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A B S T R A C T

Introduction. The strength of construction materials when used under cyclic loads is of great importance in 
design engineering. A signifi cant number of factors that affect the fatigue resistance have predetermined the creation 
of numerous methods that consider such infl uence. Nondestructive methods that are based on the connection of 
the physical degradation of material with strain properties enable evaluating experimentally the fatigue properties 
of materials. Purpose of study: the analysis of the processes of energy dissipation and strain accumulation during 
the inelastic cyclic strain of samples, using the VT6 (Ti-6Al-4V) titanium alloy and the D16 (Al-Cu-Mg) aluminum 
alloy before and after the technological impact. The work experimentally investigates the physical processes 
of degradation of the VT6 and D16 alloy samples that accompany the process of fatigue failure in materials with 
homogeneous and inhomogeneous stress-strain states in the concentrator (in the form of a hole and a weld). Typical 
modes are used to reach the fatigue testing that determine the critical stress in a material sample – the stress at 
which physical properties (temperature, strain) change without reaching the fatigue failure of samples. Critical stress 
amplitudes in the cycle, based on the data obtained during the experiment and the results of mathematical simulation, 
are compared. The effect of stress concentrators on critical loads that a detail can withstand after a unit operation is 
estimated by the fi nite-element method (FEM). As a result, the effect of the operational and technological factors 
on critical stress determined by strain and temperature is estimated. Comparative tests of the VT6 and D16 alloy 
samples with and without stress concentrators showed that the amplitudes of critical stress decrease by more than 
30% in comparison with the ones that are without stress concentrators. The low-cycle fatigue tests of the D16 alloy 
samples are carried out. Mathematical simulation of the cyclic strain of the samples is carried out using MSC.Marc 
package. The results of the cyclic loading tests, which show that the characteristics of the technological process 
reduce the amplitudes of the critical stress of the VT6 and D16 alloys and affect the fatigue properties of the D16 
aluminum alloy, are discussed. Mathematical simulation corresponded positively to the experimental data. Such 
correspondence indicates the possibility of conducting qualitative numerical assessments of the beginning of the 
inelastic strain accumulation process in structures with stress concentrators under the cyclic stress and the increasing 
stress amplitude, using the typical sample made of hardening elastoplastic material.

For citation: Zakharchenko K.V., Kapustin V.I., Larichkin A.Yu. Enhanced assessment of technological factors for Ti-6Al-4V and Al-Cu-Mg 
strength properties. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2021, vol. 23, 
no. 4, pp. 125–139. DOI: 10.17212/1994-6309-2021-23.4-125-139. (In Russian).
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Introduction

A large number of works [1] are devoted to methods for determining the characteristics of resistance, 
including the methods described in GOST 25.502-79. In enhanced methods of computational and 
experimental evaluation of the endurance limit of a material, several main groups can be conventionally 
distinguished.
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The fi rst group is the regular loading with fracture of samples at LCF (low-cycle fatigue) [2]. Coffi n’s 
formula is widely used, which includes the characteristic of inelastic deformation – the width of the 
hysteresis loop [3]. The second group of methods is loading using the effect of increasing the test frequency. 
This technique initiated the study of “infi nite durability” – 106 – 1010 cycles (Batias) [4]. In this direction, 
researchers [5, 6] were the fi rst to pay attention to the fact that under the loading regime of more than 109 
cycles, cracks occur under the surface of the sample [7]. The fracture nucleus looks like a “Fish-eye” [8, 9]. 
In the third group, loading is considered using a programmed load change: Lokati, Pro, Enomoto, Weibull 
[10–12].

The general disadvantage of the three groups of enhanced methods considered above: destruction of a 
large number of samples, large error, it is realistic to evaluate only cyclically stable materials, which limits 
the presented methods. And also, the above methods are not associated with the study of physical processes 
that occur in the structure of the material at different scale levels, under the infl uence of external load.

The fourth group includes cyclic loading without bringing the samples to failure. In indirect methods, 
the value of the fatigue endurance limit is associated with the characteristics of the mechanical properties or 
physical phenomena of metals that accompany the fatigue process. These methods are based on establishing 
the relationship between fatigue limits and stresses at which irreversible effects associated with fatigue 
damage begin to appear in the test material. The physical basis of non-destructive methods is structurally 
sensitive characteristics and accompanying phenomena occurring in the material during cyclic loading [21-
48]: phase transformations in the material [13-16], where transformations in alloys of the martensitic type are 
observed; microhardness [17], distortion of the crystal lattice of the metal [18], change in the characteristics 
of magnetic resistance, magnetic hysteresis, eddy currents [19-21], change in the surface relief [22, 23], 
acoustic emission [24], intensifi cation of irreversible energy dissipation or inelastic deformations [22], 
changes in the microstructure [9, 23, 24], etc. There are methods in which the accumulation of damage is 
associated with a change in various integral characteristics of energy dissipation in the metal, based on the 
measurement of the absorption coeffi cient, the logarithmic decrement of oscillations, and the temperature 
in the fracture nucleus [25–30].

