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Abstract: This paper presents and analyzes the responses 
of non-alloy structural steel (1.0044) subjected to uniaxial 
stresses at high temperatures. This research has two 
 important determinants. The first one is determination of 
stress-strain dependence and the second is monitoring 
the behavior of materials subjected to a constant stress 
at  constant temperature over time. Experimental results 
refer to mechanical properties, elastic modulus, total 
elongations, creep resistance and Charpy V-notch impact 
energy. Experimental results show that the tensile strength 
and yield strength of the considered material fall when the 
temperature rises over 523 K. Significant decrease in value 
is especially noticeable when the temperature rises over 
723 K. In addition, engineering assessment of fracture 
toughness was made on the basis of Charpy impact energy. 
It is visible that when temperature raises then impact 
energy increases very slightly.
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1  Introduction

1.1 Modern design of structures

There are many factors influencing the final design of 
structures. Among these factors there are: the type of 

structure, required security, the purpose of the structure, 
material, loading, desired service life, production technol-
ogy, production costs, etc. An adequate response to the 
fulfillment of any set of factors can be provided by a 
modern design based on a numerical analysis of struc-
tures and computer aided design. The safety and cost of 
the structure depend on establishing the optimal dimen-
sions of the structure elements [1]. In most structures, the 
primary function of a member is to support or transfer 
 external loads that act on it, without failing [2]. Thus, for 
the purpose of structural analysis, it is necessary to model 
structure geometry and its behavior [3]. Modeling the 
structure with complex geometry and modeling its load 
and inelastic response is a very challenging subject. 
However, modern design must be based on the optimiza-
tion of all elements and processes that contribute to it. 
Regarding the safety of any structure, the predicted service 
lifetime is a key issue [4]. Each engineering element or 
structure as a whole is designed and produced so as not to 
contain any crack. Defect can be detected by standardized 
test methods used at the end of a production cycle and 
process of assembling of structure parts. Nevertheless, en-
gineering practice has shown that some failures may arise 
for various reasons, for example, defects can occur during 
welding processes, service behavior due to thermal attack 
or encountered stresses, etc. One of the most demanding 
tasks in engineering practice is an analysis of failures, i.e. 
to discover why and how structural component has failed, 
or in other words to discover the cause of failure origin 
and its expression form. The most common failure modes 
that are encountered in engineering practice are: yielding, 
corrosion, buckling, fracture, creep, etc., [5]. Inelastic 
strain that increases with time at constant stress is known 
as creep. The constant load and constant stress creep 
 processes may be treated as the same if small strains are 
under consideration [6]. Usually, as it is known from liter-
ature, creep process is appreciable above temperature of 
40% of melting temperature [7]. Creep process is an im-
portant subject discussed in this study. Also, more infor-
mation about mechanical properties, creep behavior of 
similar materials and possible stress structural analysis 
can be found in Refs. [8–11].
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Although the material of which the experimental data 
are discussed in this paper belongs to the frequently used 
materials, in the literature there are no significant studies 
that related to the research of its properties at elevated 
temperatures.

2  Details related to experimental 
researches

Material used in this study is non-alloy structural steel 
1.0044 (St 44-2, S275JR) whose chemical composition in 
mass (%) is: C(0.08), Si(0.22), Mn(0.57), P(0.025), S(0.017), 
Ni(0.14), Cr(0.1), Mo(0.02), Cu(0.5), Al(0.002) and 
Rest(98.326). The material was received in 18 mm rod 
form, hot rolled. Optical micrograph of as – received mate-
rial used in this work is presented in Figure 1.

Specimens used in investigations related to uniaxial 
tensile testing were machined from 18 mm diameter rod. 
The shape and geometry of the specimens were made ac-
cording to ASTM standard [12]. Figure 2 shows the shape 
and geometry of the specimen. Specimens related to 
impact energy testing were machined also to ASTM stan-
dard. Specimen has a length of 55 mm, rectangular in 

cross section (10 mm × 10 mm). It is so called SENB (single 
edge notch bend) specimen, i.e. it has 2V- notch in the 
middle of the length of one side.

