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INTRODUCTION

Accurate characterization of the technologi-
cal plasticity of a material particularly the flow 
stress function is associated both with the math-
ematical form of the function and the methodol-
ogy used for the experimental determination of 
flow stress [1]. The form of the flow stress func-
tion determines the correctness of calculations of 
metal forming process parameters, the analysis  
of their course, as well as physical and numeri-
cal modeling. Flow stress (σp), alongside the 
limiting strain (εg), is a fundamental param-
eter characterizing the material’s susceptibility  

to plastic deformation. The general formulation 
describing flow stress defined as the stress required 
to initiate and sustain plastic flow of a material is 
a function of strain (ε), strain rate (έ), temperature 
(T), and the history of deformation (hε):

𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1)

𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2)

𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡), 𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3)

𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀
𝜌𝜌𝜌𝜌 (4)

𝜀𝜀 = 2
√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁

𝐿𝐿 ) (5)

where: 𝑅̄𝑅 = 3
4 𝑅𝑅

𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2

(6)
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2

𝑅̄𝑅 = 2
3 𝑅𝑅

𝑅̄𝑅 = 3
4 𝑅𝑅

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7)

𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) (8)

𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸
𝑇𝑇 (9)

𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10)

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) −

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥)

(11)

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 =

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

(12)

𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
. (13)

𝜀𝜀 = 1
√3 𝛾𝛾 = 1

√3
2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁

𝐿𝐿 (14)

	 (1)

In cold metal forming processes, the flow 
stress is a function of the strain magnitude (ε) and
the deformation history hε:

𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1)

𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2)
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4 𝑅𝑅
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2
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𝜋𝜋𝑅̄𝑅2
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4 𝑅𝑅

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢
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𝑏𝑏
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𝑇𝑇) (8)

𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸
𝑇𝑇 (9)

𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10)
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𝑇𝑇) −
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(11)

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 =

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
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(12)

𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
. (13)

𝜀𝜀 = 1
√3 𝛾𝛾 = 1

√3
2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁

𝐿𝐿 (14)

	 (2)

The parameters describing the deforma-
tion history include: the magnitude of a single 
strain increment and the strain path, defined by 
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the evolution of strain components as a function  
of time, as well as the time intervals between suc-
cessive deformation steps. For deformation states 
described by principal strains, it is necessary to 
know the orientation of the principal axes and the 
values of the principal strain components as func-
tions of time:

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (3)

The deformation history should be under-
stood as the course of deformation as a function 
of all process parameters that determine mate-
rial hardening and softening. If the analysis is 
limited to the three primary parameters, namely 
strain (ε), strain rate (ε̇), and temperature (T), the 
deformation path can be represented in a three-
dimensional space (Figure 1). The two defor-
mation paths a and b shown in the figure inter-
sect at a single point B, which means that at this 
point the values of ε, ε̇, and T are identical for 
both paths. Despite this, the values of flow stress  
at point B for the two paths may differ. This indi-
cates the influence of deformation history on flow 
stress. Therefore, flow stress cannot be treated as 
a function of only three variables ε, ε̇, and T. Such 
a function would not be unambiguous [2].

The most commonly used methods for assess-
ing technological plasticity include tensile, com-
pression, and torsion tests, as well as model 
upsetting and rolling tests. Methods for determin-
ing the characteristics of technological plasticity 
of materials are continuously evolving. In the 
study of metallic materials, commercially avail-
able thermo-mechanical processing simulators, 
considered to be technologically advanced, are 
now widely used, such as the Gleeble 3800 sys-
tem and the MaxStrain device operating in con-
junction with this system [3–6].

The Gleeble 3800 thermo-mechanical simu-
lator enables the performance of an axisymmet-
ric compression test. The unique design of the 
measuring head, combined with the use of two 
independent hydraulic systems, allows the elimi-
nation of acceleration and deceleration phases 
of the forming tool during specimen deforma-
tion. An additional advantage of this test is the 
ability to obtain accurate values of both incre-
mental and total strains at high strain rates.  
A significant limitation of axisymmetric deforma-
tion testing, however, is the relatively low achiev-
able strain. For a standard cylindrical specimen with 
dimensions of φ10 × 15 mm compressed using the 
Gleeble simulator, the strain value generally does 