The main purpose of the study is to detect physical phenomena accompanying the process of cyclic loading 
in the transition region from elastic to inelastic deformation, analyze energy dissipation and accumulation 
of deformations that occur during inelastic cyclic deformation at constant non-zero average stresses. At 
the same time, the infl uence of technological impact on the determined characteristics is revealed. Further 
research is devoted to a discussion of approaches to these phenomena simulation.

Materials and Methods

Test samples

A batch of samples for study was made from a sheet of high-strength titanium alloy VT6 (Ti-6Al-4V) 
and a sheet of aluminum alloy D16 (Al-Cu-Mg). The choice of these materials is due to the fact that both 
alloys are widely used in aircraft construction. D16 aluminum alloy has historically been the main material 
in the fi eld of aircraft construction. Titanium alloy VT6 is used, for example, for the manufacture of disks 
and blades of the fi rst stages of gas turbine engines. These materials are supplied in various forms: forgings, 
stampings, rods, plates and sheets.

The history of the deformation of semi-fi nished products is created at the stage of its manufacture, in 
which a variety of technological processes affect the material: rolling, drawing, forging, machining, heat 
treatment, etc. Technological factors preceding the test of a material sample for fatigue failure resistance 
have a strong infl uence on the durability of the sample.

The study uses samples of type IV in accordance with GOST 25.502-79 (Fig. 1). The length of the 
working part of the sample is 50 and 45 mm, which makes it possible to install two extensometers for 
measuring axial and transverse deformations. Samples of VT6 alloy were divided into two series: smooth 
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Fig. 1. Samples for testing

(Fig. 1, a) and with a stress concentrator in the form of a hole (d = 1.5 mm), in the center of the working part 
(Fig. 1, b). Samples had the following parameters: thickness (h = 2.1 mm), width (b = 9 mm), concentration 
factor ασ = 6.49. Specimens from alloy D16 were also divided into two series: smooth (Fig. 1, c) and with 
a stress concentrator in the form of a weld (Fig. 1, d). Samples had the following parameters: thickness (h 
= 1.5 mm), width (b = 12 mm). The weld was formed using a laser. The width of the weld is equal to the 
thickness of the specimen. The strength of the weld was 0.85 of the strength of the base material.

The studies make it possible to assess the infl uence of design factors (stress concentrators) on the 
change in the characteristics of the state of the material under cyclic loading (as a result, on the resistance 
of the material to fatigue failure). Strain measurements were taken on a 25 mm base using an extensometer.

The stress-strain diagram for VT6 and D16 samples is shown in Fig. 2. 
Mechanical properties of VT6:
– ultimate tensile strength σu = 1045 MPa (△),
– yield stress σ0.2 = 881 MPa (▲),
– modulus of elasticity E = 102.600 MPa.

Fig. 2. Tensile stress diagrams for VT6 and D16 samples 
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Mechanical properties of D16 
– ultimate tensile strength σu = 423 MPa (△),
– yield point σ0.2 = 320 MPa (▲),
– modulus of elasticity E = 73.400 MPa.
The surface of the working part of the sample, intended for measuring the temperature with a thermal 

imager, was covered with a thin layer of amorphous carbon, which allows the emissivity to be brought 
closer to unity.

Experimental studies carried out with simultaneous measurement of two components of the strain tensor 
and the radiation temperature of the surface make it possible to provide completeness of data in solving 
problems of identifying material properties and in studying the processes of accumulation of irreversible 
deformations and energy dissipation by a sample.

Equipment

To load samples of VT6 and D16, an Instron 8801 universal test system (England) was used. During 
testing, soft loading was implemented. To measure the increment of the total strain tensor components in 
situ, standard extensometers were used: “Dynamic Extensometer” No. 2620-601, “Transverse / Diametral 
Extensometer” No. W-E-404-F. The temperature was measured using an ImageIR “InfraTec” 8355 thermal 
imager with a temperature resolution of 0.02 K (Germany).

Method for determining the critical stress-strain state of a material under cyclic loading 

In this work, it was required to determine the critical stress amplitude during cyclic loading of a material 
sample by changing the deformed state and dissipative heating.

