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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 

Results of dynamic tests of pipe steel of strength category of 650 MPa on dynamic strength, fluidity and fracture toughness are 
presented. The stress-strain curves for shock tension and the dependence of the ultimate destruction characteristics of materials on 
the strain rate and temperature are constructed. To obtain the parameters of dynamic fracture toughness, modifications of the Kolsky 
method were used on tension a solid cylindrical specimen weakened by an annular V-notch. The work and fracture toughness are 
determined. To describe the velocity dependences of the utmost characteristics of the fracture toughness, a well-known Morozov-
Petrov incubation time criterion was used. 
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1. Introduction 

Trunk oil and gas pipelines in the northern latitudes are operated in difficult climatic conditions, namely, with 
temperatures of outside air to minus 60°C. Throughout their life cycle the pipelines undergo impacts characterized by 
different levels of elastoplastic deformation of the pipe wall: transportation of pipes to the site of construction, 
installation and welding, long-term operation in conditions of seasonal shift and swelling of soil, significant negative 
temperatures, possible man-caused impacts, etc. Elastoplastic deformation causes complex and diverse processes in 
the structure of crystalline materials, starting from the meso- to the macro-level. These processes significantly change 
the corrosion-mechanical characteristics of materials, especially if it is a cold plastic deformation. 
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A special feature of the design of gas pipelines in the northern regions is the toughening of the requirements for the 
material of pipes for ductility and viscosity. As the temperature decreases the strength characteristics of the steel grow, 
while the viscosity and plasticity decrease. A certain difficulty is the choice of the required level of plastic and viscous 
properties. Therefore, when choosing steel for work under these conditions, the determining factors are: strength at the 
maximum operating temperature (usually room temperature), while viscosity and ductility at the minimum temperature. 
Typically, the minimum operating temperature is determined by the temperature of the viscous-brittle transition, at which 
the viscosity falls to unacceptably small values. This characteristic can be evaluated, in particular, by setting the required 
level of impact toughness or the proportion of the viscous component in the fracture and determining the corresponding 
critical temperature. The use of Charpy type specimens with an acute incision (R=0.25 mm) or with an initiated fatigue 
crack for testing makes it possible to reliably detect the critical temperature of material brittleness. 

Recently, the transition to the production of pipes from rolled products of increased strength class has been carried 
out. Steel for construction of main pipelines operating under difficult climatic conditions should have both high 
strength and good cold resistance with guaranteed values of toughness at low temperatures, which can be achieved by 
creating a highly dispersed fragmented structure. 

The aim of this work is to study the change in the dynamic properties of pipe steel of strength category 650 MPa at 
negative temperatures. 

2. Experimental methods 

Experimental investigation of the strength and deformation properties of steel under dynamic loading, as well as 
studies of the change in viscosity properties in the temperature range from +200C to -1000C were carried out using the 
Kolsky method and various modifications of the split Hopkinson pressure bar. 

2.1. The method of studying dynamic properties under uniaxial tension 

To determine the stress-strain curves and ultimate fracture characteristics of pipe steel the experimental facility 
created by Bragov and Lomunov (1995a, 1995b) with a split Hopkinson pressure bar was used, realizing the modified 
Kolsky technique for tension firstly introduced by Nicholas (1981). For the conducted research cycle, pressure bars 
made of high-strength steel with a yield strength of ~2000 MPa were used. The length of the loading bar is 3 m, the 
length of the support bar is 1.5 m (Fig.1,a).  

   
a)                                                                                                                      b) 

Fig.1. Scheme of installation for tensile testing (a) and configuration of the specimen for the investigation of fracture toughness (b) 

The specimen with threaded heads was screwed into the nests on the ends of the measuring bars and was surrounded 
by a ring of strong steel. The length of the working part of the specimen is 10 mm, the diameter of the working section 
is 5 mm. The elastic strain pulses εI(t), εR(t) and εT(t) in the measuring bars allow us to determine parametric processes 
of stress σ(t) and strain ε(t) and then to construct the deformation plots of the specimen in the axes σ(ε) and ε��ε�.  
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To carry out the tests at negative temperatures a cooling by nitrogen vapor, both a specimen with a surrounding 
strong ring, and the adjacent ends of the measuring bars was used. The specimen temperature was controlled by a 
miniature thermocouple welded to the side surface of the specimen. 

