rpo,2 (Mpa) [ Rn (MPa) Ry/Rmm Z (%) As (%)
As-received 200 269 626 0,43 74,6 73,3
SR30 360 819 1039 0,79 49,0 19,2
SR50 391 1053 1206 0,87 40,9 12,8
SR60 438 1248 1381 0,90 251 9,6
CR30 427 1270 1431 0,89 23,9 8,0
CR50 442 1429 1566 0,91 16,0 4,2
CR60 470 1471 1628 0,90 9,1 5,5
ASR30 378 864 1037 0,83 43,9 17,6
ASR50 415 1015 1185 0,86 45,3 13,1
ASR60 451 1282 1464 0,88 16,2 8,6
ACR30 444 1210 1380 0,88 31,4 8,5
ACR50 463 1359 1509 0,90 14,6 5,5
ACR60 463 1364 1519 0,90 16,4 4,9
SR60 HT 322 785 951 0,83 50,4 38,1
CR60 HT 324 744 879 0,85 55,6 38,0
ACR60 HT 340 758 894 0,85 54,6 35,0
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5. CONCLUSIONS

The room temperature SR, CR and cryogenic temperature ASR and ACR rolling experiments were set up and
carried out to examine the plastic deformation behaviour of austenitic stainless steel AISI 304. The asymmetric
rolling experiment utilized the high velocity ratio of 2.3. The results of respective symmetric and asymmetric
experiments are almost the same thanks to the wiggling effect of the working roll. The dynamic recovery and
recrystallization was suppressed using the cryogenic temperatures. Thus, significant grain refinement was
achieved enhancing the mechanical properties greatly. Highly elongated austenitic grains show slip bands and
deformation twins. No deformation-induced martensitic transformation was confirmed.
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