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Abstract

In the present study, the stress—strain relationships of Q345B steel with the coupling effect of temperature and strain rate
were primarily investigated. First, the quasi-static tensile test and dynamic impact compression test were performed using
the 810 material test system and the split Hopkinson pressure bar device, respectively, at temperatures ranging from 25 to
700 °C and the strain rate ranging from 0.001 to 4000 s~'. Second, thermal and strain-rate effects on the mechanical behavior
of Q345B steel material steel were studied. It was reported that Q345B steel can be significantly softened with temperatures
and hardened with strain rates. Finally, a modified Johnson—Cook (J-C) model was developed to describe the nonlinear
mechanical behavior of Q345B steel material over a wide range of strain rates and temperatures.
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1 Introduction

As a comprehensive mechanical and building material, low-
alloy Q345B steel is extensively used in bridges, buildings,
pressure vessels, and special equipment, among other fields.
It is possible for engineering structures to be exposed to
extreme dynamic loads during their service life, such as
industrial explosion accidents, bomb explosions, fire, and
accidental collisions [1-5]. To accurately design and evalu-
ate the performance of engineering structures under such
extreme dynamic loads, it is necessary to study the mechani-
cal behavior of the material, especially the dynamic mechan-
ical properties.

It has been experimentally proven that the properties of
materials generally differ between dynamic and static states.
The dynamic mechanical properties of a material are known
to be dependent on the strain, strain rate, and temperature.
The split Hopkinson pressure bar (SHPB) device has become
an effective experimental technique to study the dynamic
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behavior of materials over a wide range of strain rates [6-9].
The specially modified SHPB system can be used to investi-
gate material properties at different temperatures.

Numerous experimental studies on the dynamic behav-
ior of materials such as metals have been conducted by
many researchers. Whittington et al. [10] investigated the
mechanical response and damage evolution of RHA steel.
High strain-rate experiments conducted via SHPB showed
increased strength and reduced failure strains. An internal
state variable (ISV) plasticity/damage model was used to
capture the varying effects of temperature, strain rate, and
stress state for the RHA steel with a single set of plastic-
ity and damage parameters. Visser et al. [11] conducted
research on the dynamic compressive stress—strain curve
properties of low carbon steel in the range 293-923 K and
at strain rates of 1000-5000 s~! using SHPB. The resulting
stress—strain curves were partitioned into thermal and ather-
mal stress components in which the role of twin boundaries
was discussed in terms of their relationship with the interac-
tion of dislocation motion and grain subdivision.

An experimental study carried out by Jing [12] indicated
that the D1 steel displays obvious temperature depend-
ence, and the third type strain aging (third SA) occurred
at the temperature region 673-973 K and at a strain rate
of~ 1500 s™!. Lietal. [13] reported slow-, intermediate-, and
high-strain-rate experiments that were carried out on DP800
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steel specimens using the SHPB testing system with the load
inversion device. The experimental results revealed a non-
monotonic effect of the temperature on the stress—strain
curve for DP80O0 steel. Niu et al. [14] investigated the
dynamic compressive mechanical properties of 30CrM-
nSiNi2A steel at 30~700 °C and 3.0x 10°-10.0x 10° s7".
They found that 30CrMnSiNi2A has evident temperature
sensitivity at 300 °C. Moreover, the flow stress significantly
decreased and the strain-rate-hardening effect is obvious
with the increase in temperature. In addition to the above,
Lee et al. [15] utilized SHPB to compare the impact plastic
behavior of three steels (S15C carbon steel, SS0C medium
alloy steel, and SKS93 tool steel) under strain rates rang-
ing from 1.1 x 10° to 5.5 x 10’ s~! and temperatures ranging
from 25 to 800 °C. The effects of the carbon content, strain
rate, and temperature on the mechanical responses of steels
were evaluated.