It should be noted that due to the large ratio of the cross-sectional areas of the measuring bars and the working part 
of the specimen (12:1), most of the loading wave in the tension cycle is reflected back from the specimen, reaches the 
free (rear) end of the second measuring bar, re-loads the specimen, is reflected again, etc. Thus the specimen undergoes 
several cycles of tensile load with gradually decreasing amplitude (Bragov et al. 2001). Usually with insufficient 
energy of the loading pulse and great plasticity of the test material, the destruction of the specimen does not occur in 
the first (main) loading cycle, but in any subsequent one. With the existing configuration of the measuring bars 
undistorted registration of two loading cycles is possible. The analysis of the recorded strain pulses allows us to 
determine the cycle in which the destruction occurred. 

2.2. Method for studying fracture toughness 

As an alternative to the standard Charpy impact test, a modification of the Kolsky method developed by Bragov et 
al. (2009) was used to obtain the dynamic fracture toughness parameters (KCV) by realizing the tension of a solid 
cylindrical specimen weakened by V-notch cut without a fatigue crack (Fig.1,b). The length of the working part is 
L=5 mm, diameters: total cross-section D=7 mm, weakened section d=4 mm. The radius of the notch is 0.25 mm. 

The measurement procedure and the means for recording the strain pulses in the measuring bars are the same as in 
the simple tensile tests. As a result of the tests the energy and fracture toughness are determined. 

The energy of destruction KV is defined as the area under the curve P~Δℓ. The fracture toughness for specimens 
with an annular notch KCV=KV/A0, here A0=πd2/4 is the cross-sectional area at the notch location.  

The nominal stress σn is defined as the ratio of the force in the sample P (t) to the area of the weakened cross 
section σn(t)=P(t)/A0. Accordingly, the breaking stress σ* in the specimen is defined as the maximum of the time 
dependence σn(t). 

2.3. Method for analysis of strain-rate dependences of fracture toughness 

It is known (Savruk, 1988) that the stress intensity factor KI can be found from the stress concentration at the top 
of the smooth cutout by the formula 

max
I 0

lim
2

K





 ,  

where ρ is the curvature of the notch in its vertex, σmax=Pmax/A0 is the maximum normal stress at the notch tip. 
This expression can be rewritten in terms of the stress concentration factor Kt, assuming that the stress intensity 

factor reaches its critical value with a breaking load σmax: 

𝐾𝐾���𝜌𝜌� � �
� �𝜋𝜋𝜌𝜌σ��� 𝐾𝐾��𝜌𝜌�.  

The critical stress intensity factor (static fracture toughness) KIC is defined as follows (Kogut, 1986): 

𝐾𝐾�� � ����
�√� � ����,   where the shape factor �λ� � ������√���

�√����������√��� ,  Dd / ,  

here d is the diameter of the sample in the notch, D is the diameter of the total cross section of the working part of the 
sample. The constant 0.9656 in the equation is somewhat different from the one given in [Kogut, 1986] and equal to 
0.7976 because the tested cylindrical specimen has no fatigue crack and therefore, about the fracture toughness can 
be said only conditionally. 

To describe the velocity dependences of the ultimate characteristics of fracture toughness, the incubation time 
concept was formulated by Petrov and Utkin (1989), Petrov and Morozov (1994). 

�
� � 𝐾𝐾�𝑡𝑡��𝑡𝑡 � 𝐾𝐾��

�
��� ,        (1) 

where  is the structural or incubation time - an independent material parameter, KIc is the critical value of the stress 
intensity factor, K(t) is the value of the intensity factor for a given load. 
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critical temperature. The use of Charpy type specimens with an acute incision (R=0.25 mm) or with an initiated fatigue 
crack for testing makes it possible to reliably detect the critical temperature of material brittleness. 