Tensile testing machine was used to perform uniax-
ial tests. Also, a high temperature extensometer was used. 
The furnace used in these investigations was Maytec 
HTO-08, 1173 K (900 °C), purchased from Zwick/Roell, 
Ulm. The range of temperatures used in these investiga-
tions was 293 K till 1023 K.

The mentioned machine is modern computer con-
trolled machine. It is possible to adjust the strain rate of 
the test according to specific requirements. In this way, 
one strain rate of the test is in the area of determining the 
modulus of elasticity, the other to the yield point, and the 
third in the field of yield range.

This means when the modulus of elasticity is deter-
mined, strain rate of the test is automatically changed to 
the one that corresponds to the yield stress, etc.

Regarding the strain rate, in accordance with EN 
10002-1:2001(10002-5:1991), Ref. [13], tensile tests were 
carried out under the following conditions: Modulus of 
Elasticity: 10 MPa/s; s 0.2 – ReH: 60 MPa/s; yield range: 
0.0025/s. ReH means upper yield point.

In this way, material properties related to ultimate 
tensile strength, 0.2 percent offset yield strength, and 
modulus of elasticity was determined. Charpy pendulum 
machine was used to determine impact energy. An assess-
ment of fracture toughness was made on the basis of men-
tioned energy. Test procedures related to tensile testing 
as well as to Charpy test are defined in mentioned ASTM 
standards.

3  Experimental results and 
discussion

As stated earlier, the experimental results related to mate-
rial properties, material behavior in creep conditions 
as  well as to determination of fracture toughness were 
shown.

3.1 Stress versus strain diagrams

In Figure 3, engineering stress-strain diagrams are pre-
sented. These diagrams show material behavior at room 
and elevated temperatures. Some of material properties 
like: ultimate tensile strength, 0.2 offset yield strength, 
modulus of elasticity and total elongation can be identi-
fied on the basis of these diagrams.

Fig. 1: Optical micrograph of as- received material used in this work 
(2% nital, 500:1; ferrite-pearlite structural steel).

Fig. 2: Specimen for tensile testing (mm).
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Numerical values of the experimentally obtained 
 material properties are shown in Table 1.

3.1.1 Material properties versus temperature

Based on the research results, it is clear that the material 
properties change as a function of temperature. These 
changes are presented in Figures (4–5), where experimen-
tal data are shown with special characters (▴), whereas 
polynomial approximations are given by solid lines. It is 
well known that data obtained on the basis of a real process 
or experiment represent real values on the behavior of the 

Fig. 3: Stress versus strain diagrams at room and elevated 
temperatures for 1.0044 steel.

Temperature T (K) sm (MPa) s0.2 (MPa) E (GPa) et (%) y (%)

293 451.9 322.7 211 59.6 70.6
323 427 350 207 35 75
423 590.8 280.1 196 31.3 54.3
523 541.5 252.9 191 34.3 60.2
623 412.6 206.1 176.4 39.7 63.1
723 269.8 172.6 157 42.4 48.3
823 136 104.9 124.6 83 60.6
923 59.8 48.3 65 139.5 75

Table 1: Material properties – Steel 1.0044
(T – temperature; sm – ultimate tensile strength; s0.2 – 0.2% offset yield strength; et – total elongation at break; y – reduction in area).

Fig. 4: Material properties (sm, s0.2, et, y) versus temperature for 1.0044 steel.
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considered factor. Sometimes this process (for example 
creep process), or experiment (for example stress-strain 
diagram) or individual data obtained from experiments or 
processes (for example the values of tensile strength at 
different temperatures) try to simulate (describe, model, 
predict) with a certain curve. The polynomial curve by 
which real data are modeled (replaced), has a certain 
degree of deviation from the real data. As a measure of 
accordance of measured and predicted values, the coeffi-
cient of determination (R2) may be used. It gives informa-
tion assessing the fit of a model [14].

Tests carried out show the dependence of material 
properties on temperature. After room temperature, the 
ultimate tensile strength decreases with an increase of 
temperature till 323 K. By increasing the temperature, the 
ultimate tensile strength is increased to its maximum 
value achieved by a temperature of about 473 K. Namely, 
investigations carried out on similar steels (chemical com-
position) showed behavior [15] analogous to that shown in 
Figure 3. Ultimate tensile strength can reach a maximal 
value in the temperature range between 473 K and 623 K. 
Also, at the same time while ultimate tensile strength 
 increases, plasticity of the material decreases.

