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Abstract 

During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 

The effect of the diameter of the shells of structural steel (0.6% C) on the parameters of the cumulative number distribution of 
fragments by mass and the cumulative mass distribution on fragment length is studied. We tested geometrically similar closed 
cylinders of different diameters with different wall thicknesses, but maintaining a constant ratio of wall thickness to diameter of 
the shells equal to 0.175. Detonation velocity and pressure were 8300 m/s and 27 GPa, respectively. 
It was found that statistical fragment distributions by mass of the shells of different diameters are well described by the linear 
exponential relations, and with decreasing shell diameter, indices in these relations equal to reciprocal value of the characteristic 
mass increases. The diameter of the shell may affect the indices of cumulative mass distributions of fragments along their length 
described by a power function. With the increase in shell diameter, exponents in these equations are reduced, and the 
distributions are shifted to a shorter length fragments. These changes in the character and location of distributions are explained 
by change in the fragmentation mechanism. In the diagram, plotted using of the cumulated mass distributions on the fragment 
length for shells with different diameters, three parts corresponding to the three regimes of fragmentation is marked out. 
The initial stage of fragmentation of shells of small diameter (section I of the mass-fragment length distribution) is connected 
with the formation of small but numerous fragments limited by initial shear cracks on the inner surface of the shell. In the middle 
section II, which is linear in double logarithmic coordinates, the main spectrum fragments are formed, and this process develops 
steadily on the section II a, and with acceleration on the section II b, probably due to the transition from the shear to radial 
rupture fracture, accompanied by an increase in thickness of the fragments. On the last section III, corresponding to the fragment 
distribution of shell with the largest diameter, the length of the fragments is growing, but the cumulative mass remains almost 
constant, that is likely due to the formation of a relatively small number of longitudinal fragments of lesser thickness. 
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1. Introduction 

Researches on the analysis of scale effects of dynamic fragmentation are few, and they are often contradictory. 
Thus, the authors Ivanov et al. (1972) and Slate et al. (1967) noted a strong influence of the shell geometry on the 
fracture mechanism, unlike the authors, Botvina and Odintsov (2006), which found no significant influence of the 
wall thickness of the shell on the mechanism of dynamic fragmentation of three structural steels. According to study 
of Slate et al. (1967), increasing the wall thickness of spheres from zinc, copper, aluminum and copper - beryllium 
alloy leads to a change in ductile fracture by brittle fracture and growth of fracture deformation, which reaches a 
constant maximum value at the brittle fracture.  

 
Nomenclature 

D outer diameter, mm 
d inner diameter, mm 
Δ0 wall thickness, mm 
L length of shell, mm 
l fragment length, mm 
М mass of shell, g 
mEC mass of explosive charge, g 
ψ reduction of specimen, % 
ψ* reduction of fragment, % 
m fragment mass, g 
mEC mass of the explosive charge, g 
N number of fragments with the mass larger than m 
μ characteristic mass of fragment distribution 

 
The growth of the strain with the increase in the size of the specimens was observed by Zhang and Ravi-Chandar 

(2008), who examined regularities of deformation and fragmentation localization of expanding rings made of ductile 
metals (aluminum and copper) under dynamic loading, and found that with the increase in the absolute size of the 
specimen and, in particular, with an increase of its cross section, deformation of the beginning of the dynamic 
localization associated with the formation of the neck increased. According to the authors, this was due to the effects 
of plastic deformation wave propagation in larger specimens, resulted to an increase in the time before the beginning 
of the localization process. 

At the same time, another researcher, Banks (1968), linked the increase in ductility with increasing duration of 
action of compressive stresses, inhibiting the development of microcracks. In contrast to this result, Ivanov et al. 
(1972) showed that the amount of plastic deformation before fracture of geometrically similar shells decreases with 
increasing size. 

These works do not contain systematic information on influence of the material mechanical properties on the 
manifestation of scale effects, as well as about the changes in the fragment characteristic mass with an increase in 
the size of the shells assessed by analysis of the statistical distributions of the fragments after the test. 

Purpose of work is to clarify these questions by testing geometrically similar cylindrical shells from structural 
steels with different levels of strength and toughness. 
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2. Materials and methods of research 

To study the effects of size and mechanical properties of material on regularities of the fragmentation process, 
dynamic tests of shells (closed cylinders) from structural steels 20, 45Cr and 60 have been conducted. The 
geometric characteristics of shells, their mass and mass of the charge, as well as the mechanical properties of the 
material from which they were made, are shown in tables 1 and 2. The shells were geometrically similar, since ratio 
of wall thickness to the shell diameter remained constant and equal 0.175. 

Table 1. The geometry of the shells and mass of charge 

Outer diameter 
D, mm 

Inner diameter 
d, mm 

Wall thickness 
Δ0, mm 

Length L, mm Mass of shell 
М, g 

Mass of explosive 
charge, mEC ,g 

20.4 13.2 3.6 50.6 97 10.6 

34.2 22.2 6.0 85.0 457 50.5 

48.1 31.2 8.4 119.5 1270 140.0 

62.0 40.2 10.9 154.0 2730 300.0 

Table 2. Mechanical properties of the material of shells 

Material of 
shells 

Tensile strength 
σU, МPa 

Yield strength 
σY, МPа 

Elongation, δ, 
% 

Reduction, 
ψ, % 

Impact toughness 
KCU, МJ/m2 

steel 20 350 175 55.0 28.0 5.9 

steel 45Cr 950 670 16.5 5.8 1.1 

steel 60 850 575 16.0 5.1 0.5 

The shells were loaded by explosive way. As an explosive, C4 was used with a density of 1.64 g/cm3. The 
velocity of detonation, the specific heat of the explosion, and detonation pressure were 8300 m/s, 5.4 MJ/kg and 27 
GPa, respectively. Recapturing fragments of shells at the explosion was performed in a soft stopping medium 
(sawdust), after removal from which, the length (l), width (w) of the fragments and their mass (m) were measured. 

The rate of expansion of shells was evaluated by the Garni ratio:  

, 

where Q is the specific heat of explosive transformation, β= mEC/M is load factor (mEC is mass of the explosive 
charge, M is mass of the shell), the k is isentropic factor of detonation products (for the most explosive is taken 
equal to 3). 

Geometric similarity of the shells provided a constant load factor, and hence throwing speed, that is all the shells 
have been tested with the same load factor (the same unit load). The rate of deformation for the expanding 
cylindrical shell, which is inversely proportional to its linear size ( =V/R, where V is the rate of expansion shell, R is 
its radius), changed with increasing radius in the range (1.29–0.44)*105 s-1. Due to the geometric similarity of shells, 
their mass and the mass of the explosive charge and, accordingly, the total energy of dynamic loading were 
proportional to the cube of the diameter of the cylinder. 

3. Results 

3.1. Evaluation of influence of the shell diameter on the characteristic mass of fragments 

Fig. 1a shows the cumulative distributions of shell fragments of different diameters made of steel 60. The solid 
lines in the graphs correspond to the exponential equation (1): 

,  (1) 
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