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Abstract. The tests were performed for low-cycle fatigue at the temperature of 900С on the 
15ХСНД steel samples, which were taken from a lifting beam of CCM turret No.6 of PJSC 
Magnitogorsk Iron & Steel Works (MMK). The tests were performed using the Gleeble 3800 
thermomechanical simulator in air atmosphere. The measurements of the sample deformations 
in the course of the testing were performed using a high-temperature detector of lateral 
deformations. According to the test results, fatigue curves were built for stress and deformation 
conditions, as well as a cycle curve of deformation. Regression equations were obtained for the 
low-cycle fatigue curve for stress and deformation conditions, as well as the regression 
equation for the cycle curve of deformation. It was demonstrated that the experimental values 
of stress and deformation conditions fit into the confidence interval of these equations with a 
probability of 99.5%, which allows using them for the assessment of the remaining lifetime of 
cyclically loaded structures of CCM ladle turret No.6. 

1.  Introduction 
A continuous casting machine (CCM) includes a ladle turret, which consists of a base, a rotating 
platform, and a cross head with hangers. The ladle turret is intended for receiving a steel-teeming ladle 
with metal into a standby position, and moving it from the standby position to teeming position and 
back [1,2]. During metal teeming the ladle turret provides for fulfillment of the operations of lifting, 
lowering and continuous weighing of the ladle. 

The ladle turret is a heavy-loaded welded structure pertaining to the category of dangerous 
technical equipment, taking up significant static, cyclic and temperature impacts leading to its 
performance degradation [3-6].  

It is worth noting that during reconstruction and upgrade of the ladle turret the cyclic character of 
external impacts is not always being taken into account, while the amplitude of their variation may 
lead to failure of the most loaded elements [7-9].  

In this work tests on the low-cycle fatigue were performed for 15ХСНД steel samples taken from a 
lifting beam of CCM turret No.6 of PJSC Magnitogorsk Iron & Steel Works (MMK) in order to assess 
the remaining lifetime and make a decision on the ladle turret upgrade. 

2.  Research Methods and Results 
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2.1.  Testing method 
The low-cycle fatigue tests were performed in compliance with [10,11] on double cylindrical test-
pieces with the diameter of 6 mm (Figure 1).The chemical composition and mechanical properties of 
the samples material at the temperature of 200C are given in Tables 1,2.  

 
Figure 1. Sample for testing on the low-
cycle fatigue. 

 
Table 1. Chemical Composition of 15ХСНД Steel. 

Chemical Elements Content, % 
С Mn Si Cr Ni Cu S P 

0.14 0.57 0.40 0.64 0.40 0.27 0.016 0.012 
 

Table 2. Mechanical Properties of 15 HSND Steel. 

No. σт, MPa σb, MPa δ5, % ψ, % KCU+20, J/cm2 
1 410 544 34 72 256 
2 424 568 38 78 269 

Note: The tests were performed for quintuple samples at the temperature of 200C according to GOST 1497-84 
[12]. 

 
The tests on the low-cycle fatigue were performed using Gleeble 3800 thermomechanical 

simulator, in which samples are heated by passing electric current through them. The heating 
temperature equaled 900C and was controlled by a chromel-alumel thermocouple. To measure 
deformation, a high-temperature detector of lateral deformation (hereinafter referred to as the 
dilatometer) was used. 

The tests were sequenced as follows. First, during single tension till destruction two samples were 
tested (see Fig. 1), and deformation and mechanical characteristics of steel at the temperature of 900C 
were determined. The average values of the testing results are given in Table 3. 

Table 3. Mechanical Properties of 15 HSND Steel. 

σb, MPa ψ, % E, GPa µ 
510 70 205±10 0.3 

Note: The tension tests were performed for double samples at the temperature of 900C. 
 

After that the values of logarithmic deformations were calculated using the following formula [10]: 

 ( )1 2 / ,G Eε ε µ σ= + −  (1) 

where E is the modulus of elasticity for tension equaling 2.05⋅106 MPa; µ is the Poisson’s ratio 
assumed to equal 0.3; εG is the value of logarithmic deformation computed by Gleeble 3800 complex 
software using the following formula [13]: 

 ( )0 02ln / .G d d dε ∆=  +    (2) 
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here d0 is the sample’s initial diameter; ∆d is the variation of the sample’s diameter measured in the 
course of testing (readings of the dilatometer). 

On the grounds of the obtained results the levels of deformation ranges ∆εG were set, and the low-
cycle testing of the samples was performed in compliance with GOST 25.505-85.  

According to the results of the tests on the first samples, the set levels of deformation were 
corrected in order to obtain the points of the fatigue curve within the range of 10 ÷ 105 of cycles till 
destruction. The fatigue curve was built through interpolation of the experimental points using the 
least squares method. 

