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In this work the high-pressure torsion process of AISI-316 stainless steel in cryogenic conditions is studied by means 
of finite element simulation. The stress and strain distributions are analyzed and compared with the ones obtained 
for ambient temperature. It is shown that the cooling to cryogenic temperature do not affect the equivalent strain 
distribution significantly. At the same time, the stress values are significantly different - with cryogenic cooling, the 
level of compressive stresses increases by about 20 %. The simulation of microstructure evolution in Deform-3D 
program showed that the use of cryogenic cooling makes it possible to further grind the original structure. 
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INTRODUCTION

High-pressure torsion (HPT) is the severe plastic de-
formation method producing ultrafine-grained and na-
nostructured samples [1-3]. Initial specimens in the 
form of disks are deformed by torsion under conditions 
of high hydrostatic pressure of 1 to 10 GPa. 

Plastic deformation by torsion of the sample is car-
ried out due to the rotation of one of the strikers. The 
amount of accumulated plastic strain is controlled by 
the rotation angle of the movable anvil.

The geometric shape of the sample is such that the 
bulk of the material is deformed under quasi-hydrostatic 
compression. As a result, the deformable sample does not 
damage, despite the intensive plastic deformation [4]. 
Similar method is applicable for processing of ring sam-
ples according to the scheme proposed by S. Erbel [5]. 

Recently, the HPT process of stainless steel in the 
die of the new design at ambient temperature was inves-
tigated [6].

The main feature of new design of that stamp was a 
double helix system at two deforming tools. It was found 
that initial structure of 12 μm can be grinded up to 0.8 μm 
after several passes. It is known that deformation at cryo-
genic conditions allows to more intense grinding of 
grains [7-8]. The aim of this work is the simulation of 
processing of AISI-316 austenitic stainless steel by high-
pressure torsion (HPT) process at the cryogenic cooling.

FEM SIMULATION

The simulation was performed using commercial 
FE-code Deform. The mechanical properties of the ma-
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terial deformed at cryogenic conditions were deter-
mined according to the data available in [9]. The devel-
oped material database of the AISI-316 steel at cryo-
genic conditions is available via DOI: 10.17632/6m5r-
6f2z5g.1. This database was selected for simulation of 
the material properties. The 3D model of stamp utilized 
for HPT process is presented in Figure 1. This model 
was designed in the framework of previous study [6].

The initial workpiece had an annular shape with a di-
ameter of 76 mm, width of 3,5 mm and thickness of 3 
mm. The deformation was carried out at temperature of 
-196 °C. The non-isothermal type of calculation was set. 
The vertical velocity of the punch was 1,5 mm/sec. The 
rotational movement of deforming element is provided 
by spiral contact with punch inner surface. Detailed in-
formation about kinematic features of the model is de-
scribed in [6]. The implementation of shear deformation 

1 – workpiece, 2 – lower stamp, 
3 – punch, 4 - deforming element

Figure 1 Model of stamp
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in this process needs high adhesion of the workpiece to 
the tool. Therefore, at the contact of the workpiece with 
the lower stamp and the deforming element, the value of 
friction coefficient was set to 0,45. The absolute tetrahe-
dral mesh was built on the workpiece. The minimal ele-
ment size was set to 0,3 mm, the maximal element size 
was set to 0,6 mm, remeshing options were set as default.

RESULTS AND DISCUSSION

Figures 2(a,c) present the distributions of the equiva-
lent strain within the half of the vertical cross-section of the 
specimen after four passes. The histograms of the equiva-
lent strain area distribution are presented in Figures 2(b,d). 

The comparative analysis of two models was re-
vealed that the strain distribution in both cases does not 
change significantly. The area of the region [0 ÷ 0,75] 
was increased from 7 % to 23 %. The reason of this ef-

fect is lower level of material plasticity due to cryogen-
ic conditions. The largest part of the cross-section is oc-
cupied by the zone in which the level of strain is in the 
range of 1,3 – 1,4. The largest strains are distributed on 
the inner face of the ring - from 5,8 – 5,9 in the center to 
4,6 - 4,7 at the edges.

