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Abstract
The results of dynamic tests for compression of four metals after annealing (aluminum alloy, copper, brass, stainless steel) 
in the range of strain rates 100–10,000 s–1 are presented. To obtain dynamic true stress-true plastic strain curves a specific 
dynamic upsetting computation method was used starting from time variation of force pulse. The high-speed loading of 
specimens with a height to diameter ratio equal to 1.5 was carried out using three experimental devices: a drop-hammer 
with a free-falling mass, a ram impact machine with rubber accelerators and an impact machine with powder acceleration. 
A technique for direct measuring the specimen temperature during plastic deformation using an “artificial specimen” ther-
mocouple (specimen-thermocouple) was proposed, in which the deformable metal itself is the “hot” junction, while the 
“cold” junction is connected to the measuring instrument. A thermoelectrode made of an alloy of noble metals tungsten and 
rhenium with a diameter of 0.1 mm was welded to the specimen by radiation from a pulsed YAG:Nd3+ laser. As a result 
of the tests, true dynamic stress–strain diagrams and flow stress versus strain rate were obtained. Experimental estimation 
concerning self-heating temperature variation corresponding to high-speed plastic deformation at room temperature is also 
developed. Experiments for determining the temperature effect of plastic deformation of the samples after annealing during 
cold settling showed that at the high speed of ~ 50 m s−1 and high strain-rates of ~ 10,000 s−1 the increase in temperature of 
the specimens compressed to a degree of deformation of 0.6 reached 55 °C for an aluminum alloy, 60 °C for copper, 80 °C 
for brass and 140 °C for stainless steel.

Keywords Metals · Dynamic upsetting · Hammer · Specimen thermocouple · Temperature effect · Strain-rate dependencies

Introduction

Experimental study of the processes of elastoplastic defor-
mation of structural materials under conditions of high-
speed deformation is of great scientific and practical interest 
due to the development of a number of areas of technol-
ogy and the introduction into the industry of new promising 
high-speed technological methods for processing materials 
(forging, stamping, continuous rolling, upset forging, hard-
ening and explosion welding). The great energetic possi-
bilities, simplicity and profitability of high-speed methods 
caused a considerable interest of technologists. The obtained 

mechanical properties of materials at high strain rates are 
the physical basis for constructing mathematical models 
of behavior and calculating the technological processes of 
metal forming (high-speed forging, stamping, rolling), as 
well as calculating the strength and deformability of various 
structures under pulsed loads.

Currently, in the practice of dynamic testing of materi-
als, several common methods can be distinguished. They 
include: the drop-weight testing machine, the Taylor test 
and its modifications, the ring widening method, the direct 
impact method and the Kolsky method.

The Taylor test [1] allows one to accurately enough deter-
mine the value of the yield strength at strain rates of  104 s−1 
or more for materials whose behavior is close to ideal plas-
tic. For materials with high hardening, it gives only the aver-
age value of the flow stress.

The method of widening of the ring [2], loaded by using 
pulsed electromagnetic fields or explosions, etc. enables 
us to obtain a dynamic stress–strain curve based on the 
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measurement of a ring expansion. However, this method is 
used quite rarely, since it is necessary to know the second 
time derivative of the radial movement of the ring walls 
or the first derivative of the radial velocity in order to cal-
culate stresses [3]. It is known that the differentiation of 
experimental curves of displacements or velocities leads to 
significant errors. In addition, the use of explosives limits 
the application of this method in the laboratory. The use of 
pulsed electromagnetic fields leads to strong interference, 
which greatly complicates the registration of the necessary 
parameters of the deformation process.

Dharan and Hauser [4] proposed a method for determin-
ing the dynamic properties of materials at strain rates of 
 103–104 s−1, called the direct impact method. This method 
was significantly developed in the works of Klepaczko [5].

The Kolsky method and its numerous modifications [6, 7] 
is generally accepted and most justified for dynamic testing.

The method of drop-weight testing for tension or com-
pression with the έ≈const mode, due to its simplicity and 
accessibility, is still actively used to construct true curves 
of dynamic deformation of materials with large degree of 
deformation.