For this purpose, a technique was used in which critical stresses can be determined using a diagram of 
the accumulation of irreversible deformations or by the temperature of dissipative heating of the material 
[26, 27, 32].

During the tests, the sample, which was in thermodynamic equilibrium, was subjected to soft loading with 
a certain constant average component of the stress cycle and a monotonically increasing stress amplitude, 
for example, increasing in proportion to time. Loading with a constant average component of the cycle 
made it possible to exclude the infl uence of the average stress and obtain the amplitude dependences of the 
characteristics of the deformed state and temperature on the stress amplitude.

A scheme of a typical loading program is shown in Fig. 3. It was a loading block consisting of 4 steps 
in which the following was performed:

– quasi-static deformation (“Step 1”),
– holding at this voltage for 180 sec (“Step 2”),
– soft loading with a step-like increase in the voltage amplitude (“Step 3”),
– unloading (“Step 4”).

Fig. 3. A single loading block. “Step 1”: quasi-static loading; “Step 2”: holding under 
constant stress; “Step 3”: harmonic cyclic loading with linearly increasing stress amplitude; 

“Step 4”: unloading
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“Step 3” contained 2.640 harmonic loading cycles at a frequency of 4 Hz for a total test duration of 
660 seconds. holding at “Step 2” is necessary to establish thermodynamic equilibrium in the sample after 
its loading at “Step 1”.

The magnitude of the load amplitude increment for each step σa step was calculated by the formula: 
σa step = σa max / Ncycle, where σa_max is the maximum stress amplitude in “Step 3”, Ncycle is the number of 
cycles in “Step 3”. During the tests, the load, axial and transverse deformations, radiation temperature 
of the working surface of the sample were measured simultaneously. The tests were carried out at room 
temperature.

After completing the test program, the measurement data were analyzed and the extreme strain and 
temperature values were determined for each extreme stress in the test program.

The data obtained made it possible to isolate the components associated with irreversible deformation 
from the total deformations of the sample, as well as the parts associated with thermoelastic and dissipative 
heating of the sample from the temperature change, and determine the critical stress of the sample above 
which the process becomes irreversible.

Results and discussion

Stress-strain properties of the samples (alloys VT6 and D16) with and without 
a stress concentrator under cyclic loading

For samples made of VT6 titanium alloy as delivered, Fig. 4 shows a comparison of the dependences of 
the increments of the average temperature values (∆Tm) with the dependences of the stepping strain 
( )formula,  (1)p
xm  on the stress amplitude (σa) (Fig. 4, a). Fig. 4, b shows a comparison of the dependences 

of the increments of the average temperature values (∆Tm) with the amplitudes of irreversible longitudinal 
strain ( )formula,  (2)p

xm  on the stress amplitude (σa). Here:
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the beginning of “Step 3”, where inelastic deformations are insignifi cant.
Fig. 4 shows the dependences of the average temperature and the components of plastic strain on the 

stress amplitude. The numbers “1” and “2” denote the dependencies for samples with a hole and without 
a hole, respectively. The average stress was set to σm = 476 MPa and the maximum stress amplitude 
σa max = 529 MPa. If the experiments are performed for other average stresses, then it is possible to estimate 
the infl uence of the average stress in the loading cycle on the magnitude of the stress amplitude at which 
dissipative heating begins and the process of accumulation of inelastic strain is activated.

The presence of a concentrator in the sample in the form of a hole during periodic deformation with a 
constant average stress in a cycle decreases the value of the stress amplitude (σa) at which the process of 
plastic strain of the material is activated (Fig. 4, a); a nonlinear change in the average plastic axial strain 
and an increase in the average temperature of heating the sample are observed.

The presented diagram makes it possible to estimate the limit of cyclic elasticity of the VT6 material 
(Fig. 4, a). Average values of irreversible plastic strain ( )p

xm  for samples with a hole and an increase in 
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                                             a                                                                                             b
Fig. 4. Evolution of parameters as a function of the stress amplitude for VT6 (Ti-6Al-4V) samples with “1” and 
without a hole “2”; a) evolution of the temperature and the plastic mean axial strain; b) evolution of the temperature 

and the plastic axial strain amplitude

average temperature (∆Tm) appear at a stress amplitude above 245 MPa, for smooth samples – at 348 MPa, 
respectively (with p

xm  = 0.015 %). This observation is consistent with the known softening effect of 

medium fatigue stress on metals, which is usually estimated from Haigh diagrams. At a stress amplitude of 
348 MPa (Fig. 4, a), the average component of irreversible longitudinal strain ( )p

xm  and temperature 

increment (∆Tm) are 16 and 10 times greater, respectively, for samples with a concentrator than for samples 
without a concentrator.