The rate of deformation at static and cyclic impact was constant and equaled 0.01 s-1. All the tests 
were performed in air atmosphere at the temperature of 900C.  

The preliminary assessment of the levels of deformation range ∆ was bsed on the method of 
multipurpose tilting [14] using the empirical dependencies of Manson [15] 

 ( ) ( )0.12 0.6 0.63.5 / ln 1 / 1b E N N∆ε σ ψ− −= +  −    (3) 

and of Manson-Muralidharan [16] 

 ( ) ( ) ( )0.832 0.530.09 0.155 0.561.17 / 0.0266 ln 1 / 1 / ,b bE N E N∆ε σ ψ σ −− −= +  −    (4) 

where N is the number of destruction cycles. 
As source data for calculation the values of σb and ψ given in Table 3 were assumed. The 

preliminary assessments of the deformation ranges corresponding to the numbers of cycles till 
destruction 10, 100, 1000, 10000 and 100000 are given in Table 4 and on Figure 2. 
 

Table 4. Preliminary Assessment of the Levels of Deformation Range. 

N 0.5 10 100 1000 10000 100000 
∆ε ln[1/(1–ψ)] 0.25 0.07 0.02 0.007 0.0035 

 

 

Figure 2. Assessment of the levels of the logarithmic deformation range. 
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2.2.  Results of cyclic tests 
The tests on low-cycle fatigue were performed starting from the highest levels of the deformation 
range. As the test results were being obtained, the levels of the deformation range were corrected to 
obtain the number of cycles till destruction close to the values set earlier: 102, 103, 104 and 105. As a 
planned stop of testing the sample’s destruction was assumed or a significant (more than 50%) 
decrease in the stress range as compared to an established one. 

During determining the deformation range ∆ε the dependency of type (5) was used, which takes 
into account the error of deformation determining by Gleeble 3800 test unit’s software: 

 ( )Δ Δ 1 2 Δ /G Eε ε µ σ= + − , (5) 

where ∆εG is the deformation range as per detector; ∆σ is the stress range. 
The test results at the selected values of the deformation ranges are given in Table 5.  
 

Table 5. Results of Tests in Low-cycle Fatigue 

No. per 
item 

Deformation Range 
∆εG  

Deformation Range 
∆ε 

Stress Range ∆σ, 
MPa 

Number of Cycles 
till Destruction N 

1 0.070 0.0722 1134 20* 
2 0.054 0.0561 1090 88 
3 0.05 0.0521 1080 66 
4 0.0196 0.0214 910 418 
5 0.0195 0.0213 927 567 
6 0.008 0.00952 777 2545 
7 0.008 0.00948 759 2902 
8 0.0043 0.0057 700 7681 
9 0.004 0.00534 685 8890 
10 0.00275 0.00408 684 10379 
11 0.0024 0.00369 661 11796 
12 0.00245 0.00384 650 15348 
13 0.00199 0.00319 614 17330 

* The sample had lost stability before destruction occurred. 

2.3.  Building of the Fatigue Curve 
According to the testing results given in Table 5, a fatigue curve for stress was built (Figure 3). 

 

 

Figure 3. Fatigue curve for stress. 
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To interpolate the experimental data, a regression equation of the following type was used [17] 

 1Δ / 2 GN γσ σ−= +  (6) 

where σ–1 = 105 MPa, G = 756 MPa, γ = –0.126 are the values of parameters obtained through the 
least squares method. 

The boundaries of the confidence interval (with a probability of 99.5%) for the regression equation 
were assessed according to [18,19]. 

Also, directly according to data of Table 4, a cycle curve of deformation was built [20] – the 
dependency of the stress amplitudes on the deformation amplitudes after cyclic stabilization (Figure 
4). 

 

Figure 4. Cycle curve of deformation. 
 
The regression equation looks as follows: 

 ( )Δ / 2 min   / 2;  / 2 ,mE Kσ ∆ε ∆ε =    (7) 

where K = 1131 MPa, m = 0.201 are the values of parameters obtained using least squares method; 
∆σ/2 = E ∆ε/2 is the equation in case of elastic deformation; ∆σ/2 = K(∆ε/2)m is the equation in case of 
elasto-plastic deformation. 

The boundaries of the confidence interval (with a probability of 99.5%) for the power section of the 
regression equation were assessed according to [18,19], and for the elastic area – based on the error of 
determining the value of the modulus of elasticity within the range of 205±10 GPa. 

During solving the equation (9) related to the range of logarithmic deformation, the fatigue curve 
equation for deformation was obtained (Figure 5): 

 ( ) ( ){ }1/

1 12max / ; /
m

GN E GN Kγ γ∆ε σ σ− −
 = + +   (8) 
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Figure 5. Fatigue curve for deformation. 