The development of new methods for dynamic testing of 
materials and the improvement of existing ones is still of 
great interest, as evidenced by conferences held regularly 
by the DYMAT association and others.

It should be noted that in modern methods of metal form-
ing, high-speed impact or high-energy upsetting of metals, 
materials exhibit high strain rate deformation. In these cases, 
self-heating of the metal to high temperatures occurs due to 
the adiabatic process. Two competing processes will occur 
in a material under high-speed loading: deformation and 
speed hardening on the one hand and thermal softening on 
the other. Temperature control of the specimen during plas-
tic deformation makes it possible to evaluate its effect on 
mechanical properties. Studies of temperature effects that 
accompany high-speed deformation and can have a signifi-
cant impact on the behavior of the metal are of great interest.

For the first time, the increase in material temperature 
during high-speed deformation was taken into account in a 
modified Johnson–Cook plasticity model [8], in which tem-
perature was calculated from the energy balance equation 
under the assumption that 90% of the plastic deformation of 
material is converted to thermal energy [9]. The results of 
experiments [10] show that the ratio between thermal and 
internal energies is not constant and depends on the speed 
and magnitude of plastic deformation. In [11], using the Kol-
sky method for the first time, infrared sensors were used to 
measure the surface temperature of specimens in the process 
of dynamic deformation by the power of the thermal radia-
tion from their surface. It has been established that only 70% 
of the work of plastic deformation is converted into thermal 
energy, with energy being converted in the adiabatic mode 

[12]. According to [13], the share of thermal energy can vary 
in the range from 20 to 70%. The temperature rise produced 
in iron and copper specimens by high strain deformation in 
a compression split Hopkinson pressure bar was measured 
simultaneously using two independent techniques: small 
thermocouples ( ~ 0.2 mm junction size) and an infrared 
camera system [14]. The thermocouples yielded temperature 
measurements that were consistent with all the mechanical 
work performed on the specimens being converted to heat.

The purpose of this work is to develop the methods for 
dynamic testing of metals and their alloys, as well as meth-
ods for measuring the magnitude of the temperature effect 
of plastic deformation, to study the temperature and speed 
effects of high-speed deformation of some structural mate-
rials under uniaxial compression of cylindrical specimens. 
The choice of this deformation scheme is due to the fact that 
it most fully, in comparison with tension and torsion, reflects 
such technological processes as stamping, forging, rolling, 
etc. In addition, compression allows obtaining large degrees 
of plastic deformation, significantly exceeding the degree of 
uniform deformation under tension.

Materials and Specimens

Fundamentally, the strength and deformation of polycrystal-
line bodies can be determined for any type of stress state. 
However, under complex loadings it is almost impossible to 
determine all components of the stress tensor. That is why 
scientists seek to determine the deformation strength under 
simplest stress states as tension, compression and pure shear, 
where only a single component of the stress tensor must be 
evaluated.

In our experiments to obtain true stress diagrams the 
uniaxial compression of cylindrical specimens was used, 
which most fully, as compared to tensile and torsion, reflects 
the processes of deformation during stamping, embossing, 
upsetting, etc. In addition, the compression allows getting 
the ultimate degree of deformation, significantly exceeding 
the degree of uniform deformation under tension.

During high-speed compression, significant friction 
forces appear on the “test machine–specimen” contact sur-
faces, which drastically change the stress state scheme and 
thereby have a significant effect on the ductility of the metal 
and its resistance to deformation. Lubricants were used to 
reduce friction forces and ensure uniform deformation while 
maintaining the stress state of the metal close to uniaxial. 
In order to hold the lubricant the sample end flanges were 
of 0.5 mm high.

When using the uniaxial dynamic compression scheme 
it is necessary to choose the correct geometry of the speci-
mens: at the ratio of the specimen height to its diameter 
H0/D0 > 2.0 the upsetting is almost impossible due to the 
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longitudinal instability of such specimens. In the case of 
small H0/D0 ratios, contact friction forces begin to affect, 
leading to barrel formation, i.e. uneven deformation.

In experiments on dynamic upsetting, we used cylindrical 
samples with a diameter of 10 mm and a height of 15 mm 
(H0/D0 = 1.5 ratio), the upsetting of which within the inves-
tigated range of true deformation (0.03–0.8) allows to suf-
ficiently build the hardening curves of the materials [15, 16].