It can also be seen from (Fig. 4, b) that the presence of a concentrator for a sample made of VT6 alloy 
leads to the fact that the amplitude of plastic axial strain has a higher value for a sample with a hole. When 
the stress amplitude (σa) is close to 400 MPa, the amplitude of irreversible strain ( )p

xa  increases by 

0.017 % for samples with a stress concentrator.
The presence of a stress concentrator during periodic deformation of samples by a symmetric stress 

cycle with an average component leads to a decrease in the critical stress, at which irreversible processes 
are activated, by 30 %. This observation is consistent with the mathematical calculation presented in section 
«Comparison of experimental data and results of mathematical simulation».

To answer the question about the effect of the stress concentrator on dissipative heating and the average 
(amplitude) value of deformation in the cycle (stepping of the plastic hysteresis loop), a sample of D16 
aluminum alloy with and without a weld was loaded according to a similar program (Fig. 3) with an average 
stress in cycle (σm) and the maximum amplitude of the cycle stress (σa max) equal to 167 MPa.

Fig. 5 shows that in a sample of D16 material with a stress concentrator (weld), an increase in the 
average plastic strain (stepping of the plastic hysteresis loop) and heating caused by plasticity occur much 
earlier than in smooth samples (without a stress concentrator). We remind that these results correspond to a 
fi xed average stress σm = 167 MPa.

Thus, it can be seen from (Fig. 5, a) that for D16 samples with a weld, the average values of irreversible 
plastic strain ( )p

xm  and the average temperature increment (∆Tm) appear at a stress amplitude above 80 MPa, 

for smooth samples – at 130 MPa, respectively (with p
xm  = 0,02 %). The increase in the average and 

amplitude components of temperature occurs with a minimum discrepancy up to a stress amplitude of 
100 MPa. At a stress amplitude of 130 MPa (Fig. 4, a), the average component of irreversible longitudinal 
deformation ( )p

xm  and temperature increments (∆Tm) is 30 and 2 times higher, respectively, for samples 

with a weld than for samples without a weld.
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                                           a                                                                                             b
Fig. 5. Evolution of parameters as a function of the stress amplitude for D16 (Al-Cu-Mg) samples with “1” and without 
a weld “2”; а) evolution of the temperature and the average plastic axial strain; b) evolution of the temperature and 

the plastic axial strain amplitude

It can also be seen from (Fig. 5, b) that the weld in the alloy D16 samples leads to the fact that the 
amplitude of the axial plastic strain has a higher value in the samples with a concentrator. When the stress 
amplitude (σa) is close to 160 MPa, the amplitude of irreversible deformations ( )p

xm  increases by 0.03 % 

for samples with a stress concentrator.
With periodic deformation of samples with a weld by a symmetric stress cycle with an average 

component, the critical stress decreases by 38 %.
For D16 alloy samples, the kinetics of changes in the average plastic strain and average temperature 

during cycling at “Step 3” of the program (Fig. 3) with a constant amplitude of the stress cycle 
σa = 167 MPa was checked (Fig. 6).

For a smooth D16 sample (Fig. 6, a), the average temperature increased monotonically during cycling 
(from ∆Tm = 0.4 °C to ∆Tm = 0.67 °C) at a constant stress amplitude σa = 167 MPa. In this case, the value 

                                             a                                                                                               b
Fig. 6. Evolution of the temperature and the plastic average axial strain versus the number of loading cycles 

for the samples a) D16 (Al-Cu-Mg) without a weld; b) D16 (Al-Cu-Mg) with a weld
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of axial plastic strain remained constant p
xm »  1 %. Whereas for the D16 sample with a weld, the average 

temperature value decreased during cycling (from ∆Tm = 0.8 °C to ∆Tm = 0.55 °C) at a constant stress 
amplitude σa = 167 MPa. In this case, the value of axial plastic strain remained constant – more than p

xm »  

≈ 2,2 %.
The average values of durability at the studied loading level of D16 alloy are 2.9×103 and 15.7×103 

cycles, respectively, for samples with and without a weld. Thus, a decrease in the characteristics of low-
cycle fatigue for samples with a weld is obtained by more than 5 times. This shows the sensitivity of the 
method to the stress concentrator.

It can be assumed that during periodic asymmetric deformation of the sample beyond the elastic limit, 
two deformation effects are realized in the material.

The fi rst effect is accompanied by an increase in the conventional yield stress (hardening) at which the 
accumulation of irreversible average strain is detected (the step of the plastic hysteresis loop). This effect 
is similar to material creep. The second effect is accompanied by a simultaneous increase in the amplitude 
of irreversible strain and an increase in the temperature of dissipative heating, which is accompanied by 
deterioration in strength properties. These effects require further research.