not exceed 1.2. The MaxStrain method enables the 
simulation of thermo-mechanical processing with  
a cyclic change in the deformation path, 
achieved by rotating the specimen by 90° 
between successive deformation steps, with 
either free or fixed specimen ends (Figure 2a).  
The accumulated plastic strain can reach a 
value of approximately 20 (equivalent strain).  
An advantage of this device is the precise con-
trol of strain and strain rate, as well as the pos-
sibility of combining plastic deformation with 
heat treatment [7–9]. The loading method applied 
during deformation, involving a 90° rotation of 
the specimen between successive steps, leads to 
the formation of intensely plastically deformed 
zones in the specimen cross-section. These 
zones take the form of intersecting regions in 
which the material flows toward the upper and 
lower surfaces of the specimen (Figure 2b). The 
shape of these regions remains unchanged in 
subsequent deformation cycles. In the remain-
ing regions, which are in direct contact with  
the tool surfaces (upper and lower anvils) and 
adjacent to the free surfaces of the specimen,  
the strain values are significantly lower. The high 
non-uniformity of strain distribution across the 
specimen cross-section necessitates the selection 
of a representative area for structural analysis. 
Accurate determination of local strain values is 
possible only with the use of finite element meth-
od (FEM) simulations.

Figure 1. Diagram representing courses of two 
different forming processes resulting in the same 

values of process parameters: ε, 

 𝜎𝜎𝑝𝑝 = √(√3𝑀𝑀
″

2𝜋𝜋𝑅𝑅3 )
2
(3 + 𝑝𝑝 +𝑚𝑚)2 + ( 𝐹𝐹

𝜋𝜋𝑅𝑅2)
2
 (15) 

. 
 𝛿𝛿 = 𝐴𝐴𝑁̇𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐶𝐶𝑇𝑇) (16) 
 
 
 𝜎𝜎 = 𝐴𝐴𝜀𝜀𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝜀𝜀̇𝐷𝐷+

𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹𝑇𝑇) (17) 

 
 and T at point B [2]
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A distinguishing feature of the torsion test 
is the time-invariant stress state. It corresponds, 
with high accuracy, to pure shear in the initial 
stage of deformation and enables the achieve-
ment of large permanent strains, significantly 
greater than those obtained in tensile and com-
pression tests, without prior loss of stabil-
ity. However, the lack of standardization for 
plastometric torsion testing has led individual 
research centers to develop their own procedures  
for conducting such experiments [10–14]. The 
use of different specimen geometries, calibration  
of measurement sensors, variations in experi-
mental procedures, and different methods  
of converting measured values into strain–flow 
stress relationships have resulted in the inability 
to directly compare results obtained at different 
research centers.

Many factors significantly influence the 
obtained test results. These include, among oth-
ers, the thermal effect associated with plastic 
deformation work and the resulting temperature 
gradients along the length and across the cross-
section of the specimen, the degree of strain 
localization, specimen geometry, the method of 
specimen fixation, as well as the non-uniformity 
of strain distribution along the length and across 
the cross-section. This non-uniformity makes 
it difficult to determine the exact value of local 
strain in the observed region and necessitates the 
development of a methodology for selecting loca-
tions for structural analysis.

The plastometric torsion test has considerable 
potential for the investigation of steels, non-ferrous 
metal alloys, and sintered materials under a wide 
range of deformation and temperature conditions 

[15–18]. A methodologically distinctive approach 
is the use of a torsion plastometer for studying metal 
plasticity under conditions of a variable deforma-
tion path. However, this requires additional modifi-
cations to the plastometer design in order to intro-
duce supplementary loading, such as axial force, or 
a cyclically varying torsional moment [19].

All the above arguments justify the need to 
develop a standard for plastometric torsion test-
ing, which would systematize experimental pro-
cedures, from the selection of specimen geom-
etry, through the research methodology, to unified 
algorithms for converting recorded measurement 
signals into flow stress and strain values. The 
developed algorithms should eliminate effects 
associated with discrepancies between imposed 
and achieved test parameters. The results obtained 
using a universal procedure defined in such a stan-
dard would enable direct comparison of data gen-
erated in different research centers. Moreover, the 
determined flow stress values, as intrinsic material 
properties, would allow accurate characterization  
of technological plasticity. This paper presents a 
proposal for a unified methodology for determin-
ing the characteristics of technological plasticity 
in the torsion test.