The specimens of four metals were fabricated for tests. 
The mechanical properties and chemical composition of the 
materials tested are presented in Tables 1 and 2.

Particular attention was paid to the parallelism of the 
specimen ends and their perpendicularity to the element of 
cylinder. After production, the specimens were annealed 
for 1 h at a temperature (0.5–0.7)Tmelt in electric furnace in 
which a vacuum of  10−4 mm Hg was maintained. Annealing 
temperatures were as follows: for aluminum alloy 350 °C, 
for copper 540 °C, for brass 650 °C, for stainless steel 
900 °C. The specimens were cooled together with an elec-
tric furnace.

Computation Method of Dynamic 
Compression Test

Static compression tests at room temperature and strain rates 
of  10−2 s−1 were performed on a standard Zwick Roell test-
ing machine.

The method of dynamic upsetting is used for high-
speed tests. Impact testing machines of various types were 
used as the loading devices. To study the true resistance 
to deformation at a strain rate έ≈102 s−1 (V0 = 3–5 m/s), 
a vertical drop-weight machine was used. To obtain the 

strain rates ἐ≈103 s−1 (V0 = 30 m/s) a drop-weight machine 
with rubber accelerators was used. An installation in 
which the striker was accelerated using the gunpowder 
hammer [17] was taken as a loading device at strain rates 
έ≈104 s−1 (V0 = 50–100 m/s). The speed of the striker in 
all these installations was measured using electrocontact 
sensors. The specimen subjected to dynamic deformation 
was placed on the end of a short dynamometer.

In all dynamic studies  (102–104 s−1) of this work a rod-
type elastic dynamometer with glued strain gauges was 
used to measure the plastic deformation force P(t). Struc-
turally, the dynamometer is a hollow cylinder with a rigid 
base and a threaded shank, by which it is attached to the 
transition flange of the loading device. The dynamometer 
was made of high-strength steel, hardened and tempered to 
hardness (45–50 HRC), and had a yield strength of about 
2 GPa.

Experimental studies of the resistance to deformation 
included experiments on the compression of proportional 
cylindrical specimens in a wide range of strain rates. The 
primary data that was then used in constructing dynamic 
stress–strain curves was: initial impact velocity V0, oscil-
logram of the shock pulse P(t) and initial height H0.

By strain rate is meant the change in the degree of strain 
in this direction over time.

In the case of uniaxial compression of cylindrical sam-
ples, neglecting elastic effect it is taken as the true plastic 
strain the logarithm of the ratio [1, 2]:

where H0 and H are the initial and current specimen height.

(1)ε(t) = ln
H0

H(t)
,

Table 1  Mechanical 
characteristics of investigated 
materials

Material Russian grade (ASTM) Mechanical and thermalphysic properties

E (GPa) G (GPa) ρ × 103 (kg/m3) Tmelt (К)

Aluminum alloy AMC (A93003) 71 27 2.73 927
Copper M1 (C12200) 121.7 45.5 8.93 1356
Brass L63 (C27200) 105 36 8.6 1178
Stainless steel H18N9T (S30400) 198 80 7.9 1698

Table 2  Chemical composition 
of investigation metals

Material grade Chemical composition (%)

Main components Alloying species Admixtures

Al Cu Fe Zn Mn Mo C Si Ni Cr S Fe

AMC 96.5 0.1 1.4 0.2 0.6 0.7 0.35
M1 99.92 0.002 0.05 0.02
L63 63 36 0.002 0.2 0.32
H18N9T 70.8 1.5 0.11 0.8 8 18 0.02 1.0
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The current value of the strain rate is a time derivative of 
the corresponding plastic strain:

