
Chapter 4
A Technique for Determining True Deformation
Diagrams Under Dynamic Tension Using DIC
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and Andrey R. Filippov

Abstract This article describes a pneumodynamic experimental setup created in the
laboratory of dynamic tests of the Research Institute of Mechanics of the Nizhny
Novgorod State University and designed to study the dynamic behavior of structural
materials at average strain rates of the order of 10-100 s−1. Modern means of regis-
tration of parameters of dynamic processes are applied. The results of approbation
are given on the example of dynamic tests of samples of sheet steel 09G2S. The
technical and true strain diagrams in the static and dynamic range of strain rates are
determined.
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4.1 Introduction

Interest in the study of dynamic deformation and fracture of materials is due to
the fact that a large number of important problems in assessing the strength of new
critical structures requires specifying the strength and deformation characteristics of
materials as functions of the strain rate. Such dependences are extremely important
for obtaining reliable estimates of the stress-strain state and strength of structures
experiencing dynamic loads as a result of technological accidents, terrorist attacks,
falls, etc. To determine the characteristics of materials at high deformation rates, the
Hopkinson split bar method [1] and its modifications are often used [2]-[10].
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The range of deformation rates from 100 s−1 to 102 s−1 is currently poorly
understood, but this range of deformation rates is critically important for assessing
the strength of structures during a fall and low-speed impact. There are a number
of works devoted to the study of the behavior of structural materials in the range
of average deformation rates. In [11], the influence of the deformation rate on the
mechanical properties during stretching of the industrial aluminum alloy AA7081
was analyzed. Tests at medium strain rate were carried out on a hydropneumatic
machine (HPM) [12]. The method of conducting the test is described in detail in
[13]-[15]. The deformation rate obtained with this installation was about 30 s−1.

To study the strength and deformation characteristics of sandstone, stress-strain
relationships were obtained underuniaxial compression at strain rates of 10−2 ∼ 55 s−1

using MTS and the drop weight test in [16]. Groth et al. [17], Zhang and Zhao [18],
as well as Ma et al. [2, 20] performed low-speed and high-speed impact tests of rocks
in the deformation velocity ranges of 10−5 ∼ 10−2 s−1 and 101 ∼ 102 s−1 using a
hydraulic testing machine and an RSG installation with larger bars diameter. One
of the difficulties of testing at moderate strain rates is the short duration of the load
pulse. Thus, for a limited time of loading at a low speed, it is not possible to achieve
significant deformations of the sample. This problem is partially solved in schemes
with a prestressed loading elastic bar. The duration of the load in this case turns out
to be significant. In [21, 22] the effects of strain rate, temperature, and size effects
of three steels used in the nuclear industry were studied at the facility. In [23], the
study of the behavior of steels Armox 500T and Armox 600T was carried out in the
range of strain rates 100-1000 s−1. A single bar tensile Hopkinson apparatus was
used. The tensile force was generated with pendulum. Zabotkin et al. [24] showed
the design concept of an instrumented falling weight impact (IFWI) tester and tested
316L stainless steel, titanium alloy, and alloy C22 under medium strain rates.

In [25] an investigation into the effect that medium strain rates have on the
mechanical properties of cold drawn mild steel and 304L stainless steel was carried
out using two 6 mm diameter by 14 mm long specimens machined from each grade
of steel. The tests were performed using an Instron test machine under a quasi-static
strain rate, and a high capacity instrumented falling weight axial impact (IFWI) test
rig developed at the University of Wollongong was used to con-duct the medium
strain rate tests.

In [26] high-speed tensile tests were performed on a Zwick/Roell HTM5020 high-
speed testing system (Ulm, Germany) with a maximum test velocity of 20 m/s, as
well as a maximum load of 50 kN. The mechanical properties and failure behavior of
long glass fiber reinforced thermoplastic composites were investigated. The dynamic
tensile tests were carried out at the strain rates of 1, 10, 100, 200, and 400 s−1.

Determination of the true deformation diagrams of materials from static and
dynamic stretching experiments is complicated by the process of localization of
deformation (neck formation), which violates the uniformity of the VAT and leads to
a local change in the distribution of deformations and the type of stress state, which
makes it impossible to directly determine stresses and deformations in the sample
based on integral displacements and forces, which are measured in the experiment.
In a dynamic experiment, the localization of deformations also affects the history of
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changes in the deformation rate, which increases sharply in the neck region. These
features of the interpretation of the results of the dynamic experiment are considered
in [27, 28]. In this case, correction of the deformation curve beyond the point of
localization of deformation is required [29].