PLASTOMETRIC TESTING IN THE 
TORSION TEST

Based on the authors’ experience and the 
methodological nature of this study, austen-
itic steel 0H18N9 (1.4301) was selected as the 
test material. Within the investigated range  
of deformation parameters (900–1150 °C), the 

Figure 2. Deformation by means of the MaxStrain simulator (a), and macrostructure on the metallographic 
cross-section of a copper sample after deformation in the simulator: equivalent strain εi = 8,6, the arrows 

indicate the direction of material flow in the most intensely deformed areas (b)
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steel exhibits a stable single-phase austenitic 
structure. The material used for the experiments 
consisted of hot-rolled bars made of Cr–Ni aus-
tenitic steel, the chemical composition of which 
is presented in Table 1.

To eliminate the effect of initial microstruc-
tural variability on the test results, the specimens 
were subjected to heat treatment prior to torsion. 
The treatment consisted of solution annealing at 
1150 °C, with a holding time of 1 hour, followed 
by water quenching. The heat treatment was car-
ried out in a silite electric furnace manufactured 
by Carbolite Gero, with a temperature control 
accuracy of ±5 °C. The applied heat treatment 
ensured the dissolution of carbide precipitates and 
the attainment of a microstructure with a minimal 
grain size. The prepared specimens were subse-
quently transferred to TU Bergakademie Freiberg 
(Institut für Metallformung) to perform experi-
ments according to the joint program presented in 
Table 2 and to compare the obtained results, both 
at the level of recorded measurement signals and 
the resulting flow curves, with those obtained at 
the Silesian University of Technology.

RESULTS

Figure 3 presents an exemplary comparison 
of the recorded measurement data in the form  
of torque–shear strain relationships obtained at the 
research centers. The data were subjected only to 
basic processing consisting of filtering the record-
ed measurement points in order to eliminate errors 
arising during data acquisition. The comparative 
studies carried out at both centers revealed differ-
ences in the obtained values already at the level 
of the recorded measurement data. These discrep-
ancies result from the use of specimens with dif-
ferent geometrical characteristics, as well as from 
differences in the heating methods applied. At TU 
Bergakademie Freiberg, specimens with a gauge 
length of L = 15 mm and a diameter of d = 6 mm 
are heated in a silite furnace, whereas at the Sile-
sian University of Technology, specimens with a 

gauge length of L = 50 mm and a diameter of d = 
6 mm are heated inductively. 

A review of the literature indicates that plasto-
metric investigations employ specimens with 
diameters ranging from 6 to 10 mm and slender-
ness ratios, expressed as the ratio of gauge length 
to diameter (L/d), varying from 1/3 to 10. Varia-
tions in specimen slenderness primarily result from 
the need to increase the strain rate. In Poland, the 
most commonly used specimens have a diameter 
of d = 6 mm and lengths of L = 50 mm or 10 mm, 
based on the specimen geometry applied in IRSID-
France studies. At the maximum rotational speed 
of 1000 rpm typically used in torsion plastom-
eters, a specimen with a gauge length of L = 50 
mm enables the achievement of a strain rate of ε̇ = 
3.6 s⁻¹. Reducing the gauge length to L = 10 mm 
increases the strain rate to ε̇ = 18.2 s⁻¹. According 
to the studies conducted by Funke and Preiser, both 
the shape of the flow curves and the flow stress 
values determined from the recorded torque mea-
surements vary with changes in gauge length [20]. 
Nevertheless, the studies demonstrated that the 
most stable and repeatable results were obtained 
for specimen diameters ranging from 6 to 9 mm 
and slenderness ratios between 1/3 and 10. These 
criteria are satisfied by the most commonly used 
specimens with a diameter of d = 6 mm and lengths 
of L = 50 mm and L = 10 mm. It should be empha-
sized that during a given experimental series, the 
specimen geometry remains unchanged.