An increase in temperature and accumulation of average plastic strain has the same tendency: these 
processes begin at lower stress amplitudes for samples with a stress concentrator.

The results of experimental studies show the fundamental possibility of describing degradation processes 
under cyclic loading. The method will also allow assessing the infl uence of technological infl uences to 
which the sample of the material was previously subjected. The method can be used as an alternative to 
the destructive methods of testing structures for strength and assessing the characteristics of resistance to 
fatigue fracture of metallic materials.

Comparison of experimental data and results of mathematical simulation

The results of fi nite element modeling (FEM) of cyclic stretching of a strip of VT6 with a hole and a 
strip without a hole, as well as a strip of D16 with a weld and a strip without a weld are compared. The 
models were a quarter of a sample with a measurement base of L0 = 12.5 mm. Symmetry conditions were 
set on surfaces coinciding with the coordinate planes Oxz and Oyz. A load was applied to the upper surface 
of the samples, the history of which corresponded to that in the experiment. The values of the elasticity and 
plasticity parameters of the material were assumed to correspond to the VT6 and D16 alloys, respectively. 
The weld material for the D16 sample was assumed to be the same as for the base material, but with a 
reduced yield stress and strength equal to 0.85 of σ0.2 and σu. The limiting deformation of the weld material 
was assumed to be equal to 1.15 of the limit for the base material D16 (see Fig.2). The calculated deformed 
confi gurations and the values of the intensity of total strain for samples from the alloys under consideration 
are shown in (Fig. 7).

Fig. 8 shows the diagrams of the dependence of the average component of the strain of the sample 
measurement base in the cycle on the stress amplitude in the cycle of a fl at sample with a hole from VT6 
(Fig. 8, a) and for a fl at sample with a weld after laser welding (Fig. 8, b). Lines 1 correspond to the data of 
simulation the cyclic deformation of fl at samples with stress concentrators (a hole for a VT6 samples and 
a weld for D16 samples), lines 2 denote data for samples of the corresponding dimensions, for each alloy, 
without stress concentrators.

It can be noted that the voltage amplitudes correspond satisfactorily between the experimental values 
and the results of mathematical simulation. At these stress amplitudes, irreversible accumulation of strain 
of the sample occurs on the measurements base of 25 mm. Data on sample sizes and stress amplitudes are 
given in Table.
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                                   а                                                                                                            b
Fig. 7. Distribution of total strain intensity for samples:

a – from VT6 (Ti-6Al-4V) alloy with a hole; б – from D16 (Al-Cu-Mg) alloy with a laser weld

                                                 a                                                                                           b
Fig. 8. Evolution of the average plastic axial strain as a function of the stress amplitude for samples: a) made 
of VT6 (Ti-6Al-4V) alloy with hole “1” and without it “2” b) made of alloy D16 (Al-Cu-Mg) with weld “1” 

and without it “2”
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Sample data and comparison of simulation and experiment results

Sample material Sample type

Sample 
dimensions Stress concen-

trator dimen-
sions, mm

Stress Amplitude 
in the experiment 

exp
a , MPa

Stress amplitude 
in simulation num

a

, MPah, 
mm

b, 
mm

VT6 /(Ti-6Al-4V)
without a hole

2.1 9
– 348 351

with a hole Ø1.5 245 223

D16 / (Al-Cu-Mg)
without a weld

1.5 12
– 130 132

without a weld □1.5 80 118

Conclusions

1. Experimental dependences of temperature and total strains on the magnitude of the stress amplitude 
are obtained for homogeneous and inhomogeneous stress-strain state in the region of concentrators, which 
simulate the infl uence of technological factors on the strength of samples made of titanium (VT6) and 
aluminum (D16) alloys.

2. It is established that:
a) the amplitude of critical stresses for samples made of VT6 alloy with a stress concentrator in the form 

of a hole is less by 30 % or more than that of samples without holes;
b) the amplitude of critical stresses of samples made of alloy D16 with a concentrator in the form of a 

weld is 38 % less than that of samples without weld.
3. Verifi cation fatigue tests of the samples confi rmed the validity of the accelerated assessments and 

conclusions 2.
4. The simulation results for fl at samples with a hole and with a weld showed satisfactory agreement of 

the stress amplitudes between the experimental data and the simulation results. This correspondence makes 
it possible to carry out qualitative numerical estimates of the onset of accumulation of inelastic strain in 
structures with stress concentrators during cyclic deformation with an increasing stress amplitude. The 
modeling used a standard model of an elastoplastic body with hardening.
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