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Abstract. In several metal forming processes, relation between stress and effective strain of the material must be known for obtaining 

important forming parameters such as forces and work, required for metal forming processes. Dependence of the flow stress on the effective 
strain is called the flow curve and is influenced by strain rate and temperature. In order to reach high quality and full functionality of the 
product, the characteristics of formed material must be determined as precisely as possible and flow stress is one of the main characteristic 
of the metal materials. In general, flow curves are determined by experiments such as tensile test, upsetting test and torsion test. The proper 
choice of testing method depends on the metal forming process to be simulated. 

In this paper we present the experimental measurements of flow stress for stainless steel at elevated temperatures by using torsion test. In the 

experimental work a torque, temperature and number of twists of test pieces were measured. Also, the influence of forming parameters such 

as strain, strain rate and temperature on flow stress was analysed. Experimental results are presented in form of tables and diagrams. 

Finally, from experimental data the regression model was obtained for successful prediction of flow stress of stainless steel at elevated 

temperatures. The method of regression analysis allows with relatively small number of experiments the accurate information about the 

influence to mathematical model of the process.  

Keywords: FLOW STRESS, STRESS-STRAIN CURVE, STAINLESS STEEL, TORQUE, HIGH TEMPERATURES, REGRESSION 

MODELLING. 

1. Introduction

   For obtaining high quality metal forming processes and full 

functionality of the product, the characteristics of formed material 

must be determined very precisely. The flow stress is one of the 

main characteristic of the metal materials and provides a full 

description of the workability of the material. Also, for obtaining the 

forces that are required in forming processes, it is necessary to know 

the dependence of flow curves on different parameters. These curves 

are influenced by two factors substantially [1]:  

 factors, which relate to the material, e.g. chemical composition,

metallurgical structures etc.

 factors, which are function of the metal forming process, e.g.

temperature, strain rate, heat pre‐ treatment etc.

   For a metal forming processes, it is important to obtain loads and 

forming energies necessary to accomplish the necessary plastic 

deformation. The flow stress is directly connected to the 

instantaneous value of load, which is needed to continue the 

yielding and flow of the material at any point during the metal 

forming process. The main parameters that influence the flow stress 

are strain, strain rate and forming temperature. In hot forming, for 

example, the influence of strain rate is significant while the 

influence of strain is insignificant; this is possible when the forming 

temperature is below the temperature of recrystallization [2]. On the 

other hand, in cold forming, the influence of strain rate is negligible 

and the effect of strain prevails.  The dependency of flow curves on 

temperature varies considerably for different material. 

   In general, flow curves are determined by experiments such as 

tensile test, the upsetting test, bending test and torsion test. The 

proper choice of testing method depends on the metal forming 

process to be simulated. Many papers describe different techniques 

of torsion testing in sheet [3, 4, 5] and bulk metal forming [6, 7, 8]. 

In the paper [9] the authors used axial and torsion test to develop 

multiaxial state of deformation kinematics and stresses in bulk metal 

forming processes and evaluation of workability. A high 

temperature torsion testing system was developed for obtaining the 

workability of various materials under temperatures up to 1300 °C. 

Some failure criterions in dynamic torsion tests of cylindrical 

specimens were described in papers [10, 11, 12, 13].  

   In order to reduce the cost of the experiment and of the 

computer computations, several modeling methods predicting the 

dependent output variables have been developed so far. In most 

conventional deterministic modeling methods, such as regression 

method described in papers [14, 15] a prediction model is 

determined in advance. These modelling methods have one 

common feature: all of them optimize a given model of a 

problem. Many authors have also used in their investigations [16, 

17] combination of regression and some non-deterministic

methods, such as neural network or evolutionary computation

methods for modelling and predicting flow curves and other

properties of formed material.

2. Torsion test for obtaining flow curves

   To test the material in torsion the proper test procedure is 

needed. It involves mounting a specimen on the testing machine. 

The torque is applied incrementally and both the applied torque 

and the corresponding angle of twist are measured. Using the 

appropriate formulae, relationships and the measured dimensions, 

shear stress and shear strain can be determined [7]. Then, plot the 

torque vs. angle of twist, and shear stress vs. shear strain curve. 

In torsion test the specimen is mounted between the two heads of 

a testing machine and twisted for a certain angle (Fig. 1). 

Fig. 1 Torsion test 
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Successful applications of torsion test are: the determination of flow 

curves for high strains; the determination of multiple cyclic flow 

curves with only one specimen in one test and the characterization 

of the forming limit [2]. The specimens can be made of solid bars or 

thin-walled tubes. Torsion tests have the following advantages [1]: 

• simple loading condition 

• long loading time 

• uniform stress state 

• good measurement of signals of stress and strain data. 