The various specimen heating methods applied 
in the presented plastometer designs arise from 
prior experience in hot metal plasticity testing, 
the technical capabilities available to individual 

Table 1. Chemical composition of 0H18N9 steel (1.4301)

Element content, % by mass

C Cr Mn Ni P S

0.028 18.40 0.187 8.90 0.036 0.012

Table 2. Joint research program

T, °C
Strain rate, s-1

0.036 0.36 3.6

900 x x x

1000 x x x

1050 x x x

1100 x x x

1150 x x x
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research teams for constructing experimental set-
ups, and differing experimental requirements. 
Heating in a silicon carbide resistance furnace is 
a relatively slow process resulting from heat con-
duction from the heating elements to the specimen 
material. In induction furnaces, heat is generated 
directly within the material through the induc-
tion of eddy currents, which ensures rapid heating 
of the specimen. However, induction heating is 
considerably more difficult for materials charac-
terized by low electrical resistivity. These limita-
tions do not apply to furnaces equipped with sili-
con carbide heating elements. In this study, it was 
assumed that both silicon carbide furnace heating 
and induction heating ensure the achievement of 
the required stable material temperature through-
out the duration of the test. If the experimental pro-
cedure is carried out at a prescribed and constant 
temperature, the obtained flow stress values, being 
intrinsic material properties, should remain identi-
cal regardless of the heating technique employed.

The conversion of recorded measure-
ment data into the flow stress–strain relation-
ship was carried out at both research centers 
using their respective calculation procedures.  
At TU Bergakademie Freiberg, the measurement 
signals from sensors are recorded in a text file. 
During the test, the following quantities are regis-
tered: axial force F (N), angle of twist (deg), and 
torque M (Nm), all as functions of time t (s). The 
recorded data are subsequently processed using 
the AUK software. It should be noted that dur-
ing the plastometric torsion test, the instantaneous 

temperature is not recorded, as the specimen is 
heated in a silite furnace preheated to the defor-
mation temperature. Corrections to the flow stress 
values with respect to temperature are performed 
under the assumption that a portion of the plastic 
deformation work is converted into heat, accord-
ing to the following relationship (4):

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
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 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀
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𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
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where:	σp – flow stress, ε – strain, ρ – density, c – 
specific heat capacity.

It is assumed that for relatively low strain 
rates of approximately 0.04 s⁻¹, about 30% of 
the plastic deformation work calculated from 
Equation 4 is converted into heat, whereas for 
high strain rates of approximately 4 s⁻¹ and 
above, this fraction reaches about 90%. There-
fore, this correction is approximate and not 
based on the actual temperature increase of the 
specimen during torsion. The correction for 
strain rate and temperature is carried out within  
the computational module of the AUK software, 
using flow stress values.

At TU Bergakademie Freiberg, specimens 
with a gauge length of L = 15 mm are used.  
The values of strain and flow stress are deter-
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Figure 3. The torque – non-dilatational strain relationship, obtained for various strain rates in the various 
research centers (Pol. Śl. – Silesian University of Technology, T. U. – TU Bergakademie Freiberg)
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. A representative comparison of the 
obtained flow curves at both research centers is 
presented in Figures 4 and 5. Analysis of the flow 
curves over the full range of deformation param-
eters shows that at a test temperature of 900 °C, 
the maximum flow stress values were obtained at 
the Silesian University of Technology (Figure 4), 
whereas in the remaining temperature range from 
1000 °C to 1150 °C, the highest flow stress values 
(σp) were recorded at TU Bergakademie Freiberg 
(Figure 5). The highest values of limiting strains εg 
and εp (strain corresponding to the maximum flow 

Figure 4. The flow stress curves, obtained for various strain rates in the various research centers (Pol Śl. – 
Silesian University of Technology, T. U. – TU Bergakademie Freiberg)

Figure 5. The flow stress curves, obtained for various strain rates in the various research centers (Pol Śl. – 
Silesian University of Technology, T. U. – TU Bergakademie Freiberg)
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stress) across the entire temperature range were 
obtained for the results from the Silesian Univer-
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 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

 for strain calculations. Within the 
investigated range of deformation parame-
ters at the research centers, two characteristic 
types of torque–strain relationships and flow 
curves were observed. During hot torsion of 
steel at temperatures of 900 °C and 1000 °C, 
after exceeding the strain corresponding to 
the maximum flow stress, a gradual decrease 
in stress is observed until specimen failure.
In specimens deformed at temperatures of 
1050 °C and higher, for the entire analyzed range  
of strain rates, once the strain value εp is exceed-
ed, the flow stress stabilizes at a constant level σps. 
The steady-state flow stress σps corresponds to the 
equilibrium between strain hardening and dynam-
ic recrystallization. Differences in the results of 
plastometric tests conducted at various research 
centers arise from several factors, including:
	• the design and level of technical advancement 

of torsion plastometers,
	• variations in the selection of geometrical char-

acteristics of plastometric specimens,
	• differences in experimental procedures,
	• methods used to convert measured data into 

flow stress and strain values,
	• the influence of thermal effects and the meth-

ods used for their evaluation,
	• the impact of non-uniform strain distribution 

along both the longitudinal and transverse 
cross-sections of the specimen.