With further temperature increase, the tensile strength 
decreases. Regarding the yield strength, when the tem-
perature increases, the value of yield strength  decreases.

3.2 Uniaxial creep tests and simulations

3.2.1 Tests carried out

In these investigations several creep tests were carried 
out. Appropriate creep curves are presented in Figures 

(6–7). As mentioned before, the knowledge about material 
behavior at certain environmental condition is of great 
 importance for a designer of the structure. Namely, if a 
structure is to be designed for prescribed environmental 
conditions, then the designer of the structure may use 
known information about material behavior. As it is well 
known, only a few percent of creep strains is allowable in 
engineering practice.

When creep behavior is under consideration, then it 
can be said that this material may be treated as quite resis-
tant to creep at temperature of 723 K if stress level at this 
temperature does not exceed 80 percent of 0.2 offset yield 
strength. At temperature of 823 K and stress level lower 
than 30 percent of 0.2 offset yield strength the same 
 conclusion is valid. At temperature higher than 823 K this 
material is resistless to creep.

3.2.2 Test simulation

Generally, one can say that the simulation of a real process 
can be performed based on known data about the process 

Fig. 5: Modulus of elasticity (E ) versus temperature for 1.0044 steel.

Fig. 6: Short-time creep behavior of 1.0044 steel at temperature of 
723 K for selected stress levels.

Fig. 7: Short-time creep behavior of 1.0044 steel at temperature of 
823 K for selected stress levels.
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or that the simulation can be performed to predict the 
course of a new process. Either way, the process can be 
simulated by using a specific analytical expression or by 
using the relation that is obtained based on the  rheological 
model. Many analytical expressions and many rheological 
models are known [2, 6 and 16]. Also, it is interesting to 
see how to make finite element structure analysis under 
prescribed environmental conditions [17]. In this paper 
Burgers and SLS (Standard Linear Solid) models for the 
simulation of known processes and an analytical expres-
sion already suggested by the same authors are described. 
The solution of differential equation related to Burgers 
model with reference to strain is:
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In eqs. (1, 2), e  is strain, s  is stress, t is time. In eq. (1), E1 is 
modulus of elasticity while E2, η1 and η2 are parameters. In 
eq. (2), E1, E2 and η are parameters.

Bargers model is a little bit more suitable for the 
 simulation of secondary creep stage and the SLS model is 
good enough to simulate the initial creep stage, especially 
when this stage is distinctly parabolic.

The analytical expression, mentioned above, which 
can be used to simulate the creep process regarding both 
stress and temperature ranges, i.e., ( ) ( )e e s= , ,t T t , is:

( )e s
−= T p rt D t . (3)

In eq. (3), T is temperature, D, p and r are parameters. 
Using the proposed methods, modeling data is given in 
Table 2 while the simulation of creep behavior of 1.0044 
steel at the temperature of 723 K is presented in Figure 8.

Previously were given basic details about the use of 
mentioned models. As shown, the creep curves have very 
short primary phases and they are not distinctly para-
bolic. Also, steady-state phases of both curves are straight 
lines with a small angle of inclination. According to this, 
SLS model and analytical equation are not enough suit-
able for modeling primary phases of both creep curves. In 
this case, because of the shortness of the primary phases, 
Burgers model is much suitable. Also, it needs to be said 

Material 1.0044 steel

Constant temperature T (K) 723

Constant stress level s (MPa) s = 0.724 s0.2 = 125 s = 0.8 s0.2 = 138

Time (min) 1250 1250

Burgers model Eq. (1)

E1 = 157 GPa
E2 = 9.41457 ⋅ 108 Pa

η1 = 6.57904 ⋅ 108 Pa min
η2 = 6.60658 ⋅ 1012 Pa min

E1 = 157 GPa
E2 = 4.77185 ⋅ 108 Pa

η1 = 1.04042 ⋅ 109 Pa min
η2 = 2.34954 ⋅ 1012 Pa min

SLS model Eq. (2)
E1 = 8.71746 ⋅ 108 Pa
E2 = 3.70279 ⋅ 109 Pa

η = 3.05124 ⋅ 109 Pa min

E1 = 4.3075 ⋅ 108 Pa
E2 = 3.34849 ⋅ 109 Pa

η = 2.74598 ⋅ 109 Pa min

Analytical expression Eq. (3), With T = const, 
e  (t) = e  (s,t), s    = (0.7–0.8)s0.2