 

   Also, the test specimen does not present significant shape changes 

during deformation as long as the gage section is restrained to a 

fixed length. The disadvantage of the torsion test is the fact that is 

characterized by non‐ uniform distribution of deformation over the 

length and cross‐ section of specimen.  

    The stress and strain are equal to zero at the center and maximum 

at the surface of the test specimen. Due to a large material 

reorientation, the deformation in the torsion test is not an accurate 

simulation of metalworking processes [2].   The output of the torsion 

test is represented by torque versus twist angle, that must be 

converted into the stress and strain. 

The relation between torsion torque and shear stress is given by [1]: 
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The shear strain at distance r from the axis along test piece at a 

twisting angle  is given by: 
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   Torque M depends on shear strain  and after differentiation of Eq. 

(3), the equation for shear stress is [1]: 
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   When shear strain rate is added in Eq. (4), then this equation can 

be written as: 
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Relation between torque and shear strain rate is given by: 

mMM  0              (5) 

and relation between torque and shear stain is written: 

M
a a a





 




10
20 2 2

1
log 

          (6) 

m, log  , a1 and a2 are empirical coefficients which take into account 

strain rate and strain εe.  

 

   By inserting (6) and Eq. (7) in the Eq. (5), equation for shear stress 

is: 
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Empirical coefficient p = a1 + a2. 

   Because of low influence of deformation to torque by high 

temperature and low strain rate, and according to Tresca yield 

criterion, the relation between flow stress kf and torque M is [1]: 
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3. Experimental measurements 

   For the experimental work the dependence of flow stress for 

stainless steel X22CrNi17 on three different parameters was 

analysed by using torsion test. The chemical composition of this 

stainless steel is presented in Table 1. 

   Table 1: Chemical composition in percentage [%]. 

C  

 

Si  
 

 

P 

 

Mn  
 

 

S 

 

Cr 
 

 

Ni 

0,15 - 0,25 0,8 

 

0,04 

 

0,9 

 

 

0,02 

 

15 - 18 

 

1,5 – 2,5 

 

   The value for the tensile strength of the steel X22CrNi17 varies 

from 800 N/mm2 to 980 N/mm2, yield strength is from 590 

N/mm2 to 680 N/mm2 and elongation A varies from 11 % to 18 

%. This stainless steel is used as tool steel for the glass industry 

to high temperature glass molds and tools. Other applications are 

blow moulds for plastic production, ship and machine building 

industry, automotive industry, pump parts, shafts, etc. 

   Torsion tests were provided and measured by using special 

torsion testing equipment. The temperature of test specimens 

during torsion test of steel W.Ni.1.4057 (X22CrNi17) was 

changed with electric-inductive heater from 900° C and up to 

1300° C. Inductive heater is a part of torsion test equipment. It 

was also possible to change the number of rounds per minute 

stepwise from 2 min-1 to 1500 min-1. During the experiment a 

torque, temperature and number of twists of test specimens were 

measured. The dimension of test specimens was 6 x 60 mm.  

   Three parameters were changed during our experiments: first 

parameter ( temperature T) was changed in the range from 900° C 

to 1300° C, second parameter (strain εe) was changed from 0,1 to 

1 and third parameter (strain rate έe) was changed between 0,2 s-1  

and 4 s-1. Table 2 shows all obtained experimental results of 

torsion tests. 

 

   Table 2: Experimental results.  

 
Exper. 

έe 
 [s-1] 

e T 
 [°C] 

kf 

[N/mm2] 

1 0.2 0.1 900 150 

2 0.2 0.55 900 149 

3 2.1 0.55 900 160 

4 0.2 1.0 900 142 

 
5 4.0 0.1 900 180 

6 4.0 1.0 900 175 

7 4.0 0.1 1100 127 

8 2.1 0.55 1100 110 

9 4.0 0.55 1100 129 

10 2.1 1.0 1100 109 

11 2.1 0.55 1300 66 

12 0.2 1.0 1300 63 

13 0.2 0.1 1300 70 

14 4.0 1.0 1300 72 

15 2.1 0.1 1300 70 
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4. Results and discussion 

   Experimental measurements have shown different influence of 

three parameters on flow stress of investigated stainless steel. The 

greatest influence is that of temperature. At lower temperature 

values of obtained flow stress was higher the values obtained at 

highest temperature 1300 °C. Other two parameters also have 

smaller impact on flow stress.  