Johnson—Cook (J-C) constitutive equations have been
widely used to describe the dynamic mechanical behavior
of metallic materials. Therefore, many researchers have
established or modified J-C models of some materials
through quasi-static and SHPB experiments. The charac-
terization of Armox 500T steel investigated by Igbal [16]
showed an increase in strength with the increase in stress
triaxiality as well as strain rate. The results thus obtained
from experiments on the specimens of both the materials
were subsequently employed for calibrating the material
parameters of the J-C model. Erice et al. [17] investigated
the flow and fracture behavior of FV535 martensitic stain-
less steel at different strain rates and temperatures. Experi-
mental data are matched using ABAQUS/Standard and LS-
DYNA numerical codes. This method allows the researcher
to obtain critical data of equivalent plastic strain and tri-
axility, which allows for a more precise calibration of the
J-C model. Brown et al. [18] presented new J-C param-
eters for the AK47 steel core by SHPB compression testing.
Effects of strain-rate and temperature for the titanium alloy
(Ti-6Al-4V) were investigated by Seo [19]. The parameters
for a modified J-C constitutive equation were determined
from the test results.

In recent years, researchers have studied the mechani-
cal properties of other materials, such as A533B steel [20],
42CrMo steel [21], TWIP steel [22], 603 steel [23], 316L
stainless steel [24, 25], beryllium copper [26], Ti-6Al-4V
alloy [27], Ti-6.6A1-3.3Mo-1.8Zr—0.29Si alloy [28],
aluminum alloys [29, 30], and AlI-Mg-Si alloy [31] by
quasi-static and SHPB tests under different strain rates and
temperatures. However, there is a lack of investigation on
the dynamic mechanical properties of Q345B steel under
different strain rates and ambient temperatures, and there
is no suitable constitutive model to describe the dynamic
mechanical properties of Q345B steel material.
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In this study, the stress—strain relationships of Q345B
steel with the coupling effect of strain rate and tempera-
ture were primarily investigated. Quasi-static tensile and
compression tests of Q345B steel at 0.035 s~! strain rate
and the temperature ranging from 25 to 700 °C were con-
ducted using the MTS810 and MTS809 material test system.
Dynamic compression experiments at temperatures ranging
from 25 to 700 °C and the strain rates ranging from 500 to
4000 s~! were performed using the ALT1000 SHPB setup.
The thermal and strain-rate effects are discussed. A modified
J-C model was developed to describe the nonlinear mechan-
ical behavior of Q345B steel material over a wide range of
strain rates and temperatures.

2 Quasi-static tensile and compression tests
2.1 Test device and methods

Quasi-static tensile experiments were performed on Q345B
steel specimens at different temperatures to obtain the
stress—strain curves, yield strength, and other vital param-
eters. MTS810 and MTS809 microcomputer control elec-
tronic testing machines were adopted as the test equipment
for quasi-static tensile tests. For the particularity of high-
temperature experiment, the tests were divided into two
groups in accordance with the temperature range: A and B.
Group A was the tensile test under temperatures ranging
from 25 to 500 °C. The MTS810 material testing system was
adopted as the test equipment, as shown in Fig. 1a. MTS810
test machine was adopted to load at a deformation rate of
0.035 mm s~! with high-temperature extensometer used to
accurately measure strain changes. The electric heating fur-
nace, namely, 651 Environmental Chamber, was employed
to heat the specimen and clamping parts simultaneously at
a temperature rise rate of 20 °C min~'. After the specified
temperature was reached, the time of heat preservation was
supposed to be at least 20 min before loading. To detect the
temperature of the heating furnace and the specimen, the
matching FLUKES54 II B thermometer and thermocouple
was adopted, as shown in Fig. 1b. The test at each tempera-
ture was repeated thrice, and the average value was used.
Group B was the tensile test under temperatures of
600-700 °C. MTS810 material testing system, as shown in
Fig. 2a, was employed for loading at the identical defor-
mation rate with the same extensometer. MTS653 furnace
was used to heat the specimen at the identical temperature
rise rate and simultaneously maintain warmth. Similar ther-
mometer and thermocouple were used. However, the differ-
ence was that there were two heating units in the furnace (as
shown in Fig. 2b), and it could only heat the parallel length
of the specimen, probably leading to a certain temperature
gradient on the surface of the specimen. To eliminate the
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Fig. 1 Experimental apparatus at the temperature range of 25-500 °C. a 810 material test system. b Thermocouple and thermometer
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(a) 809 Axial/Torsional Test System.