Therefore, it appears necessary to standard-
ize the procedure for plastometric torsion testing 
in order to enable comparison of results obtained 
at different research centers, both domestic and 
international.

UNIFIED METHODOLOGY FOR 
DETERMINING TECHNOLOGICAL 
PLASTICITY CHARACTERISTICS IN THE 
TORSION TEST

Before commencing the experimental inves-
tigation, the validity of calibration certificates  
for all measuring devices should be verified. The 
unified procedure for determining the character-
istics of technological plasticity, developed at the 

Silesian University of Technology, consists of the 
following sequential stages.

Specimens for plastometric testing

Prior to the commencement of test-
ing, it is necessary to perform quality control  
of the specimens. Specimens for plastometric tests 
should be manufactured in accordance with the 
technical drawings presented in Figure 6. Particu-
lar attention should be paid to the surface condition 
and the transition radii between the gripping section 
and the gauge section of the plastometric specimen.

Preparation and mounting of specimens

An essential step to be carried out before the 
actual experiment is the verification of speci-
men alignment. Alignment depends not only 
on the accuracy of specimen manufacturing but 
also on the method of fixing the specimen in the 
grips of the torsion plastometer heads. Alignment  
is checked using a double-pointed metal rod 
mounted in one of the plastometer heads.

Conditions of the torsion test

In the plastometer control program, appro-
priate test conditions should be defined in accor-
dance with the experimental plan, including the 
required temperature and heating time, number  
of twists, and the method of specimen cooling. 
For sequential tests, the time intervals between 
successive deformation steps must also be speci-
fied. In order to approach the target values during 
parameter definition, the kinematic and dynamic 
characteristics of the mechanical system, as well 
as the thermal characteristics of the plastometer 
heating system, should be taken into account.

Recording and processing of measurement 
signals

The obtained experimental data are subject-
ed to filtering, optional reduction (if the number  
of recorded data points is excessively high), trun-
cation (to determine the limiting strain εg, cor-
responding to the number of twists to specimen 
failure), and smoothing using a moving aver-
age method or a higher-order polynomial. These 
operations are necessary to eliminate measure-
ment errors and noise generated during the exper-
imental procedure.
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Correction of torque with respect to variations 
in rotational speed M = f (N) ⇒ M’ = f (N)

In order to correct the torque with respect to 
rotational speed, Equation 7 is used:

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (7)

where:	Ṅ – imposed rotational speed, rpm; 

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

 – 
actual rotational speed, rpm; b – exponent 
of the function.

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (8)

The constants A, B, C, D, E, and F appear-
ing in Equation 10 are determined using multiple 
linear regression. The parameter b is calculated 
from Equation 9:

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (9)

By correcting the torque values across the 
entire dataset according to Equation 7, a torque cor-
rected for variations in rotational speed is obtained. 

Correction of torque with respect to 
temperature variations during torsion 	
M’ = f (N) ⇒ M’’ = f (N)

The correction of torque with respect to tem-
perature variations during torsion is calculated 
according to the following relationship.

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (10)

where:

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
𝑁̇𝑁𝑢𝑢

)
𝑏𝑏

𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹

𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
.

𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (11)

Figure 7 presents the final result of correcting 
the torque values with respect to rotational speed 
and temperature variations.

Determination of parameters p and m

The parameter p is determined numerically 
by differentiating the relationship M″ = f(N) for  
T = const and ε̇ = const:

Figure 6. Samples used in the plastometric tests: (a) the standard sample with the gauge length L = 50 mm; (b) 
the short sample with the gauge length L = 10 mm (used for large strain rates)
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 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  
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𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
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𝑇𝑇) − 

− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
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𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (12)

To determine the parameter m, the rela-
tionship ln M″ versus ln Ṅ should be plotted  
(for T = const and ε = const) for several values of 
the rotational speed Ṅ. The obtained data points 
are then approximated using the least squares 
method. The parameter m is calculated using 
Equation (13):