In the dynamic upsetting the term “rate of deforming” 
is adopted, which is associated with the speed of a massive 
drummer. During the impact process strain rate is changing 
due to the inertial nature of the loading. According to the 
results of P(t) and V0, the current value of the strain rate was 
determined by the expression

where m is the mass of the striker.
In Fig. 1, as an example, there are graphs illustrating the 

curves of the change in the strain rate έ(ε) (solid lines) and 
the change in the deforming rate V(ε) (dashed lines) during 
the upsetting of specimens from aluminum alloy AMC and 
brass L63. It is evident that in the process of deformation, 
the rate of deforming is a variable decreasing value. A simi-
lar effect is observed for the other researched metals. As for 
the strain rate, in all cases it first increases and then, pass-
ing through a maximum, decreases. Therefore, most of the 
deformation process occurs at an almost constant “average” 
strain rate. The maximum deviation of the strain rate from 
its average value was 15% for aluminum alloy AMC (V0 = 48 
m/s), and 13% for L63 brass (V0 = 58 m/s). Thus, the adopted 
averaging of the strain rate will not distort the course of the 

(2)ε̇(t) =
dε

dt
= −

1

H(t)
×
dH(t)

dt
=

V(t)

H(t)
.

Vi = V0 −
1

m ∫
t

0

Pidt,

dynamic stress–strain curves and the pattern of velocities 
depending on the strength.

The obtained P(t) curves were twice integrated, and as a 
result the dependence characterizing the change in the height 
of the specimen in time was determined:

Using the law of constancy of the volume W, the current 
value of the cross-sectional area of the specimen A(t) = W

H(t)
 

was determined.
The stress σ(t) in the specimen was determined as the 

ratio of P(t) to the current value of the cross-sectional area 
of the sample A(t):

The deformation of the specimen was determined using 
Eq. 1. Eliminating the time t as the argument from Eqs.1 and 
4, the true stress–strain curve σ(ε) is computed.

Experimental Method of Studying 
the Temperature Evolution During Plastic 
Deformation

The formation and propagation of heat during the process-
ing of metals by pressure is a complex physical process, 
the mathematical description of which in all its complexity 

(3)V(t) = V0 −
1

m ∫ P(t)dt, H(t) = H0 −
1

m ∫ V(t)dt.

(4)�(t) =
P(t)

A(t)
,

Fig. 1  Change in rate of deforming and strain rate in high-speed loading for aluminum alloy (a) and for brass (b)
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and interrelationship of individual phenomena causes great 
difficulties.

The classical formula of the temperature effect of plastic 
deformation of metals based on the observance of the first 
law of thermodynamics with regard to the Taylor-Quinney 
coefficient [9, 18, 19] is widely known:

where η is the coefficient describing the conversion of 
energy into heat during plastic deformation, ρ is a material 
density, Cp is the heat capacity of the material.

Methods for determining the temperature effect of plastic 
deformation are associated with some experimental diffi-
culties, the main of which is the choice of a temperature 
sensor. The temperature sensor must satisfy the following 
requirements:

(a) to be practically inertia-free, i.e. record “temperature 
rise” in very short periods of time;

(b) to have a high minimum strength to work in extremely 
difficult conditions with high specific loads of impact 
nature, accompanied by the relative movement of 
deformable volumes of material;

(c) to have small dimensions and do not affect the condi-
tions of deformation.

The classical thermocouple constructively consists of two 
wires, each of which is made of different alloys (Fig. 2). The 
ends of these conductors form a contact (“hot juncture”) 
made by twisting or by butt welding. The free ends of the 
thermocouple are closed with compensation wires to the 
contacts of the measuring device. At the junction points, 
another so-called “cold juncture” is formed. Electrodes con-
sist of different metals (metal A and metal B). Such thermo-
couples can measure the temperature only on surfaces and 
at the point of contact with the metal under study. Due to the 
relatively large size of the thermocouple head (junction point 
of thermoelectrodes), such a thermocouple cannot measure 
very rapid changes in the temperature of the specimen that 
occur during its dynamic loading.

The paper proposed a method for directly measuring the 
specimen temperature during its plastic deformation using 
an artificial specimen thermocouple (specimen-thermoelec-
trode), in which the deformable metal itself performs the 
“hot” junction, while the “cold” junction is connected to the 
measuring device.