Recently, the transition to the production of pipes from rolled products of increased strength class has been carried 
out. Steel for construction of main pipelines operating under difficult climatic conditions should have both high 
strength and good cold resistance with guaranteed values of toughness at low temperatures, which can be achieved by 
creating a highly dispersed fragmented structure. 

The aim of this work is to study the change in the dynamic properties of pipe steel of strength category 650 MPa at 
negative temperatures. 

2. Experimental methods 

Experimental investigation of the strength and deformation properties of steel under dynamic loading, as well as 
studies of the change in viscosity properties in the temperature range from +200C to -1000C were carried out using the 
Kolsky method and various modifications of the split Hopkinson pressure bar. 

2.1. The method of studying dynamic properties under uniaxial tension 

To determine the stress-strain curves and ultimate fracture characteristics of pipe steel the experimental facility 
created by Bragov and Lomunov (1995a, 1995b) with a split Hopkinson pressure bar was used, realizing the modified 
Kolsky technique for tension firstly introduced by Nicholas (1981). For the conducted research cycle, pressure bars 
made of high-strength steel with a yield strength of ~2000 MPa were used. The length of the loading bar is 3 m, the 
length of the support bar is 1.5 m (Fig.1,a).  

   
a)                                                                                                                      b) 

Fig.1. Scheme of installation for tensile testing (a) and configuration of the specimen for the investigation of fracture toughness (b) 

The specimen with threaded heads was screwed into the nests on the ends of the measuring bars and was surrounded 
by a ring of strong steel. The length of the working part of the specimen is 10 mm, the diameter of the working section 
is 5 mm. The elastic strain pulses εI(t), εR(t) and εT(t) in the measuring bars allow us to determine parametric processes 
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It should be noted that due to the large ratio of the cross-sectional areas of the measuring bars and the working part 
of the specimen (12:1), most of the loading wave in the tension cycle is reflected back from the specimen, reaches the 
free (rear) end of the second measuring bar, re-loads the specimen, is reflected again, etc. Thus the specimen undergoes 
several cycles of tensile load with gradually decreasing amplitude (Bragov et al. 2001). Usually with insufficient 
energy of the loading pulse and great plasticity of the test material, the destruction of the specimen does not occur in 
the first (main) loading cycle, but in any subsequent one. With the existing configuration of the measuring bars 
undistorted registration of two loading cycles is possible. The analysis of the recorded strain pulses allows us to 
determine the cycle in which the destruction occurred. 
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The starting (critical) value of the stress intensity factor (dynamic fracture toughness) under impulse action depends 
on the loading rate determined in the vicinity of the tip of the crack, i.e. from 𝐾𝐾� . Under such assumptions, the criterion 
for the dynamic nucleation of a crack can be formulated in the following form: 

𝐾𝐾���𝑡𝑡� � 𝐾𝐾��� �𝐾𝐾����𝑡𝑡��  при t=t*. 

The right-hand side of the equation, which symbolically reflects the dependence of the viscosity of the dynamic 
nucleation of the disruption 𝐾𝐾��� on the loading rate 𝐾𝐾����𝑡𝑡∗�, should be obtained experimentally. This value determines 
the time of generation of dynamic failure from the conditions of critical loading. Using criterion (1), it is possible to 
determine the dependence of the applied critical amplitude P of the impulse load on time to failure t*. 

Based on the data obtained by the Kolsky method, an approximate estimate of the crack resistance can be made by 
the criterion of the J-integral. The value of the J-integral is estimated from the formula 

� � � ��𝑡𝑡� � ���𝑡𝑡��∗
�  .  (2) 

The average value u(t)=(U1(t)+U2(t))/2, determined from the displacement of the loaded and its rear end of the 
specimen on the basis of the deformation pulses in the measuring bars, is taken as the displacement of the center of 
the specimen. 

3. Results and discussion 

3.1.  Strength and deformation properties under uniaxial tension 

To evaluate the influence of the strain rate on the mechanical properties of steel a series of tensile tests of solid 
cylindrical specimens with threaded heads at room temperature in the strain-rate range of 1300-5000 s-1 was carried 
out. To evaluate the effect of "cold-brittle" of steel the specimens, in addition, tested at various negative temperatures 
(from minus 400C to minus 1200C). 