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 
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𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
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− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))
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2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 

	 (13)

Calculation of strain and flow stress

Strain is determined from the following 
relationship:

	

 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, 𝜀𝜀,̇ 𝑇𝑇, ℎ𝜀𝜀) (1) 
 
 𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑝𝑝(𝜀𝜀, ℎ𝜀𝜀) (2) 
  
 
 𝜀𝜀1 = 𝜀𝜀1(𝑡𝑡),  𝜀𝜀2 = 𝜀𝜀2(𝑡𝑡), 𝜀𝜀3 = 𝜀𝜀3(𝑡𝑡) (3) 
 
 𝛥𝛥T = 𝜎𝜎𝑝𝑝𝜀𝜀

𝜌𝜌𝜌𝜌  (4) 
 
 𝜀𝜀 = 2

√3 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ℎ (𝜋𝜋𝑅̄𝑅𝑁𝑁
𝐿𝐿 ) (5) 

where: 𝑅̄𝑅 = 3
4 𝑅𝑅 

 𝜎𝜎𝑝𝑝 = √3𝜏𝜏2 + 𝜎𝜎𝐿𝐿
2 

 (6) 
where: 𝜏𝜏 = 3𝑀𝑀

𝜋𝜋𝑅̄𝑅3, 𝜎𝜎𝐿𝐿 = 𝐹𝐹𝐿𝐿
𝜋𝜋𝑅̄𝑅2 

 
𝑅̄𝑅 = 2

3 𝑅𝑅  
 
𝑅̄𝑅 = 3

4 𝑅𝑅  

𝑀𝑀′ = ( 𝑁̇𝑁
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𝑀𝑀 (7) 
 
 𝑀𝑀 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸

𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
𝑇𝑇) (8) 

 
 𝑏𝑏 = 𝐷𝐷 + 𝐸𝐸

𝑇𝑇 (9) 
 
 𝑀𝑀″ = 𝑀𝑀′ + 𝛥𝛥𝛥𝛥 (10) 
 

𝛥𝛥𝛥𝛥 = 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹
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− 𝐴𝐴𝑁𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝑁̇𝑁𝐷𝐷+ 𝐸𝐸
𝑇𝑇+𝛥𝛥𝛥𝛥 𝑒𝑒𝑒𝑒𝑒𝑒 ( 𝐹𝐹

𝑇𝑇 + 𝛥𝛥𝛥𝛥) 
 
(11) 

𝑝𝑝 = 𝑁𝑁
𝑀𝑀″

𝜕𝜕𝛭𝛭″

𝜕𝜕𝜕𝜕 =
𝜕𝜕𝑀𝑀″

𝑀𝑀
𝜕𝜕𝜕𝜕
𝑁𝑁

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁 = 

= 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑀𝑀″(𝑡𝑡))
𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡 + 𝛥𝛥𝛥𝛥)) − 𝑙𝑙𝑙𝑙(𝑁𝑁(𝑡𝑡))

 

 
(12) 
 
 

 𝑚𝑚 = 𝑁𝑁
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𝑀𝑀″
𝜕𝜕𝛭𝛭″

𝜕𝜕𝑁𝑁
. =

𝜕𝜕𝑀𝑀″
𝑀𝑀″
𝜕𝜕𝑁𝑁

.

𝑁𝑁
.

≈ 𝜕𝜕 𝑙𝑙𝑙𝑙 𝑀𝑀″

𝜕𝜕 𝑙𝑙𝑙𝑙 𝑁𝑁
.  (13) 

 
 𝜀𝜀 = 1

√3 𝛾𝛾 = 1
√3

2𝜋𝜋⋅𝑅𝑅⋅𝑁𝑁
𝐿𝐿  (14) 

 
	 (14)

Flow stress is determined from the following 
relationship:

	 𝜎𝜎𝑝𝑝 = √(√3𝑀𝑀
″

2𝜋𝜋𝑅𝑅3 )
2
(3 + 𝑝𝑝 +𝑚𝑚)2 + ( 𝐹𝐹

𝜋𝜋𝑅𝑅2)
2
 (15) 

. 
 𝛿𝛿 = 𝐴𝐴𝑁̇𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐶𝐶𝑇𝑇) (16) 
 
 
 𝜎𝜎 = 𝐴𝐴𝜀𝜀𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝜀𝜀̇𝐷𝐷+

𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹𝑇𝑇) (17) 

 

	(15)

Correction of strain with respect to strain 
non-uniformity (εmax = εδ)

The strain non-uniformity coefficient δ was 
determined from the measurement of the inclination 

angle of a marker line applied to the plastometric 
specimen, as a function of temperature and rota-
tional speed. The relationship δ = δ(T, Ṅ) was 
obtained by approximating the measured values.