Fig.2 Experimental apparatus at the temperature range of 600-700 °C.

effect of temperature gradient, two thermocouples, as shown
in Fig. 2b, whose ends were wound with copper wire to the
part closest to the middle of the specimen, were used to
detect the temperature of the specimen. If the thermometer
presented a temperature gradient on the specimen, the tem-
perature gradient could be regulated within 0.5 °C by adjust-
ing the heating units. The test at each temperature was also
repeated thrice and the average value was used.

The quasi-static compression test was also carried out on
the MTS810 material testing system using the same high-
temperature extensometer and thermometer. However, the
clamp was replaced according to the shape of the specimen,
as shown in Fig. 3. Due to the limitation of experimental
equipment performance, the maximum temperature of high-
temperature compression test was only 500 °C.

2.2 Test specimens
Low-alloy Q345B steel was used in this study. Table 1 gives

the chemical composition of Q345B steel. The coupon test
specimens were taken from the same batch steel ingot. The

Specimen Clamp

Upper heating chamber Iherm9c0uple

\ //

4

Lower heating champer

(b) Layout of furnace heating.

a 809 axial/torsional test system. b Layout of furnace heating

Indente
N

" 3
Specimén

High temper:
extensometer

Fig. 3 Installation diagram of high-temperature compression test

specimens of different sizes were processed according to
the different high-temperature test equipment. The quasi-
static tensile test specimens were prepared in accordance
with the Chinese standard GB/T 228.1-2010 [32] and GB/T
228.2-2015 [33], while the quasi-static compression test
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Table 1 Chemical composition C Si Mn P
of Q345B steel (%)

Ti \ Ni Cr Cu Al Fe

017 044 014 0.02

0.01 0.01 - 0.01 0.04 0.01

0.018  Bal.

specimens were processed according to GB/T 7314-2017
[34]. The dimensions and physical drawing of the specimens
are shown in Fig. 4.

2.3 Results and analysis

The morphology of the specimens after tensile and compres-
sion is shown in (b) compressed specimen.

In Figure 5, It can be clearly seen that the color of the ten-
sile fracture specimen and the compression specimen signifi-
cantly changed at 300 °C, and both were blue. Table 2 shows
the percentage elongation after fracture (A) and percentage
reduction of area (Z) of the tensile specimen at different
temperatures. The data in Table 2 illustrate that A and Z
show a decreasing trend after fracture within 300 °C. When
the temperature is not less than 300 °C, A and Z begin to
gradually increase with the rise in temperature. It is initially
speculated that some steels have the phenomenon of “blue
brittle” in a certain temperature range, in which the steel will
appear dark blue, and the plasticity of materials decreases
while brittleness increases.

Through equation transformation, the true stress—strain
curve at a quasi-static state is obtained, as shown in Fig. 6.
As can be seen from the figure above, unlike the tensile
curve, the compression curve continues to rise because
Q345B steel as a plastic material can only deform but not
break when compressed. It indicates that the stress/strain
state has a certain influence on the shape of the curve [35].
The tensile and compressive stress—strain curves show the
obvious softening effect due to the temperature: the flow
stress basically decreased with the rise in temperature. How-
ever, stress did not strictly decrease with temperature. When
the temperature was in the range of 100-300 °C, the flow
stress increased with temperature, showing a temperature
hardening effect. The reason for these could be explained by
“blue brittle”: When the temperature rose to a certain tem-
perature range (blue brittleness temperature), the diffusion

with the slip speed of the dislocation. Repeated pinning—de-
pinning—pinning of C and N atoms on the dislocation occurs,
thus showing an increase in deformation resistance on the
macro-level [36]. The tensile and compressive stress—strain
curves both have an obvious yield platform within 300 °C.
When the temperature exceeds 300 °C, the yield platform
gradually disappears. In addition, there are oscillations in
both stress—strain curves of 200 °C, which is due to the
involvement of the twining deformation. At 200 °C, the
twining strain rate exceeds the movement speed of the test-
ing machine clamp, leading to local stress relaxation and
serrated appearance on the curve [37].