3.  Conclusion 
1. According to the results of testing 15ХСНД steel samples, fatigue curves for stress and deformation 
were built, as well as a the cycle curve of deformation – a dependency of stress amplitudes on 
deformation amplitudes after cyclic stabilization. 
2. Regression equations were obtained for low-cycle fatigue curve for stress (6) and deformation (8) 
for 15HSND steel, as well as the regression equation for the cycle curve of deformation (7).  
3. The experimental values of stress and deformation with a probability of 99.5% fit within the 
boundaries of the confidence interval of these equations. This allows to use the obtained equations for 
assessment of the remaining lifetime of cyclically loaded structures of CCM ladle turret No.6. 

Reference 
[1] Bulanov L V, Korzunin L G, Parphenov E P et al 2004 Continuous-casting Machines Theory 

and Calculation (Yekaterinburg: Ural Center for PR and Advertising Marat) p 320 
[2] Grebennik V М, Ivanchenko F K, Pavlenko B D et al 1990 Mechanical equipment of converter 

and open hearth shops (Kiev: Vishcha shk.) p 288 
[3] PB 11-552-03 2003 Safety rules in steelmaking (Moscow: ZAO NTC PB) p 153 
[4] Kucherenko V F 1982 Strength and Durability of Technological Lifting and Transporting 

Equipment of Metallurgic Plants (Moscow: Metallurgiya) p 160  
[5] Pogodin D A 2004 Development of Methods of Assessment of Bearing Capacity, Reliability and 

Remaining Lifetime of Metal Structures of Steel-teeming Stands (Cherepovets: Cherepovets 
State University) р 48 

[6] Savelyev A N, Severyanov S S and Tarasov M I 2016 Evaluation of the recovery mode of the 
equipment of the technological line "continuous casting machine" Vestnik SibGIU 4 36–40 

[7] Gubaydulin R G 2017 Causes of Fracture of Elevating-And-Traversing Stand of Continuous-
Casting Machine Procedia Engineering 206 900–910 

[8] Kuzminov А, Golubev А, Zelenkov N and Glazunov A 2015 Definition of a Tension of a Beam 
Traverses (with Slips on a Place of the Arisen Cracks) when Carrying out Examination 
Industrial the Lifting and Rotary Stand Еuropean Science 8(9) 29–35 

[9] Kuzminov A L and Kozhevnikov A V 2016 New methods for determining the residual load-
bearing capacity of steel structures of steel-casting stands Prevention of accidents of 
buildings and structures 4 119–29 



ICCATS 2018

IOP Conf. Series: Materials Science and Engineering451 (2018) 012056

IOP Publishing

doi:10.1088/1757-899X/451/1/012056

7

 
 
 
 
 
 

[10] GOST 25.505-85 2005 Testing of metals. Method of Testing on the Low Cycle Fatigue at Heat 
Mechanical Loading (Moscow: Standartinform) p 10 

[11] ASTM E2368-10 2010 Standard Practice for Strain Controlled Thermomechanical Fatigue 
Testing (West Conshohocken PA: ASTM International) р 10 

[12] GOST 1497-84 2008 Metals. Methods of Tension Test (Moscow: Standartinform) р 22 
[13] Kogaev V P, Makhutov N A and Gusenkov A P 1985 Calculation of Strength and Durability of 

Machine Parts: Reference (Moscow: Mashinostroenie) p 224 
[14] Porter A M, Bukaty S A and Leshin D P 2014 Studying the Accuracy of Predicting of Low-

cycle Durability of Parts of Gas Turbine Engines Based on Manson Equation Bulletin of 
Samara State Air and Space University 5 142–50 

[15] Manson S S 1965 Fatigue: A Complex Subject–Some Simple Approximations Experimental 
Mechanics 7 193–226 

[16] Muralidharan U and Manson S 1988 Modified Equation with Universal Parameters of the 
Degree for Assessment of Fatigue Properties of Metals Theoretical Fundamentals of 
Engineering Calculations 4 87–92 

[17] Manson S 1974 Temperature Tension and Low-cycle Fatigue (Moscow: Mashinostroenie) p 344 
[18] Orlov A I 2004 Applied Statistics (Moscow: Ekzamen Publishing House) p 672 
[19] Stepnov M N 2005 Probability Methods of Assessing Characteristics of Mechanical Properties 

of Materials and Bearing Capacity of Elements of Structures (Novosibirsk: Nauka) p 324 
[20] Gokhfeld D A, Getsov L B, Kononov K M et al Mechanical Properties of Steels and Alloys at 

Non-stationary Load (Yekaterinburg: UrO RAN) p 408 


