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Abstract. 
The problem of brittle fracture of structures at low temperature conditions connected to damage accumulation and ductile-brittle transition in metals. The data for locomotive tire contact impact fatigue and spalling are presented. The results of experimental testing showed the impact toughness drop at low temperature. The internal friction method was applied to revealing of the mechanism of dislocation microstructure changes during the low temperature ductile-brittle transition. It has been shown for the first time that the transition is not connected to interatomic interactions but stipulated by thermofluctuation on nucleus such as microcracks and by their further growth and coalescence. From now on, the proposed mechanism would be used for theoretical and numerical modeling of damage accumulation and fracture in materials.



1. Introduction
It is well known that during the low temperature climate operation the catastrophic breakdown of structure and machine elements often occurred. In that case the plasticity properties fall and the character of fracture changes from ductile to brittle [1, 2]. The significant loss of safety and economic efficiency occurred in the operation of railway equipment in extremely low climatic temperatures conditions [3, 4]. This leads to growth of energy and resource intensity of transportation. Special actuality of this problem is considering the construction of new rail lines and increase of cargo turnover. The most important units of railway equipment are tire and rail. Their durability and reliability significantly affect operating costs, and destruction is unacceptable because they pose a clear threat to traffic safety. The railroad located on territory of the Republic of Sakha (Yakutia) in Siberia (Russia) is distinguished by low climatic temperatures and acutely continental climate [5]. The period of subzero extends about 210 days and the minimum of temperature reaches 60°С below zero. The difference of the average temperature achieves 70°С and more per season.
The diversity of the phenomenon of ductile-brittle transition is reflected by the factors affecting the type of fracture: both internal and external. Thus the chemical composition and the structure of the material reflect the physical nature of the phenomenon, and the loading rate, temperature, type of stress-strain state, and the size of the structure define the mechanical nature, respectively. It should be noted that the structural mechanism of the process occurring in the range of ductile-brittle transition therefore still remains undetermined. Nevertheless the existence of the phenomenon is well studied by optical and electronic metallography. Image in Figure 1 demonstrated the boundary of ductile (on upper-right part) and brittle (on bottom-left part) mechanism of fracture.




	
	
		
			
				
			
		
	


Figure 1: Microstructural image demonstrated the low temperature ductile-brittle transition in structural steel 09G2.


The next step will be the multiscale modeling of damage accumulation and fracture. It should include the growth and coalescence mechanism of ductile pores and brittle small cracks and use the data of microstructure evolution on nano- and microscales also [6]. The stress and strain distribution partially accords with the thermodynamically consistent theory of elastoplasticity coupled with nonlocal damage in the strain space which was used [7, 8]. The coupling of critical level of damage and strain invariants ratio [9] defines the crack opening conditions and coalescence with the main crack [10].
2. Materials and Methods
The locomotive tires are exposed to influence of various loadings during operation. Material of the wheel of this locomotive element is merged in the complex stress state. So the internal and superficial defects are developed and damage plastic deformation and difficult tension take place.
2.1. Materials
The chemical composition of the locomotive tear bandage steel is shown in Table 1 and meets the requirements of the standard for such material [3].
Table 1: Chemical composition of steel, mass%.
	

	Element	С	Si	Mn	Р	S
	

	Content	0,6	0,33	0,83	0,02	0,02
	



The results of standard tension test for this steel do not have a great gulf fixed for mechanical properties (as yielding, breaking point, and tensile strain) at room and low temperature (see Table 2). The deformation curves are shown in Figure 2; and numbers 1–4 indicate samples.
Table 2: Results of standard tensile test.
	

	, °C			
	

	Room	708,97	1067,77	10,61
	686,12	1012,94	10,14
	705,40	1030,90	10,09
	

	 	690,16	1037,2	10,28
	

		747,61	1035,3	8,64
	769,85	1135,21	8,93
	749,77	1029,49	8,33
	

	 	755,74	1066,67	8,63
	







	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: The deformation curves for tensile test.


But because the bandage of locomotive tire is operated not only in a wide range of working temperatures, in static and dynamic loading too the principle is to study the impact toughness of the material of the band, as positive (20°C) and below freezing (−20, −40, and −60°C) also. Table 3 shows the results of impact test of bandage steel and average values for three or five samples.
Table 3: Results of test for impact toughness KCV.
	