Connecting wires that run from the thermocouple clamps 
to the location of the measuring device are called extension 

dQ = dWp,

ρCpdT = � dε,

(5)ΔT =
η

ρCp
∫ � dε,

thermoelectrodes. To ensure that the electromotive force 
(EMF) of the thermocouple does not change when using 
the extension thermoelectrodes from materials other than 
the materials of the main thermoelectrodes, two conditions 
must be met. Firstly, the extension thermoelectrodes should 
be thermoelectrically identical with the main thermocou-
ple, i.e. have the same thermo-EMF in the range of pos-
sible temperatures of the junction of thermoelectrodes in 
the thermocouple head (approximately in the range from 0 
to 100 °C). Secondly, the points of attachment of the exten-
sion thermoelectrodes to the main thermoelectrodes in the 
thermocouple head should have the same temperature.

Studies of artificial specimen thermocouples showed their 
following advantages and features [20]. A thermocouple 
with a separate junction, when the deformable metal itself 
performs the role of a hot juncture, is practically inertia-
free and can be used to determine temperatures that change 
at a rate of 1 × 10–6 deg/s. Such a very small inertia of an 
artificial specimen thermocouple is explained by the fact 
that in this case the full heating of the thermocouple head 
and the whole mass of working ends of thermoelectrodes 
is not required, and it is enough that the temperature of 
deformable specimen was acquired by a very thin layer on 
the contact surface of the thermoelectrode, and the inertia 
decreases even more with a decrease in the diameter of the 
thermoelectrode.

The thermoelectrode was welded to the surface of the 
sample by radiation from a pulsed YAG:Nd3+ laser. A wire 
with a diameter of 0.1 mm made from an alloy of tung-
sten and rhenium with high specific resistance was used as 
a thermoelectrode for an artificial specimen thermocouple. 
For thermocouples, extensional thermoelectrodes made of 
copper and CuNi06 alloy were used, forming a thermo-
identical thermocouple within the temperature range up to 
150–250 °C.

Fig. 2  Classic and artificial specimen thermocouple system loop
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In dynamic upsetting of cylindrical specimens, simul-
taneously with the registration of the deformation force 
P(t), the change in the specimen temperature ΔT(t) dur-
ing the deformation process was recorded. Figure 3 shows 
the oscillogram of the deformation of the specimen of 
aluminum alloy AMC at a striker speed of 16.8 m/s. In 
the figure, the upper beam represents the signal from the 
dynamometer and characterizes the change of the force 
P(t) during deformation, and the lower beam represents 
the signal from the thermocouple, which characterizes 
the increase in the specimen temperature ΔT(t). Before 
testing, the dynamometer is calibrated using a standard 
static testing machine, while an artificial thermocouple is 
calibrated using a heat chamber and a high-precision ther-
mometer; the conversion factors for the measured electri-
cal values are: for the compression force of 1190 [N/mV] 
and for a temperature rise of 3.58 [°C/mV]. The point on 
the impulse from the dynamometer marks the transition 
from the elastic deformation of the specimen to the plastic 
one. It is clearly seen that during an elastic deformation 
of the specimen, a change in its temperature increases lin-
early slightly; this process of energy dissipation begins 
significantly with plastic deformation of the specimen, as 
confirmed by known observations [21].

Artificial specimen thermocouple of small dimensions 
and weight has high mechanical strength, allowing it to 
withstand large shock loads during plastic deformation of 
the metal. One of the positive properties of an “artificial 
specimen” thermocouple is that it can be calibrated under 
static conditions. Analysis of the work of the “artificial 
specimen” thermocouple showed that with satisfactory 
accuracy it allows measuring the temperature rise of the 
sample under its dynamic loading, with an error of no 
more than 10%.

Results and Discussions

A series of experiments was carried out on the dynamic 
upsetting of several structural metals after annealing (cop-
per, brass, stainless steel, aluminum alloy) at various strain 
rates by using three types of hammers.

During the dynamic tests, in addition to the impulse 
of the plastic deformation force P(t), the signal from the 
thermocouple was recorded.

The average deformation resistance was calculated from 
3–5 experiments. As a result of processing the dynamic 
diagrams P(t) using the above method (1) and (4), the true 
stress values (resistance to deformation) were obtained as 
a function of the true (logarithmic) degree of deforma-
tion. Figure 4 shows the deformation curves σ(ε) in true 
coordinates for the materials studied. The realized strain 
rates are shown in the legend of each figure.