Various methods have been proposed to evaluate effective von Mises stresses in a
tensile experiment [30]-[38]. In [39], the DIC system was used to obtain deformation
fields. It has been proved that this method is an effective method for registering
the deformation of composites [40]-[44]. The article describes a pneumodynamic
experimental setup created in the dynamic testing laboratory of the Nizhny Novgorod
State University Mechanics Research Institute to study the dynamic behavior of
structural materials at deformation rates of the order of 100 s−1. The technique of
obtaining true deformation diagrams using DIC is also considered.

4.2 Pneumatic Dynamic Installation for Testing Materials at a
Deformation Rate of the Order of 10-100 s−1

Currently, there is a need to develop and implement an experimental scheme and
methodology that allows achieving the specified strain rates. This paper describes the
unique pneumatic dynamic installation created for testing materials at a deformation
rate of the order of 10 – 102 s−1. The scheme of installation and obtaining information
used to determine the mechanical characteristics of materials and their dependences
on the deformation rate is described.

4.2.1 Installation Scheme

The general scheme of the experimental installation is shown in Fig. 4.1. The sample
dimensions are shown in the Fig. 4.2. The compressor 1 is used to create high
pressure in the chamber 2. The pressure value is controlled using a pressure gauge
3. The pressure from the cylinder can be directed either to the lower or upper part
of the pneumatic cylinder using a distributor 6. Depending on this, it is possible to
ensure the movement of the rod either up or down. The stroke of the cylinder rod is
600 mm. The diameter of the hydraulic cylinder piston is 200 mm. The maximum
pressure for which the distributor is designed is 10 bar. The magnitude of the applied
force is controlled by the pressure in the cylinder chambers. The maximum force
generated by the pneumatic cylinder is 31 kN. The upper part of sample 9 is rigidly
fixed in the installation frame. The lower part is connected to a movable rod. The
upper blade part of the sample (right part on the figure) is longer than the lower one
for installation of the strain gauges.
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Fig. 4.1: Experimental installation: 1 - compressor, 2 – high pressure chamber, 3 - pressure gauge,
4 - ball valves, 5 - connecting hoses, 6 - solenoid valves, 7 - pneumatic cylinder, 8 - lower movable
bar, 9 - sample, 10 - grips, 11 - the piston.

 
Fig. 4.2: Sample dimension.

4.2.2 Methods of Obtaining and Processing Information in the
Experiment

In the laboratory of the Research Institute ofMechanics of the UNN has a licensedVIC-
2D non-contact measurement of deformation fields by Correlated Solutions, which
includes a high-speed Phantom VEO 710 L camera with high resolution for video
recording of the deformation process of a sample during dynamic tests (compression,
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stretching, shear, three- or a four-point bend), a powerful LED illuminator, a computer
with specialized DIC (digital image correlation or digital image correlation method)
software installed, and a number of additional devices and devices: a tripod for the
camera, stands for illuminators, a device for applying speckles to samples.

The preparatory stage consists in the preliminary application to the surface of the
test sample of a contrasting finely dispersed spray, which is a collection of randomly
located black dots on a white matte base, the so-called speckle structure, Fig. 4.3
(left). The object under examination is illuminated by a LED monochrome uniform
illumination system, which illuminates the outer edges and the central part of the
inspection surface with equal intensity, which significantly improves the quality of
the measurement results. Next, the camera records images of the investigated object
surface corresponding to different phases of the object deformation process. Changes
in the position of points of an inhomogeneous surface structure are processed by
special high-precision correlation algorithms. The location of points for further
analysis of the deformation processes of the samples is shown to the right (Fig. 4.3).
The deformation of the sample was observed in two cases.

The average deformation of the working part was determined by the displacements
of the reference points P0 and P1 according to the formula:

Yavg = ln

(
𝐿P1−P0

𝐿0
P1−P0

)
(4.1)

Fig. 4.3 Surface of the test
sample: speckle structure
(left), location of points for
further analysis of the defor-
mation processes (right).
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where 𝐿P1−P0 is the distance between points P1 and P0 at the current time, 𝐿0
P1−P0 -

distance between points P1 and P0 at time 0. The local deformation was determined
by averaging the effective von Mises deformations calculated by the DIC method
over a small region R0 in the zone of deformation localization.

The strain rates were determined by differentiating the time dependences of the
strains. The loading rate was varied by changing the pressure in the working chamber
of the installation. Tests were carried out with pressures of 2, 4 and 6 atm in a high
pressure chamber. The results of the analysis of the processes of dynamic deformation
of the samples are shown in the figure. Figure 4.4a) shows the time dependences of
local deformations, Fig. 4.4b) shows the strain rates.