	, °C	20			
	

	KCV, J/cm2	2,29	 	 	0,70
	1,75	1,33	0,71	0,58
	1,69	1,37	0,54	0,74
	1,72	1,38	0,96	0,51
	1,64	 	 	0,67
	

	Average	1,82	1,36	0,73	0,62
	



These values have been approximated by splines for further application (see Figure 3) [4].




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Approximation curve for impact toughness.


2.2. Experimental Methods
The method of internal friction is one of the most sensitive methods in the study of the fine structure of metals and alloys. Measurement of internal friction runs in a wide range of frequencies. Measurement in the ductile-brittle transition of materials with BCC lattice is conveniently carried out at low frequencies (of the order of a few hertz), because the internal friction is sensitive to various disturbances and alterations of the structure at the level of crystal lattice and therefore is often used by researchers to examine the actual defect structure of crystals. In the present work, measurements of internal friction held by the method of free torsional vibrations widely used for dynamic mechanical analysis of metallic materials [11, 12].
The reverse torsion pendulum has been used as the implementation of internal friction method. The lower end of test sample in the experiment has the form of a wire and was fixed stationary one. The upper end was rigidly connected to the inertial detail, suspended on torsion bars. The system was excited by torsional vibration. After removal of the driving force, the pendulum did damped oscillations. Main parameters of oscillations were measured (only the change of vibration amplitude, i.e., the number of oscillations here) to allow the calculation of the viscoelastic characteristics of the material sample [13].
As the test material, in this case structural steel 09G2 was selected. The test material has BCC lattice, which is characterized by low temperature ductile-brittle transition. Investigated wire samples have a diameter of 1 mm and working length 10 cm. The relative deformation of the order of 10-5 has been defined at the frequency of oscillation of pendulum about 1 Hz.
The important advantage of combined structural models should be mentioned also. It is the ability to find a way of experimental data obtained for one of the kinds of loading and behavior of the material, to the other, and combine experimental data related to various kinds of stress state and external influence.
The source data for the models are the sizes and quantitative characteristics of the distribution of defects at different structural levels obtained on the basis of scanning probe and optical microscopy and fractography, characterized by the fractal dimension, and it changes in the damage accumulation process.
Structural level in this case means the area of the extent to which the prevailing is certain defect structures (e.g., vacancy, dislocation, dislocation cluster, crack, micropore, strip shift, and nonmetallic inclusion). Structural levels sometimes could match the scale. Figure 4 presents the deformation surface image of low-alloyed steel plane probe near the rupture [14]. The image was obtained by STM and has 5 × 5 μm size. Just through the middle of the image a grain boundary passes with some structural defects around (small cracks, slip bends, and twins).




	
	
		
			
				
			
		
	


Figure 4: STM-image of the steel probe deformation surface with grain boundary.


3. Results and Discussion
The modeling of damage accumulation processes should consider the complex effects of high-cycle fatigue and low-cycle impact loading. The impact toughness as shown in Table 3 greatly depends on the test temperature. So the overall damage  could differentiate for high-cycle fatigue damage  and low-cycle impact damage  [9]:where  is damage during fatigue -cycle,  is damage during impact -cycle, ,  are appropriate cycles value. For operation at low temperatures the fatigue damage of tire has reduced but the impact damage significantly grown.
In Figure 5 the time-average temperature on railroad track section near Tommot city has been shown. The appropriate toughness KCV could be found according to curve in Figure 3. The damage has been calculated taking into account the associated flow rule and -integral dependence as [4]where ,  are impact toughness at room temperature and in -damage condition accordingly and  is depending of material and stress state factor. The derivation of this empirical formula is based on connection between the stress intensity factor and -integral, on the one hand, and proportion between values of stress intensity factor and impact toughness KCV, established experimentally for the high-strength steels, on the other hand [15, 16].




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 5: Minimal average month temperatures per five years in Tommot city.