Table 3 shows the yield strength (f,) of Q345B steel at
different temperatures under tensile and compression tests.
Tables 4 and 5 illustrate the tensile strength (R ) and elastic
modulus (F) at different temperatures under tensile tests.
Due to the particularity of the compression curve of plastic
material and the inhomogeneous deformation of the com-
pression specimen during compression loading, the com-
pression strength and elastic modulus of the specimen at
different temperatures are not provided. The data in Table 3
revealed that the yield strength values of the specimens at
the same temperature under tensile and compression tests
were consistent, and the yield strength fitting curves of the
two were also very close, as shown in Fig. 7a. It indicates
that the yield strength of Q345B steel is isotropic in tensile
and compression tests. In addition, fy and E of Q345B steel
basically decreased with the rise in temperature during ten-
sile tests, while R, first decreased, then increased, and then
decreased again. By the mathematical regression analysis
of three mechanical properties at different temperatures (as
shown in Fig. 7), the regression equations were obtained
(Egs. 1-3) with the correlation coefficients R being 0.9681,
0.9904, and 0.9949, respectively, which could well reflect
the changes in yield strength, tensile strength, and elastic
modulus with temperature, respectively.

speed of C and N atoms rapidly increased, keeping abreast £y (T) = ~0.3824T + 382.39 (MPa), M
R,(T)=23%x1078T* - 3.27 x 1077 + 0.0137% — 1.54T + 573.2 (MPa), (@)
3)

E(T) =19x107°T* = 2.74 x 107973 + 1.02 x 1073T? — 0.156T + 209.5 (GPa).
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(c) Dimensions of compression specimen (mm).

(d) Physical drawing of the specimens.

Fig.4 Specimens of tensile and compression tests. a Dimensions of tensile specimen in group A (mm). b Dimensions of tensile specimen in
group B (mm). ¢ Dimensions of compression specimen (mm). d Physical drawing of the specimens
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Fig.5 Appearance of the speci-
men after experiment. a Tensile
fracture specimen. b Com-
pressed specimen

(a) Tensile fracture specimen.

(b) Compressed specimen.

Table 2 Percentage elongation

Temperature (°C) 25 100 200 300 400 500
after fracture (A) and percentage
reduction of area (Z) of the A (%) 37 34.1 35.6 38.8 43.1 51.9
tensile specimen Z %) 49 47 39 49 59 66
. G
e =— [6:() — £,(1) — &,(0)], 4)
3 SHPB dynamic compression experiments
and results co i
() = TO/ e:() — £,() — e,(n)]dz, Q)
3.1 SHPB apparatus and experimental techniques 0
i EA
The SHPB appar'atus has been exter'lswely u.sed tf) test the o(t) = T [ (1) +£,() + sl(t)], ©)
dynamic mechanical behavior of various engineering mate- 0

rials. Figure 8 shows the schematic diagram of the high-
temperature SHPB apparatus used in this paper. A striker
bar controlled by a gas gun impacts the end of the inci-
dent bar, generating a compressive stress wave (the incident
pulse ;) on the incident bar. When the incident bar comes in
contact with the specimen, the stress wave also reaches the
specimen. Afterward, a reflected wave (the reflected pulse
g,) reflects to the incident bar, and a transmitted wave (the
transmission pulse &) continues to travel along the transmis-
sion bar. Strain gauges are adopted to record strain pulse,
and the stress—strain data of the specimen under dynamic
effect are harvested by calculating the following relations:

@ Springer

where £(1), (1), 6(t), Cy, A, E, Ay, and L denote the strain-
rate, strain, flow stress, wave velocity in the bars, cross-sec-
tional area and elastic modulus of the bars, cross-sectional
area, and the original length of the specimen, respectively.
Subsequently, the stress—strain curve of the material can be
obtained by calculation.

The compressive SHPB system for high-temperature tests
also includes a heating and temperature control system, as
shown in Fig. 9. In this paper, a type of high-temperature
SHPB system, ALT1000 device, is adopted, as shown in
Fig. 9a. Before the experiment, the cylindrical specimen
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(b) Compression stress-strain curve.