To identify the effect of strain rate in the same figures, 
the dotted lines show the curves of change in strain resist-
ance at static loading rates. As can be seen, an increase in 
the strain rate is accompanied by an increase in the true 
strain resistance for all metals under study.

Each σ(ε) curve can be divided into three characteristic 
regions.

The first section (ε = 0.05–0.1) is characterized by an 
intense increase in the flow stress with an increase in the 
degree of deformation. The intensity of hardening in the 
first section is as greater as the higher the strength of the 
material is.

The second section (ε = 0.1–0.4) is characterized by 
a less intensive increase in the flow stress and a smooth 
transition to the third section. The size and location of this 
section depends on the strength of the source material: 
the higher the material strength, the smaller the degree of 
deformation in this area.

The third section (ε > 0.6) is characterized by a slight 
increment in the flow stress or even by a negative slope of 
the hardening curve (softening effect). The reason for this 
phenomenon is apparently the fact that at these strain rates 
the process of high-speed deformation is adiabatic in nature, 
so an increase in temperature is observed in the center of 
plastic deformation. The temperature effect of plastic defor-
mation leads to a decrease in strength, an increase in plastic-
ity, and a change in the microstructure of the material.

The obtained oscillograms of the shock pulse P(t) were 
integrated twice, as a result the time dependence of the 
specimen change in height (Eq. 3) was determined. The 
following Table 3 shows the values of the final heights, 
as obtained by the calculation method and measured after 
the experiments.

Comparison of the calculated values of the final height 
of the specimens and measured ones after the experiment Fig. 3  Example of impulses of the plastic deformation force of the 

specimen and rise of its temperature
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exhibited their good agreement. Some discrepancy 
between these values is due to calculation errors that do 
not exceed 7%.

Examples of the experimental data for investigated metals 
in the form of velocity dependences of the flow stress σ(lgέ) 
for different degrees of deformation are shown in Fig. 5, 
which presents the results of standard static (έ = 10–2 s−1) 
and high-speed tests by using three types of drop-hammer 

(έ = 3 × 102–4 × 103 s−1). Tests in the intermediate range of 
strain rates (έ = 1 × 10–2–3 × 102 s−1) were not performed. 
As it has been noted in articles [22–24], in this intermediate 
range of strain rates the resistance to deformation of materi-
als usually increases slightly.

In Fig. 5, for this velocity range, linear approximation 
was used, as the simplest. However, the dependences of 
the flow stress on the strain rate can also be described 

Fig. 4  Hardening curves for aluminum alloy (a), copper (b), brass (c), and stainless steel (d)

Table 3  Comparison of 
calculated and actual values of 
the final height of specimens

Material Final height (mm) Strain rate  (s−1); distinction (%)

3 × 102 1.2 × 103 3 × 103

Aluminum alloy Calculation 6.9 3.0 7.9 1.3 3.85 10.0
Measuring 6.7 7.8 3.5

Copper Calculation 7.91 4.1 5.44  − 2.9 5.16 5.3
Measuring 7.6 5.6 4.9

Brass Calculation 5.62 0.4 5.1 2.0 3.36  − 4.0
Measuring 5.6 5 3.5

Stainless steel Calculation 7.47 2.3 7.66  − 0.5 14.1  − 4.7
Measuring 7.3 7.7 14.8
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by other relations, for example, Cowper–Symonds, John-
son–Cook, and others. It is not possible to find in the world 
scientific literature data on the velocity dependence in 
the intermediate range for Russian metals. In Fig. 6a, for 
comparison, the speed dependences for copper are shown, 
taken from Armstrong [25], which are approximated using 
the Zerilli–Armstrong ratios [26]. Figure  6b presents 

the results we processed for AISI 316H stainless steel, 
obtained by Albertini et al. [27 (Fig. 6)] as stress–strain 
curves at different strain rates. These results can also be 
approximated by any of the following relationships: linear, 
power, or other. A recent analysis of the Johnson–Cook 
and Cowper–Symonds constitutive equations, which 
would describe all ranges of strain rates (quasistatic, 

Fig. 5  Velocity dependence of the resistance to deformation of aluminum alloy (a), copper (b), brass (c), and stainless steel (d) at various 
degrees of deformation

Fig. 6  Strain rate dependence of the flow stress of OFE copper (a) and velocity dependence of the resistance to deformation AISI 316H stainless 
steel at various degrees of deformation (b)
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intermediate, and high strain rates) also confirms these 
conclusions [28, 29].