The mechanism of dislocation movement on microscale could be established by an internal friction measurement. Also the internal friction is one of the main methods for determination of energy dissipation localization in low temperature ductile-brittle transition [12]. The experiment by pendular oscillator for wire samples of structured low-alloyed steel 09G2 (content is about 0,1% carbon and 2% manganese) was carried out. The measurements of temperature dependence for internal friction of both tempered and annealed samples of the test material in the temperature range 100–300 K have been used. Concerning the interpretation of internal friction data the magnitude was determined by the next equation [11]:where  is the inverse mechanical quality factor,  is the number of oscillations within the reduction of the amplitudes of the oscillations, and  is a number indicating how many times the initial amplitude decreases for  oscillations.
On the temperature curve of internal friction of the investigated steel is observed a maximum in the range of 160–240 K (see Figure 6). Maximum of the curve for the tempered sample is higher than that of the annealed sample. The maximum of activation energy is calculated at the frequency shift and achieved a value of 0,2 eV. The interval of existence of this maximum steel 09G2 coincides with the interval of existence of ductile-brittle transition under impact toughness test.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
					
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 6: Temperature curve of internal friction of the testing steel.


During the experiment a temperature dependence of Young’s modulus by resonance method has been investigated. The natural frequencies of a sample of steel 09G2 has been also determinate. The temperature dependence of the modulus of elasticity represents a monotonously increasing with decreasing temperature, a linear relationship in the range of ductile-brittle transition (see Figure 7).




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
	


Figure 7: Temperature dependence of Young’s modulus for testing steel.


Analytical possibilities of the method of internal friction allow obtaining the necessary information to study the early stages of damage in the area of ductile-brittle transition. The local changes in the submicroscopic structure of material occur in conditions of microstrains. Methods of mechanical spectroscopy allow evaluating the stages of development of the degradation processes and accumulation of the damage of deformed low-carbon steels [4]. There are a number of dislocation mechanisms responsible for low temperature inelastic scattering energy in various metals and alloys with BCC lattice. It can be thermal or geometric kinks in the motion of dislocations, interaction of dislocations with point defects, and the change in the density of mobile dislocations [11–13].
Stochastic model of crack growth and fracture in multiphase heterogeneous material is based on the mechanism triggered by stresses opening small cracks or pores on particles or ruptures of material [7–10, 14, 15].
Further viscoplastic growth and mutual coalescence of defects provide the crack propagation. Figure 8 showed the Web-oriented visualization examples of crack growth on microdefects. Algorithm has been realized by modern version of Java script language [16, 17]. Modification of the model can be connected with application to a wide range of phenomena, for example, the accumulation of damage in porous media, materials with multiple phase transitions, including evaporation, melting, and freezing, and the second-order phase transition [18–21].
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(b)
Figure 8: Java script visualization examples of crack growth on (a) micropores and (b) small cracks.


4. Summary
The new criterion and approach of damage estimation for locomotive tire in extreme uncertainty conditions are offered. It is revealed that the lifetime of tire is significantly sensitive to impact strength at low temperature during operation.
Monotonic temperature dependence of Young’s modulus in the range of ductile-brittle transition leads to confirming hypothesis about the dislocation and phonon mechanism of the phenomenon. Selection of the structural level occurs according to the classical Hamilton principle of stationary action or least action. In this case the rupture of atomic bonds occurs on athermal thermofluctuation mechanism in the inelastic scattering of phonons and under the action of tensile stresses, which can be appropriately modeled numerically. It should be noted that the revealing mechanism of internal friction of nano- and microcrystalline steels and alloys makes possible the building of theoretical and numerical models of the damage accumulation and fracture of the materials with a variable temperature-dependent structure.
So the new visualization possibilities of programming of damage accumulation and fracture processes presented in this paper too. The possibility of crack growth under the low-cycling and dynamic load and in cases of complex loading is examined.
5. Conclusions
This paper aims at experimental verification aspects of multiscale structural Web-oriented modeling of damage accumulation and fracture of heterogeneous materials. In very cold climate conditions the low temperature ductile-brittle transition in BCC-steel and alloys has a great significance. In such a practical problem like the strength of locomotive tire, for example, it is important to take into account the distribution of minimal temperature per calendar year and experimental dependence of impact toughness to reveal the ductile-brittle transition range. The dislocation mechanism of such transition was showed by the amount of dissipation energy during the internal friction test. Then for modeling of the damage accumulation process and pores growth and crack brunching it is necessary to bring the nonlocal viscoelastic approach the thermodynamically consistent theory of elastoplasticity. For the Web-oriented visualization rendition the plane and stochastic approximation of crack distribution in multiscale structure has been used. The next step should be the connection between the modeling of material and prediction of real structure lifetime. Besides the transport this approach is highly desired in potentially dangerous industrial objects such as electricity and thermal power plants.
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