Fig.6 True stress—strain curves at different temperatures for quasi-
static experiments. a Tensile stress—strain curve. b Compression
stress—strain curve

(¢p8 x5 mm) was first fixed at the end of the incident bar. To
avoid the influence of temperature on the two bars, a sleeve
was designed so that the specimen can be independently

heated, as shown in Fig. 9e. Then, the high-temperature ther-
mocouple (Fig. 9f) was fixed on the surface of the speci-
men to measure the temperature. After the specimen was
pushed into the heating furnace (Fig. 9b) for heating, the
PID temperature controller, as shown in Fig. 9c, was adopted
to regulate the temperature, for which the precision was
within + 1 °C. After the specimen was heated to the required
temperature and was maintained for 20 min, the impact test
can be performed. In the SHPB test, strain rate was con-
trolled by the speed of the striker bar, such that the velocity
of striker bar under specified strain rate was measured by a
speedometer (Fig. 9h) before the experiment. Finally, the
waveform data were harvested through strain gauges pasted
at specified positions on the input and output bar, as shown
in Fig. 9g. The stress—strain data were obtained through the
data acquisition and processing system.

3.2 Results and analysis

Figure 10 presents the true stress—strain relationships of
Q345B steel at different temperatures for various strain rates.
In the dynamic tests, the material also displayed an obvious
softening effect. But the strength increased when the tem-
perature reached 500 °C, which can also be explained by
“blue brittle.” However, unlike quasi-static, it happened at
higher temperatures. According to the theory of dislocation
dynamics, the initial temperature of blue brittle increases
with the rise in strain rate [36]. In addition, under the condi-
tion of dynamic strain rate, the curve still had obvious yield
platform when the temperature exceeded 300 °C.

The flow stress—temperature relationship at strains
of 0.04, 0.08, 0.12, 0.16, and 0.20 for the strain rate of
2000 s~! is presented in Fig. 11. The difference in flow
stress between adjacent strains roughly decreases as the
temperature increases, indicating that the work-hardening

Table 3 Yield strength of

: T (°C) 25 100 200 300 400 500 600 700 800

Q345B steel at different

temperatures (MPa) Compression tests (f,) ~ 370.3  353.1 324 272 212 198 - - -
Tensile tests (f,) 370.7 3388 3244 2478 2247 2066 1697 961  56.1

Table4 Tensile strength T(°C) 25 100 200 300 400 500 600 700

of Q345B steel at different

temperatures (MPa) Tensile strength (R,) 5461 510 5539 5852 5104 3524 2198 1112

Table 5 Elastic modulus T(°C) 25 100 200 300 400 500 600 700

of Q345B steel at different

temperatures (GPa) Elastic modulus () 206 201.7 201.7 193.6 186.1 166.1 140.3 124
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Fig.7 f,, R, E fitting curves at different temperatures. a Yield
strength fitting curve. b Tensile strength fitting curve. ¢ Elastic modu-
lus fitting curve under tensile tests
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effect decreases continuously with the rise in temperature.
According to the varying trend of stress at a given strain,
the flow stress quickly decreases when the temperature is
beyond 300 °C. In other words, thermal softening effect at
temperatures higher than 300 °C seems more obvious than
below 300 °C.

To elucidate the effect of strain rate on the mechanical
behavior of Q345B steel, stress—strain curves of dynamic
compression and quasi-static compression at various tem-
peratures are plotted in Fig. 12. The entire plastic hardening
procedure occurs at a higher stress in the dynamic experi-
ments than in the quasi-static experiments, proving that
Q345B steel has a noticeable strain-rate-hardening effect.
However, materials did not always exhibit strain-rate-hard-
ening effects. When the strain rate exceeded 2000 s~!, the
material strength decreased with the rise in strain rate, dis-
playing a strain-rate-softening effect.