To study the stress state, the parameter “Average hy-
drostatic pressure” was considered which is called in 
Deform program as “Stress-Mean”, because it allows to 
estimate the magnitude of the stresses taking into ac-
count the sign, i.e., to estimate the magnitude of the ten-
sile and compressive stresses. The value of this param-
eter is determined by the formula:

 , (1)

where σ1 , σ2 , σ3  - are the main stresses.
Figures 3 and 4 show the distribution of average hy-

drostatic pressure in the cross-section at two tempera-
tures.

As it can be seen, deformation at cryogenic condi-
tions creates larger compressive stresses. At 20 °C the 

Figure 2  Distribution of the equivalent strain in the cross-
section after the 4th pass: a, b - at 20 °C; c, d - at -196 °C

a)

b)

c)

d)

Figure 3  Average hydrostatic pressure in the cross-section 
at the 4th pass at 20 °C

Figure 4  Average hydrostatic pressure in the cross-section 
at the 4th pass at -196 °C

Figure 5  Scheme of calculation direction of Lode-Nadai 
coefficient at faces of cross-section
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average stress value is -3 200 MPa. With decreasing of 
temperature to -196 °C, the absolute compressive stress 
is increased. The mean value of average hydrostatic 
pressure at this temperature reaches -3 850 MPa. For a 
more detailed analysis it was decided to use a complex 
indicator of the stress-strain state - Lode-Nadai coeffi-
cient [10]. This characteristic allows one to determine 
which type of deformation is realized at the particular 
point - stretching, compression or shear. Lode-Nadai 
coefficient is calculated by the formula:

 , (2)

The value of the coefficient varies from -1 to 1. Val-
ue from 0 to 1 corresponds to compression; value from 
0 to -1 corresponds to stretching; value of the coeffi-
cient tending to 0 corresponds to shear.

To calculate this coefficient, 200 control points were 
created on each face (Figure 5), in each of which the 
values of the main stresses were recorded. The results of 
the calculation of the Lode-Nadai coefficient on each 
face of the workpiece section are shown in Figure 6.

The lower left corner is essentially a “dead zone”, 
where the torsion effect is absent; the upper right corner 
experiences torsion from the two faces of the tool. 
Moreover, due to the pinching in the area of the joint of 
the faces and the influence of the torque in this angle, a 
shear region with a small fraction of tension is created, 
where the value of the Lode-Nadai coefficient is -0,15÷-
0,2. In the opposite lower - left corner, the value of the 

Lode-Nadai coefficient is 0,55, which indicates the 
presence of a purely compressive zone. 

At the opposite corners (upper left and lower right), 
similar deformation patterns are formed. In the upper - left 
corner, the value of the Lode-Nadai coefficient is -0,05, 
which indicates a shift pattern. In the lower right corner, 
the value of the Lode-Nadai coefficient is 0,15, which in-
dicates a shift pattern with a small fraction of compression.

Simulation of the microstructure evolution was con-
ducted using Cellular Automata method. As this simula-
tion is performed after the main calculation, it was decided 
to investigate the microstructure evolution in the most pro-
cessed area. Using this method, it can be predicted not only 
the size, but also the shape of the grains. Detailed descrip-
tion of this simulation method is described in [6].

Simulation of microstructure evolution (Figure 7) of 
initial structure of 12 μm showed that after 4 passes at 
20 °C it can be grinded up to 0.8 μm and up to 0.6 μm 
after 4 passes at -196 °C.

Figure 6  Lode-Nadai coefficient: a – upper face; 
b - right face; c - lower face; d - left face

Figure 7  Microstructure evolution: 
a – initial structure; b - at 20 °C; c - at -196 °C
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b)

c)

d)
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CONCLUSIONS

The study of the high-pressure torsion process of 
AISI-316 stainless steel in the die of the new design us-
ing cryogenic cooling, as well as a comparative analysis 
with deformation at ambient temperature, showed that 
the strain distributions in both cases are do not change 
significantly. At the same time, the stress vales are sig-
nificantly different - with cryogenic cooling, the level 
of compressive stresses increases by about 20%. The 
simulation of microstructure evolution in Deform-3D 
program showed that the use of cryogenic cooling 
makes it possible to further grind the original structure.
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