Figures 4.5 and 4.6 show the results of comparing the time histories of average
and local strains (a) and strain rates (b) for two loading modes. It can be seen that
up to a certain moment (localization time 15 ms), the average and local values are

(a) (b)

Fig. 4.4: Results of the analysis of the processes of dynamic deformation: time dependences of
local deformations (a), strain rates (b).

 (a) (b)

Fig. 4.5: Time histories of average and local strains (a) and strain rates (b).
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 (a) (b)

Fig. 4.6: Time histories of average and local strains (a) and strain rates (b).

in good agreement. Up to this point in time, the values of stresses and strains are
distributed uniformly along the length of the sample. Later, a neck is formed in the
sample.

Figure 4.7 illustrates the strain fields (strains along the vertical axis) at different
time points. One can see the localization of deformation (2 ms) in the middle part
of the sample. The right side of Figs. 4.8 and 4.9 shows graphs characterizing the
distribution of axial deformation of the sample at different points in time. The line
on which these distributions were built is illustrated on the left side of Figs. 4.8 and
4.9. The coordinates of the points on the line are plotted along the horizontal axis,
and the deformation values are plotted along the vertical axis. One can observe the
process of deformation localization.

    

Fig. 4.7: Strain fields (strains along the vertical axis) at different times.
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Fig. 4.8 Distribution of axial
deformation: location of the
strains.
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Fig. 8. 

 
To register the forces acting on the sample during loading, strain gauges were 

glued to the blade part of the sample. The experimental circuit uses a potentiometric 
circuit for connecting strain gauges. Calibration of the measuring channel is carried 
out by the electrical method. The oscilloscope allows you to record electrical volt-
ages in the power supply circuit of sensors. 

The signal recorded with the help of strain gauges glued on the blade part of the 
sample is shown in Figure 9. 

 
Fig. 9. 

 
The force that acts on the sample during loading is calculated as follows: 

 F(𝑡𝑡) = 𝜀𝜀𝑒𝑒(𝑡𝑡) ∙ 𝐸𝐸 ∙ 𝑤𝑤𝑔𝑔 ∙ ℎ𝑔𝑔  (2) 
where  𝜀𝜀𝑒𝑒(𝑡𝑡) − is the elastic deformation of a certain section of the blade part of the 
sample, E - is the Young’s modulus of the sample material, 𝐴𝐴𝑔𝑔 = 𝑤𝑤𝑔𝑔 ∙ ℎ𝑔𝑔 - gis the 
sectional area of the sample in the blade part, at the location of the strain gauges, 
𝑤𝑤𝑔𝑔 and ℎ𝑔𝑔 are the width and thickness of the blade parts of the sample, respectively. 

The technical stress is determined by dividing the magnitude of the force by the 
initial cross-sectional area of the sample:  
 𝜎𝜎𝑡𝑡𝑒𝑒𝑡𝑡ℎ(𝑡𝑡) = 𝐹𝐹(𝑡𝑡)

𝑤𝑤0∙ℎ0
       (3) 

Excluding time as a parameter from the dependences 𝜀𝜀(𝑡𝑡) and 𝜎𝜎(𝑡𝑡), we obtain 
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Fig. 4.9: Distribution of axial deformation: strains vs. coordinates of the points of the line.

To register the forces acting on the sample during loading, strain gauges were
glued to the blade part of the sample. The experimental circuit uses a potentiometric
circuit for connecting strain gauges. Calibration of the measuring channel is carried
out by the electrical method. The oscilloscope allows you to record electrical voltages
in the power supply circuit of sensors. Strain gauge deformation is associated with a
change in its resistance by the main strain gauge dependence:
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𝑘Y =
Δ𝑅
𝑅
,

where 𝑘 is the strain gauge sensitivity coefficient, Y is the strain gauge deformation,
Δ𝑅 is the change in strain gauge resistance and 𝑅 is the initial strain gauge resistance.

The calibration procedure is used to determine the conversion factor of the voltage
registered by the oscilloscope into the strain gauge deformation. For this, a known
resistance 𝑅𝑐 is periodically switched on in the strain gauge power supply circuit
using a relay. Thus, the change in the resistance of the strain gauge by the value of
Rc is modeled. With the help of an oscilloscope, the corresponding change in the
electrical voltage in the sensor supply circuit Δ𝑈𝑐 is recorded.