The variation in yield stress with strain rate at differ-
ent temperatures is shown in Fig. 13. In general, with the
increase in strain rate, yield strength increased at different
temperatures. However, as to the slope trend, strain-rate-
hardening capacity decreased. For a given temperature,
when the strain rate increased from quasi-static to 500 s,
the yield stress sharply increased. However, when the strain
rate exceeded 2000 s~ the stress value changed little or
even decreased with the increase in strain rate. This indicates
that at a higher strain rate, Q345B steel became insensitive
to the change in strain rate, and strain-rate-softening effect
might occur.

4 The J-C constitutive model of Q345B steel

The J-C constitutive model synthetically contains the effect
of strain, strain rate, and temperature on most metal materi-
als. Its characteristics of simple form, clear physical mean-
ing, and easy testability and calibration parameters aid in
extensively employing it in the field of explosion and impact.
Johnson and Cook [38] suggested the constitutive relation
as expressed in Eq. (7):

o=[A+B@)"|[1 + Cln&*|[1 - (T*)"]. 7

where o is the flow stress; £ is the plastic strain; £€* = £/£;is
the effective plastic strain rate (¢ is the plastic strain rate and
£, 1s the reference strain rate); and 7% = (T — T)/(T,, — T) is
the homologous temperature (7 is a reference temperature,
generally taken as the ambient temperature. T, represents
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Fig.8 Schematic diagram of the high-temperature compressive SHPB apparatus

the melting temperature). In this study, 0.001 s~! is taken
as the reference strain rate. The ambient temperature and
melting temperature are 25 and 1500 °C, respectively. A,
B, n, C, m are the five material constants obtained by fitting
experimental data.

For the subsequent decreasing parts of the flow stress
curves under dynamic strain rate, the compression test
results may show increasing errors in prediction due to its
work-hardening effect [35]. Therefore, A, B, and n are deter-
mined by quasi-static tensile test; C and m are calculated
from the SHPB test. The five material constants for the J-C
model are listed in Table 6.

4.1 Comparison between experimental data
and the J-C model

A comparison between the experimental data and the J-C
model of Q345B steel at high strain rates and elevated tem-
peratures is plotted in Fig. 14. At the dynamic strain rate and
temperatures below 300 °C, the results of the J-C model are
nearly higher than the stress values of experimental data,
while they fit relatively well at high temperatures, including

the tolerance for error. Nevertheless, the opposite is true
for quasi-static conditions. Under quasi-static conditions,
the J-C model is consistent with the experimental data
curve while slightly different at high temperatures, and the
results of J-C equation are higher. This phenomenon can be
explained by the following reasons.

4.2 Modification of the constitutive equation
for Q345B steel

4.2.1 Adiabatic temperature rise effect

It is generally known that the SHPB test is an adiabatic pro-
cess and the temperature rise during the test will impact
the experimental results. When a material deforms plasti-
cally, some of the work will be converted into heat and the
temperature rise during the process can further reduce the
flow stress of the specimen [39]. For high-strain-rate tests,
the adiabatic temperature rise is especially significant and
almost negligible at quasi-static conditions. In addition, the
temperature rise during the SHPB test can be calculated by
the following equation [40]:
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(a) ALT1000.

(d) Specimen.

(b) Heating furnace.

--m". "

(e) Fixation of the specimen.

el

(c) PID temperature controller.

(g) Strain gauge.

(h) Speedometer sensor.

Fig.9 Experimental equipment and setup. a ALT1000. b Heating furnace. ¢ PID temperature controller. d Specimen. e Fixation of the speci-

men. f Fixation of thermocouple. g Strain gauge. h Speedometer sensor

£
n
AT=/ ode, 8
0 pCv ()

where the parameters 7, p, and C, denote the coefficient of
heat conversion, density, and specific heat, respectively (1
considered as 1, and p, C, of Q345B steel are 7850 kg m™3
and 460 J kg™! °C, respectively).

The stress—strain curve at strain rates 2000 and 4000 s~
was taken as an example. Software was used to integrate the
curve area, and the adiabatic temperature rise corresponding
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to different temperatures was calculated according to Eq. (8).
The specific values are shown in Table 7.