As a result, deformation curves in the axes σ(ε) and ε��ε� are constructed, the ultimate strength and deformation 
characteristics of steel are determined and their dependences on the strain rate are constructed. An example of the 
obtained plot of a two-cycle tension of a specimen is shown in Fig.2,a. The solid line shows the curve σ(ε), the dotted 
line shows the corresponding ε��ε� dependence (right axis). It is seen that at a strain rate of ~1600 s-1 the specimen 
fracture has been occurred during the second loading cycle. 

a)          b)  
Fig. 2. Deformation plot of steel at a temperature of -800C (a) and the dependence of the strength properties on the test temperature (b) 

The effect of the test temperature on the yield stress and the temporary resistance of the steel upon tension is shown 
in Fig.2,b. One can note a slight increase in strength properties with decreasing temperature. The dependence of the 
strength properties from the strain rate is weak. 

3.2.  Strength and deformation properties under uniaxial tension 

The measurement procedure and the means for recording the strain pulses in the measuring bars are the same as in 
the simple tensile tests. Steel striker 300 mm long was used. All the test specimens had a diameter of the total cross 
section of 7 mm, a diameter of the section weakened by a notch was 4 mm and the radius of the notch top was 0.25 
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mm. The technique of preparation and testing at room and negative temperatures is similar to the simple tension 
technique described above. 

a)       b)  
Fig. 3. The effect of temperature on fracture toughness (a) and on time to failure (b) 

The cold-brittle effect of steel is shown in Fig.3. There is a significant drop in impact strength at temperatures 
below -500C. An approximate estimate of the crack resistance was made by the criterion of the J-integral (2). 

Figure 4 shows the dependence of JId on the time of destruction as well as on temperature. The value of JId increases 
with increasing exposure time. This is primarily due to the fact that the integration area is increasing. A function of 
the form f(T)=a/(1+b∙exp(-c∙T))+d (logistic curve) was used to construct the cold-brittle transition curve. The 
parameters were chosen from the condition of the best approximation of the experimental points. 

a)       b)  
Fig. 4. The dependences JId on the time of failure (a) as well as on the temperature (b) 

3.3.  Description of the velocity dependences of the fracture toughness by the criterion of the incubation time 

The use of the structural-temporal approach makes it possible to calculate the dependence of the dynamic fracture 
toughness on the strain rate: 

𝐾𝐾�� � � �2𝐾𝐾��𝐸𝐸𝐸�ατ,        𝐸� � ����
���

𝐾𝐾�� � ���𝐸𝐸𝐸�ατ,    𝐸� � ����
���  , where α � �

�√� ∙ ���
� ∙ 𝑓𝑓�λ� is a constant depending on the specimen geometry. 

The best coincidence between calculated and experimental data was obtained at τ≈20 μs and KIc=48 MPa√m. This 
value of the incubation time τ (20 μs) is close to the obtained incubation time τy for smooth samples (15 μs). 

Figure 5 shows plots of the dynamic fracture toughness versus time to failure (a) as well as on the loading rate (b). 
The circles indicate the experimental points, and the dashed line corresponds to the dependencies obtained using the 
structural-temporal approach. A fairly good correspondence is observed. 
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The starting (critical) value of the stress intensity factor (dynamic fracture toughness) under impulse action depends 
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𝐾𝐾���𝑡𝑡� � 𝐾𝐾��� �𝐾𝐾����𝑡𝑡��  при t=t*. 

The right-hand side of the equation, which symbolically reflects the dependence of the viscosity of the dynamic 
nucleation of the disruption 𝐾𝐾��� on the loading rate 𝐾𝐾����𝑡𝑡∗�, should be obtained experimentally. This value determines 
the time of generation of dynamic failure from the conditions of critical loading. Using criterion (1), it is possible to 
determine the dependence of the applied critical amplitude P of the impulse load on time to failure t*. 