Since the voltage jump is proportional to the change in the resistance of the circuit,
you can make the following proportion:

Δ𝑈𝑐

𝑅𝑐
=
Δ𝑈
Δ𝑅

,

where Δ𝑈𝑐 is the voltage jump during the calibration procedure, 𝑅𝑐 is the additional
resistance, Δ𝑈 is the voltage jump during experiment and Δ𝑅 is the change of strain
gauge resistance during experiment.

From the above formulas it follows:

Y =
𝑅𝑐

𝑘Δ𝑈𝑐𝑅
Δ𝑈

Thus, the conversion coefficient (calibration coefficient) is equal to:

𝐾 =
𝑅𝑐

𝑘Δ𝑈𝑐𝑅
.

It has the dimension of [1/V].
The signal recorded with the help of strain gauges glued on the blade part of the

sample is shown in Fig. 4.10.

 
Fig. 4.10: Strains in gauge vs. time.
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The force that acts on the sample during loading is calculated as follows:

𝐹 (𝑡) = Ye (𝑡)𝐸𝑤gℎg (4.2)

where Ye (𝑡) - is the elastic deformation of a certain section of the blade part of
the sample, 𝐸 - is the Young’s modulus of the sample material, 𝐴g = 𝑤gℎg - is the
sectional area of the sample in the blade part at the location of the strain gauges, 𝑤g
and ℎg are the width and thickness of the blade parts of the sample, respectively. The
technical stress is determined by dividing the magnitude of the force by the initial
cross-sectional area of the sample:

𝜎tech (𝑡) = 𝐹 (𝑡)
𝑤0ℎ0

(4.3)

Excluding time as a parameter from the dependences Y(𝑡) and 𝜎(𝑡), we obtain the
strain curve 𝜎(Y) with the known law of change in the strain rate ¤Y(Y) during loading
of the sample. To determine the true stress at any given time, using high-speed
recording data, the force acting on the sample is divided by the current area of the
minimum section of the sample. Determining the width of the sample based on the
results of video recording is carried out automatically using machine vision tools.
The process of tracking the position of reference points is shown in Fig. 4.11. Figure
4.12 illustrates the time dependence of the width of the working part of the sample.

It is assumed that the thinning of the sample in the direction normal to the plane
of the plate is proportional to the change in the width of the working part. Then the
true voltage at each moment of time can be calculated by the formula:

𝜎true (𝑡) = 𝐹 (𝑡)
𝑤(𝑡)ℎ(𝑡) =

𝐹 (𝑡)
𝑤2 (𝑡) ℎ0

𝑤0

(4.4)

where 𝑤(𝑡) - is the width of the working part of the sample at time 𝑡, ℎ(𝑡) - is the
thickness of the working part of the sample at time 𝑡, 𝑤0 and ℎ0 - are the initial values
of the width and thickness of the working part of the sample. Figure 4.13 compares
the time dependences of the technical and true stress in the specimen, and Fig. 4.14
illustrates the comparison of the technical and true stress-strain diagrams.

The performed debugging tests allow us to conclude that the DIC method provides
comprehensive information about the process of dynamic deformation of the sample.
The resolution of the high-speed camera both in space and time is sufficient to
determine the required characteristics of the process.

4.3 Test Results of Sheet (3 mm) Steel 09G2S in a Wide Range of
Strain Rates

Steel 09G2S belongs to the class of structural low-alloy steels. This material is
used for the manufacture of various parts and elements of welded metal structures
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the strain curve 𝜎𝜎(𝜀𝜀) with the known law of change in the strain rate  𝜀𝜀̇(𝜀𝜀) during 
loading of the sample. 

To determine the true stress at any given time, using high-speed recording data, 
the force acting on the sample is divided by the current area of the minimum section 
of the sample. Determining the width of the sample based on the results of video 
recording is carried out automatically using machine vision tools. The process of 
tracking the position of reference points is shown in Figure 10. 
 

 

 
Fig. 10. 

 
Figure 11 illustrates the time dependence of the width of the working part of the 

Fig. 4.11: Process of tracking the position of reference points.
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Fig. 4.12 Time of the width
of the working part of the
sample.

 
Fig. 4.13 Time vs. technical
and true stress.

 

Fig. 4.14 Technical and true
stress-strain diagrams.
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operating at temperatures from -70 to 425◦ C under pressure. The high strength of
the material and good indicators of deformation properties in a wide temperature
range, the ability to change the properties of the alloy after heat treatment, a wide
choice of different grades, a variety of thicknesses have led to the wide use of this
alloy in many areas of production and engineering.