The data in Table 7 show that the adiabatic temperature
rise is larger under higher strain rate. For some high-strain-
rate tests, it can be as high as hundreds of degrees and hence
cannot be neglected. In addition, the adiabatic temperature
reached a maximum of nearly 50 °C at 2000 s~!, while the
adiabatic temperature exceeded 70 °C at 4000 s~!. It may
have a more significant effect on the stress—strain curve of
the material at lower experimental temperatures.
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Fig. 11 Flow stress—temperature relationship at strains of 0.04, 0.08,
0.12, 0.16, and 0.20

By substituting Eq. (7) into Eq. (8) and replacing #/pC,
with the parameter K, the expression of AT can be obtained
as follows:

6n+1
AT =K1+ Clné* )1 -T"")| Ae + B .
(1+Clne) >< e n+1> ©)

To calculate the flow stress at adiabatic conditions using the
J-C model, Sun and Guo [41] proposed an iterative calcula-

tion, and the calculation is expressed as
T,, =T, +AT,

1

10)

=l (e |1+ e () |- (77,)7)
(11

Then, the flow stress equation including adiabatic tempera-
ture rise effect can be obtained from Eq. (8) to Eq. (11):
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Fig. 12 True stress—strain
curves for different strain rates
at various temperatures

@ Springer

stress (Mpa)

stress(MPa)

stress(MPa)

stress(MPa)

1000 Temperature=25°C

800
600
strain rate0.001/s
strain rate500/s
400 strain rate2000/s
strain rate3000/s
strain rate4000/s
200
07 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
strain
1000 Temperature=200°C
800
600 strain rate0.001/s
— strain rate500/s
400 —— strain rate2000/s
strain rate3000/s
strain rate4000/s
200
0 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
strain
1000 Temperature=400°C
800
600
400 strain rate0.001/s
strain rate500/s
strain rate2000/s
200 strain rate3000/s
strain rate4000/s
07 T T T T T T 1
0.00 0.05 010 015 0.20 0.25 030 035
strain
Temperature=600°C
800 -
600
strain rate500/s
400 4 — strain rate2000/s
strain rate3000/s
strain rate4000/s
200

T T T T T Y
0.00 0.05 0.10 0.15 0.20 025 0.30
strain

stress(MPa)

stress (Mpa)

stress(MPa)

stress(MPa)

Temperature=100°C

1000

800
600
400 stra%n rate0.001/s
strain rate500/s
strain rate2000/s
200 strain rate3000/s
—— strain rate4000/s
0 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
strain
1000 Temperature=300°C
800
600
strain rate0.001/s
400 strain rate500/s
strain rate2000/s
strain rate3000/s
200 strain rate4000/s
01 T T T T T T T 1
000 005 010 015 020 025 030 035 040
strain
1000 Temperature=500°C
800
600
strain rate0.001/s
strain rate500/s
400 strain rate2000/s
strain rate3000/s
strain rate4000/s
200
0 T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
strain
800 o
Temperature=700°C
600
strain rate500/s
400 strain rate2000/s
strain rate3000/s
strain rate4000/s
200
0 T T T T T T T 1
0.00 005 010 0I5 020 025 030 035 040

strain



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:537

Page 130f 17 537

[T+K(1 +Clne")(l — T*'")(Ae +BE ) - Tr]

ug

c=(A+Be")(1+Clne*)d1 -

T,-T

m

12

When the stress unit is MPa, K'is 0.277.

The modified J-C model according to Eq. (12) is com-
pared with the experimental curve (the curve at the strain
rate of 2000 s~!, where the strain rate of 4000 s~! is taken as
an example, as shown in Fig. 15. In contrast, it was identified
that the accuracy of the modified calculation was limited. By
rigorous analysis, the difference between quasi-static and
dynamic compression tests at relatively low temperatures
may lie in the material constant C, also termed the strain-
rate-hardening factor.