D = 1.44578
p = 8.752245
r = 0.128488

Table 2: Modelling data for selected creep tests of 1.0044 steel

Fig. 8: Simulation of short-time creep behavior of steel 1.0044 at 
temperature of 723 K.
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that better result can be achieved when more experimen-
tally obtained points of the first phase will be taken into 
account. Regarding to long times, Burgers model and 
 analytical equation give quite similar and good result. SLS 
model is not so suitable for steady-state phase.

3.3  Experimentally determined Charpy 
impact energy and fracture toughness 
calculation

In structure design many of material properties are of 
great importance. However, two of mentioned properties, 
i.e. yield strength and fracture toughness are of special 
importance. The former, yield strength is used in design-
ing the structure against plastic deformation whiles the 
latter, fracture toughness, is used in designing the struc-
ture against fracture.

Experimental investigations into fracture tough-
ness in real environmental condition require rather large 
 specimen which are to be taken out from a considered 
 engineering element and thus its manufacture is quite 
 expensive. Consequently, new attempts were made to de-
termine fracture toughness. One of them is the introduc-
tion of Charpy V-notch test. This test has some disadvan-
tages. For example, the specimen used in Charpy test 
contains a blunt notch, the test is performed under impact 
loading while fracture toughness test is conducted under 
quasi-statically conditions, notch acuity and temperature 
of the test may differ from the real one, dimensions and 
geometry of the CVN specimen comparing to the actual 
structure are quite different, etc. Nonetheless, some cor-
relations between the results obtained on the basis of 
standard tests and those obtained using CVN tests were 
reviewed in [18, 19].

For the considered material, the following experimen-
tal data at the temperature of 293 K (20 °C) were obtained: 
modulus of elasticity, E = 211000 (MPa); Charpy-V notch 
impact energy, CVN = 210 (J). The cross-sectional area of 
the specimen at the place of notch was A = 80 (mm2). 
Poisson ratio of n = 0.3 was adopted. Specimen with notch 
of 2V was used. Measurements showed little change in 
impact energy with the change of temperature i.e. the 
 difference between impact energy at room temperature 
and impact energy at temperature of 373 K was less than 

10 percent. The proposed formulas for the evaluation of 
fracture toughness based on the Charpy impact energy are 
often related to the level of impact energy. Given the mea-
sured values, the proposed formulas in this case are not 
exactly the most appropriate ones. Therefore, in order to 
estimate fracture toughness, only the one that is indepen-
dent of the temperature level will be used and it is [18]:

KIc = 8.47 (CVN)0.63. (4)

In accordance with this formula and experimentally ob-
tained data, the result is:

KIc
 = 246.7 MPa m .

Measurements of Charpy impact energy were also carried 
out at temperatures that are higher than ambient tem-
perature. Using eq. (4), the results for fracture toughness 
are presented in Table 3. It is evident that impact energy 
slightly differs at elevated temperatures.

4 Conclusion
This paper presents research results of the behavior of 
1.0044 steel at elevated temperatures. These results are 
related to the ultimate tensile strength, 0.2 percent offset 
yield strength, modulus of elasticity, creep resistance and 
the Charpy impact energy. They may serve as important 
data in engineering design procedure. An analysis of 
 experimentally obtained data is given. Also, using rheo-
logical models (Burgers and Standard Linear Solid) and 
an analytical expression, two creep tests performed at 
723 K were modeled. In this case when creep curves have 
very short primary phases and they are not distinctly par-
abolic, Burgers model was much suitable. An assessment 
of fracture toughness calculation based on impact energy 
is given.
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Temperature (K) 293 333 363 383 403
Charpy impact energy CVN (J) 210 223 226 233 236
Fracture toughness KIc (MPa m ), eq. (4) 245.9 255.5 257.6 262.6 264.7

Table 3: Charpy impact energy versus temperature for 1.0044 steel.
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