Based on the data obtained by the Kolsky method, an approximate estimate of the crack resistance can be made by 
the criterion of the J-integral. The value of the J-integral is estimated from the formula 

� � � ��𝑡𝑡� � ���𝑡𝑡��∗
�  .  (2) 

The average value u(t)=(U1(t)+U2(t))/2, determined from the displacement of the loaded and its rear end of the 
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obtained plot of a two-cycle tension of a specimen is shown in Fig.2,a. The solid line shows the curve σ(ε), the dotted 
line shows the corresponding ε��ε� dependence (right axis). It is seen that at a strain rate of ~1600 s-1 the specimen 
fracture has been occurred during the second loading cycle. 

a)          b)  
Fig. 2. Deformation plot of steel at a temperature of -800C (a) and the dependence of the strength properties on the test temperature (b) 

The effect of the test temperature on the yield stress and the temporary resistance of the steel upon tension is shown 
in Fig.2,b. One can note a slight increase in strength properties with decreasing temperature. The dependence of the 
strength properties from the strain rate is weak. 

3.2.  Strength and deformation properties under uniaxial tension 

The measurement procedure and the means for recording the strain pulses in the measuring bars are the same as in 
the simple tensile tests. Steel striker 300 mm long was used. All the test specimens had a diameter of the total cross 
section of 7 mm, a diameter of the section weakened by a notch was 4 mm and the radius of the notch top was 0.25 
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mm. The technique of preparation and testing at room and negative temperatures is similar to the simple tension 
technique described above. 

a)       b)  
Fig. 3. The effect of temperature on fracture toughness (a) and on time to failure (b) 

The cold-brittle effect of steel is shown in Fig.3. There is a significant drop in impact strength at temperatures 
below -500C. An approximate estimate of the crack resistance was made by the criterion of the J-integral (2). 

Figure 4 shows the dependence of JId on the time of destruction as well as on temperature. The value of JId increases 
with increasing exposure time. This is primarily due to the fact that the integration area is increasing. A function of 
the form f(T)=a/(1+b∙exp(-c∙T))+d (logistic curve) was used to construct the cold-brittle transition curve. The 
parameters were chosen from the condition of the best approximation of the experimental points. 

a)       b)  
Fig. 4. The dependences JId on the time of failure (a) as well as on the temperature (b) 

3.3.  Description of the velocity dependences of the fracture toughness by the criterion of the incubation time 

The use of the structural-temporal approach makes it possible to calculate the dependence of the dynamic fracture 
toughness on the strain rate: 

𝐾𝐾�� � � �2𝐾𝐾��𝐸𝐸𝐸�ατ,        𝐸� � ����
���

𝐾𝐾�� � ���𝐸𝐸𝐸�ατ,    𝐸� � ����
���  , where α � �

�√� ∙ ���
� ∙ 𝑓𝑓�λ� is a constant depending on the specimen geometry. 

The best coincidence between calculated and experimental data was obtained at τ≈20 μs and KIc=48 MPa√m. This 
value of the incubation time τ (20 μs) is close to the obtained incubation time τy for smooth samples (15 μs). 

Figure 5 shows plots of the dynamic fracture toughness versus time to failure (a) as well as on the loading rate (b). 
The circles indicate the experimental points, and the dashed line corresponds to the dependencies obtained using the 
structural-temporal approach. A fairly good correspondence is observed. 
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a)           b)  
Fig.5. The dependence of the dynamic fracture toughness on time to failure (a) and on the loading rate (b) 

4. Conclusions 

The characteristics of the tested steel under tension (yield strength, ultimate plasticity characteristics) are practically 
independent of the strain rate (in the investigated range of its change). The effect of the test temperature on mechanical 
properties during tension is quite significant. 

When tension specimens with an annular notch, the change in the amplitude of the loading wave (the speed of the 
striker) basically affects only the "life" of the specimen, i.e. for a time before the onset of failure, whereas the 
magnitude of the destructive forces depends from the amplitude of the loading wave rather weakly. The effect of 
"cold-brittle" steel (decrease in toughness) is noticeable at temperatures below -500C. 

For the fracture toughness test the specimens shall have a pre-grown fatigue crack (preferably) or a different 
curvature at the top of the cutout. 

To reduce the scatter of the resulting ultimate strength and deformation characteristics, it is necessary to control 
the cutting of the specimens relative to the rolling direction. 
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