	

 𝜎𝜎𝑝𝑝 = √(√3𝑀𝑀
″

2𝜋𝜋𝑅𝑅3 )
2
(3 + 𝑝𝑝 +𝑚𝑚)2 + ( 𝐹𝐹

𝜋𝜋𝑅𝑅2)
2
 (15) 

. 
 𝛿𝛿 = 𝐴𝐴𝑁̇𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐶𝐶𝑇𝑇) (16) 
 
 
 𝜎𝜎 = 𝐴𝐴𝜀𝜀𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝜀𝜀̇𝐷𝐷+

𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹𝑇𝑇) (17) 

 

	 (16)

Determination of flow curves σp = f(ε) and 
the flow stress function σp = f(ε, 

 𝜎𝜎𝑝𝑝 = √(√3𝑀𝑀
″

2𝜋𝜋𝑅𝑅3 )
2
(3 + 𝑝𝑝 +𝑚𝑚)2 + ( 𝐹𝐹

𝜋𝜋𝑅𝑅2)
2
 (15) 

. 
 𝛿𝛿 = 𝐴𝐴𝑁̇𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐶𝐶𝑇𝑇) (16) 
 
 
 𝜎𝜎 = 𝐴𝐴𝜀𝜀𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝜀𝜀̇𝐷𝐷+

𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹𝑇𝑇) (17) 

 
, T)

For the description of the flow stress function, 
the Hensel–Spittel equation or its modified form 
(17) should be used:

	

 𝜎𝜎𝑝𝑝 = √(√3𝑀𝑀
″

2𝜋𝜋𝑅𝑅3 )
2
(3 + 𝑝𝑝 +𝑚𝑚)2 + ( 𝐹𝐹

𝜋𝜋𝑅𝑅2)
2
 (15) 

. 
 𝛿𝛿 = 𝐴𝐴𝑁̇𝑁𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐶𝐶𝑇𝑇) (16) 
 
 
 𝜎𝜎 = 𝐴𝐴𝜀𝜀𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶𝐶𝐶) 𝜀𝜀̇𝐷𝐷+

𝐸𝐸
𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐹𝐹𝑇𝑇) (17) 

 
	 (17)

The constants A, B, C, D, E, and F appear-
ing in Equation 17 are determined using multiple 
linear regression. A tabular representation of data 
describing the flow stress is also a highly effective 
method for characterizing the technological plas-
ticity of materials, particularly for use in comput-
er programs for the simulation and modeling of 
real technological processes.

CONCLUSIONS

The conducted hot torsion tests for the selected 
grade of austenitic steel, performed under compa-
rable experimental conditions at two research cen-
ters, revealed differences in the course of the plas-
tic flow curves. The observed discrepancies con-
cern both the level of flow stress values (σp) and 
the obtained values of limiting strain (εg) and the 

Figure 7. Final effect of torque correction due to the twist rate and temperature discrepancy T = 1000 °C, N = 
100 rpm
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strain corresponding to the maximum flow stress 
(εp). The variation in the flow curves results from 
both technical aspects of test execution, such as the 
method of specimen heating and the geometry of 
the gauge section, as well as from the calculation 
procedures used to determine strain based on the 
reduced radius of the specimen gauge section.

The presented experimental results and the 
analysis carried out at two independent research 
centers with well-established expertise in plasto-
metric testing confirm the need to develop  
a standard for plastometric torsion testing. The 
proposed unified methodology for determining 
the characteristics of technological plasticity 
in the torsion test will systematize experimen-
tal procedures, from the selection of specimen 
geometry to the acquisition of test results. It 
will also standardize the method of converting 
recorded measurement data into flow stress and 
strain values. The application of a unified meth-
odology will ensure repeatability and reproduc-
ibility of results in plastometric torsion testing. 
It is also expected to increase the use of torsion 
plastometry in metal processing industries for 
determining the strength properties of metal 
alloys and for real-time monitoring of metal 
forming processes.
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