   Many different methods for obtaining the most suitable models for 

prediction of flow stress are known. We decided to choose multi 

regression analysis method, due to a quite simple model. A 

mathematical model for regression method was chosen according to 

[18]: 
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   In equation (9) y is dependent variable, xi, xij are independent 

variables (in our case there are three) and coefficients b0, bi and bij 

are coefficients which have to be obtained by using regression 

analysis. In the investigation dependent variable was flow stress kf, 

and independent variables were strain εe, strain rate έe and 

temperature. Regression analysis was performed by using SPSS 

modeling program. Significance of independent parameters was 

determined by dispersion analysis and because of very low 

significance of some parts in equation (9) those parts were left out 

from final regression model for flow stress.  By inserting real values 

for each independent parameter in the equation (9) the final 

regression model for flow stress can be written as:  



 eeeef TTk  016,077,156,151,619,05,322 2  

                       (10) 

    Equation (10) shows a mathematical model for the impact of 

temperature, strain and strain rate on flow stress for chosen material 

in given experimental area. It has the average percentage deviation 

of 2,1 %. Deviation means the difference between measured flow 

stress and predicted flow stress by using (10). Deviations in single 

experimental points are in the range from 1,1 % to 3,5 %.  

    The obtained regression model was used to analyse the influence 

of all three independent parameters on flow stress. 

 

Fig. 2 Influence of effective strain εe and strain rate έe on flow stress kf  

at constant temperature T = 900° C. 

    In Fig. 2 the influence of effective strain and strain rate on 

flow stress is presented. The values of flow stress decreases with 

increasing effective strain. At the strain rate έe = 2,1 s-1 the 

highest value of nearly 160 N/mm2 for flow stress was reached. 

These values then decrease and reach 154 N/mm2 at highest 

effective strain. Almost identically happened when lower strain 

rate was applied. 

    Fig. 3 shows the influence of temperature T and effective strain 

εe on flow stress at constant strain rate. The value of strain rate in 

this case was the highest possible (έe= 4 s-1).  

 

Fig. 3 Influence of temperature T and effective strain εe on flow stress kf 

at constant strain rate έe = 4 s-1   
 

    If we compare the results for flow stress kf calculated at two 

different values of effective strain very interesting thing can be 

observed. The influence of effective strain on flow stress is quite 

low comparing with that of the temperature. There is only a few 

percentage difference between flow stress at lowest temperature 

(T = 900 °C) when highest and lowest values of effective strains 

are used. Then, with increasing temperature the values of flow 

stress fall very steeply.  

    From the shape of the curve in Fig. 3 it can be observed that 

dependence between flow stress and temperature is linear in both 

cases. And because the slope of the line in diagram is very steep 

we can see that the influence of temperature on the flow stress is 

huge. The difference between highest (at lower temperature) and 

lowest (at high temperature) calculated values for flow stress is 

almost 55 %. If higher temperatures would be used the decrease 

of flow stress would be even bigger. 

   Influence of strain rate έe and temperature T on the flow stress 

kf at constant effective strain εe = 1,0 is presented in Fig. 4. Three   

different temperatures (1000 °C, 1100 °C and 1300 °C) were 

used to observe the influence on flow stress. At lowest 

temperature it is obviously that flow stress is increasing 

constantly with increasing strain rates. The same influence can be 

observed when second lowest temperature (T =1100 °C) was 

used. The shape of these two curves are almost identical. But 

when the temperature T = 1300 °C was applied the dependence 

between strain rate and flow stress is different especially at lower 

values for strain rate.  

   Strain rate values from 0,2 s-1 and up to 1,6 s-1 causes decrease 

of flow stress, but from 1,6 s-1 and to highest value of 4 s-1 the 

flow stress persistently but slowly increases.  
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Fig. 4 Influence of strain rate έe and temperature T on the flow stress kf 

constant effective strain εe = 1,0   
 

 

5. Conclusion 

  The goal of this paper was to determine the influence of different 

parameters on flow stress of stainless steel by using torsion test. The 

flow stress is one of the main characteristic of the metal materials 

and provides a full description of the workability of the material. 

The main parameters that influence the flow stress are strain, strain 

rate and forming temperature. The experimental measurements were 

used to determine the plastic behaviour of investigated steel, 

combined with the methodology applied to flow curve modelling.  

   For mathematical processing of obtained experimental results, 

multi-regression analysis method was used. With this method it is 

possible to get very accurate mathematical models of the influence 

of temperature, strain and strain rate on flow curve.  

   With obtained regression models very accurate prediction of flow 

stress is possible for every value of three applied process parameters 

inside experimental range and also optimal values of parameters for 

deserved flow stress can be obtained. The regression model 

presented in the paper is quite simple and is very accurate. The multi 

regression method of modelling, described in our paper can also be 

used for mathematical modelling of other parameters in metal 

forming. In the future work we intend to use evolutionary 

computation methods for modelling not only flow stress but also 

other important material characteristics. 
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