4.2.2 The strain-rate-hardening factor C

By calculation, the C calculated at a range of strain rates
is found to be different. The varying trend of constant C

[T +0.277(1 + Clné*)(1 — T*192)(370e + 294.76£'3™) — T,

with the strain rate is illustrated in Fig. 16. The figure indi-
cates the relation between C and strain rate (strain rate is a
quadratic function overall). Thus, C can be modified as the
quadratic function equation of strain rate as

C=Cé*+Cyé+C,. (13)

After fitting, the specific functional relationship is expressed
as

C = —2.52052 * 1077 £ + 1.29646 * 107> ¢ + 0.02826.

(14
Further modified J-C model can be obtained by substitut-
ing the modified C into Eq. (12). Comparisons between the
experimental results and modified J-C constitutive equa-
tion are drawn in Fig. 17. The modified J-C constitutive
equation exhibited more prominent accuracy to express the
experimental results. Thus, the J-C constitutive equation of
Q3458 steel after the final revision is written as

o, = (370 + 405e%37)(1 4+ 0.065 In £*)(1 — T*19%)

1.02 (15)

>

05 = (370 + 405e*¥ ) (1 + Clné*)3 1 —

Tm - Tr

800 -
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— — R
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Fig. 13 Yield stress—strain-rate curve at different temperatures

where o, applies to quasi-static conditions and o, applies to
dynamic strain rate. C is determined by Eq. (14).

Due to the properties of the material, test methods, and
other factors, only the approximate range of stress under a
certain temperature and strain rate was predicted. Figure 14a
suggests that the temperature sensitivity of Q345B steel sig-
nificantly rises under quasi-static conditions. Figure 17 also
shows that under the condition of dynamic strain rate, with
the gradual increase in strain rate, the modified J-C model
curve is lower than that of the experimental ones at higher
temperatures. A possible explanation is that the accuracy of
the J-C model declined with the increase in strain rate and
temperature [42].

Table 6 Five material constants of Q345B steel

A (MPa) B (MPa) n C m

370 405 0.374 0.065 1.02
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Fig. 14 Comparison of the stress—strain curves between the J-C model and the experimental data. a Strain rate=0.001 s~'. b
rate=500 s.. ¢ Strain rate =2000 s!. d Strain rate =3000 s~'. e Strain rate =4000 s~

Table 7 Adiabatic temperature

rise at different experimental

temperatures under strain rates

2000 s~! and 4000 s~
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Strain

Experimental temperature (°C) 25 100 200 300 400 500 600 700
Adiabatic temperature rise (°C) (2000 s7h 4671 4751 45.11 45.18 4249 38.86 38.02 29.45
(4000s7Y 737 729 67.52 66.69 64.04 70.04 57.56 61.42
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Fig. 15 Comparison of experimental results and J-C model including the adiabatic temperature rise effect. a 2000 s™'. b 4000 s~

m  Cvalue
fitted curve

0.046 1

0.044
0.042
© 0.040
0.038 -
0.036

0.034 u

-

T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

strain rate(s™)

Fig. 16 Change in material constant C due to strain rate

5 Conclusion

The dynamic mechanical behavior of Q345B steel at
strain rates ranging from quasi-static to 4000 s~! and the

temperatures (25-700 °C) was ascertained by quasi-static
tensile tests and SHPB tests. The detailed findings of this
study are as follows:

4.

First, as revealed from the stress—strain data curves at
different temperatures, Q345B steel has an obvious
thermal softening effect under quasi-static and dynamic
strain rates. However, due to the phenomenon of “blue
brittle,” the material strength increases with the rise in
temperature in a certain temperature range.

The stress—strain curves under different strain rates show
that Q345B steel has an obvious strain-rate-hardening
effect within the strain rate range of 2000 s~'. When
the strain rate exceeds 2000 s/, Q3458 steel becomes
insensitive to the change in strain rate, and a strain-rate-
softening effect might occur.

Yield strength, tensile strength, and elastic modulus
as a function of temperature under quasi-static condi-
tions were established. This can accurately describe the
relationship between the three mechanical performance
indexes and temperature.

A correction of material constant C made the modified
J-C constitutive equation more suitable for expressing
the dynamic behavior of Q345B steel.
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Fig. 17 Comparison between experimental results and modified J-C constitutive equation after the correction of parameter C. a Strain
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