With further increase in strain rate, the resistance to defor-
mation increases sharply, and the degree of deformation has 
a weakening effect on the velocity dependence, especially at 
high strain rates. This is manifested in a decrease in the angle 
of inclination and curvature of the last sections of the curves 
for all investigated materials. At low degrees of deforma-
tion, the velocity dependence of resistance is much more 
pronounced. This effect is generally stronger, the higher the 
melting point of the metal is. However, if we consider the 
range of strain rates from 0.001 to  104 s−1, then preference 
should be given to the defining Johnson–Cook equations 
with different speed factors or Zerilli–Armstrong.

According to the results of the temperature measure-
ment of specimen during its plastic deformation, the 
curves of the deformation heating in the process of high-
speed upsetting were constructed (Fig. 7). The solid lines 

show the experimental results of measuring the tempera-
ture rise of the specimen during its plastic deformation, 
obtained using an artificial specimen thermocouple, and 
the dashed lines show the corresponding curves calculated 
by integrating the σ(ε) dependences taking into account 
the density ρ and the heat capacity Cp of the specimen 
(Eq. 5). The factor η of conversion of energy to heat was 
equal to 0.95.

It was experimentally determined that under the same 
conditions of the experiment, the higher the melting point 
of the metal, the greater its deformation heating is.

Experiments on temperature effect on plastic defor-
mation of samples after annealing during cold upsetting 
showed that at a deformation rate of ~ 50 m/s, the increase 
in temperature of specimens, compressed up to a degree 
of deformation of 0.6, reached 55 °C for aluminum alloy, 
60 °C for copper, 80 °C for brass, and 140 °C for stainless 
steel.

Fig. 7  Curves of deformation heating of aluminum alloy (a), copper (b), brass (c), and stainless steel (d)
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Conclusion

Dynamic compression tests of four metals employing a spe-
cific computation method of upsetting loadings were realized. 
As a result, dynamic true stress-plastic strain curves corre-
sponding to quasi-static and high strain-rates were obtained. 
During the experiments the plastic strains reached average val-
ues of 0.4 or more and the strain-rates a maximum of 5000 s−1. 
Based on the obtained true stress–plastic strain curves, the 
flow logarithm diagram of true stress via logarithm of the 
strain-rate is plotted. It is observed that the strain-rate sensi-
tivity of true stress is linear within the range of 0.01–100 s−1, 
while in the range of strain-rates of 100–10,000 s−1 the stress 
increases drastically and has a non-linear sensitivity. It is then 
shown that an increase of the strain-rate is accompanied by an 
increase of the real strength to the plastic deformation for all 
above studied metals. In the range of strain-rates of 0.01 s−1 
to 3000 s−1 the material strength monotonously increases to 
the plastic deformation and for a further increase in the strain-
rate the strength increases sharply with the deformation. The 
temperature of self-heating leads to important changes in the 
nature of hardening stress–strain curves, when the modulus 
of the hardening decreases meaning for large plastic strains. 
At an initial compression velocity of more than 3–4 m/s, the 
dynamic upsetting process occurs entirely in adiabatic condi-
tions where heat environment losses can be neglected. Associ-
ated with the corresponding adiabatic process if the metallic 
material is subjected to large plastic strains the dependence of 
the stress increase with the strain-rate decreases. As a result, 
the specimen temperature increases and a deformation sof-
tening phenomenon can be observed. Furthermore using an 
artificial specimen thermocouple, the temperature rise can be 
measured during the experiment; a significant temperature 
increase, especially for high-speed deformation, has been 
already obtained. It seems that the temperature-speed or tem-
perature-strain-rate dependencies together with the observed 
flow true stress–strain-strain-rate variations can be success-
fully used to define reliable constitutive relations in order to 
be used by various numerical simulations software to analyze 
structure and materials behavior during shock or explosive 
effects.
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