Building structures, pipes for transporting various liquids (water, oil, etc.) and
gases, tanks for various purposes, steam boilers, oilfield equipment and various
machine parts, including agricultural ones, are made from 09G2S steel. Of interest
are the rate dependences of the mechanical characteristics of this alloy for predicting
the behavior of structures made of this material under shock loads. In this section,
for the first time, the results of studying the deformation and fracture of specimens
from the 09G2S alloy in a wide range of deformation rates are presented.

The test specimens were made from a 3 mm thick sheet. Static tensile tests were
carried out on the Z100 ZWICK-ROEL test facility. High-speed tests (with strain
rates above 500 1/s) under compression and tension were carried out on a setup that
implements the Kolsky method. The tests were carried out on high-strength steel
measuring bars with a diameter of 20 mm. Tensile tests with intermediate strain rates
(of the order of 100 1/s) were carried out on a pneumodynamic experimental setup
created in the course of the dissertation research.

For static tests, samples with a working part width of 20 mm, a thickness of 3 mm,
and a working part length of 120 mm were used. The tests were carried out until the
destruction of the sample. The view of the sample after testing is shown in Fig. 4.15.
Figure 4.16 illustrates the technical deformation curves determined during stat-ic
tests of specimens made of steel 09G2S. It can be seen from the presented diagram
that the deformation diagram has a yield point (A-B).

To build a true strain curve, the section of the diagram located to the right of the
strain localization point (the point of maximum stress on the technical strain diagram)
was discarded. For the point corresponding to the fracture moment of the sample,
plastic deformation and average stress were determined as follows:

Yf = ln
(

1
1−𝜓

)
, (4.5)

𝜎f =
𝜎y

1−𝜓 (4.6)

where 𝜓 is the relative constriction at rupture, 𝜎y is the conditional (technical) stress
at which the rupture occurred.

The true deformation curves of steel 09G2S are shown in Fig. 4.17. The dotted

 
Fig. 4.15: Sample after testing.
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Fig. 4.16 Engineering stress-
strain diagrams.

 
Fig. 4.17 True stress-strain
diagrams.

 

line shows the section of the linear approximation of the diagram, connecting the
point of the beginning of the localization of deformation and the point of rupture
of the sample. High-speed tensile tests were carried out using a modification of the
Kolsky direct tensile method.

To determine strain diagrams in tension at a strain rate of about 100 1/s, the
previously described pneumodynamic setup was used. Samples-plates with a working
part length of 10 mm, a working part width of 5.4 mm, and a thickness of 0.7 mm
were tested. The test results are shown in Fig. 4.18. The dotted line shows the history
of change in the strain rate of the samples during loading (right vertical axis). It
can be seen that a deformation rate close to a constant value is realized. Figure 4.19
shows the results of static and dynamic tests.

The dependence of the initial tensile yield strength on the strain rate is shown in
Fig. 4.20. The rate dependences of the ultimate fracture characteristics of steel 09G2S
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Fig. 4.18 True stress-strain
and stress-strain rate diagrams.

 
Fig. 4.19 True stress-strain
diagrams.

 

are shown in Fig. 4.21 (𝜓 relative narrowing after rupture, 𝛿 relative elongation after
rupture). Blue stars represent static test data, red round markers - data obtained on
a pneumodynamic installation, orange squares - results of testing samples with a
base of 8 mm on the split Hopkinson bar, green triangles - results of testing samples
with a base of 5 mm on the split Hopkinson bar. It can be seen that the ultimate
elongation after rupture (left side of the figure) strongly depends on the sample base.
The limiting narrowing, which characterizes the plastic deformation of fracture under
conditions of pronounced localization of deformation, is practically independent of
the strain rate.
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Fig. 4.20 Initial tensile yield
strength vs. strain rate.
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Fig. 4.21: Ultimate fracture characteristics of steel 09G2S.

The scatter of the limiting values 𝛿 is significantly higher for the limiting value of
the narrowing 𝜓. In this regard, 𝜓 is most often used in the strain-type failure criteria.

4.4 Conclusion

1. The experimental setup described in the paper makes it possible to study the
processes of deformation and destruction of lamellar specimens at moderate strain
rates.

2. To improve the accuracy of measuring the strains of the working part of the sample,
high-speed video registration was used in combination with the DIC tool.

3. The DIC method was used to construct true strain diagrams taking into account
the heterogeneity of strain fields in the working part of the specimen.

4. The results of testing specimens of steel 09G2S in a wide range of strain rates
are presented, showing a significant effect of strain rate on the yield strength of
the studied material. The limiting characteristics of plasticity in this case are
practically independent of the strain rate.
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