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Abstract. This article presents an analysis of experimental
data with reference to material properties, short-time creep
and relaxation phenomena of 1.4122 steel (AISI 420RM) at
high temperatures. The behaviour of the material subjected
to uniaxial stress is indicated by engineering stress – strain
diagrams. The data referring to tensile strength, 0.2 percent
offset yield strength, the modulus of elasticity and total de-
formation, are shown through tables and curves presenting
the dependence of these quantities on temperature. Creep
and relaxation curves regarding certain level of stresses at
selected temperatures are also shown. In addition, mod-
elling of both creep and relaxation phenomena is presented.
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1 Introduction

The structure is designed for a specific purpose and for a
certain service life. Recently, its design and manufactur-
ing processes have been subjected to optimization proce-
dure. A “perfect” design is said to be one in which the en-
tire structure fails completely at a given preselected life. A
structure is defined as any assemblage of engineering com-
ponents which are capable of sustaining load [1]. In gen-
eral, optimization means making the best of things. Clearly,
when we are deeply concerned with structural optimization,
the mentioned term “best” refers to making the structure as
light as possible, e.g., to minimizing weight, or to making
it as stiff as possible, etc. In the process of structural op-
timization, minimization of its weight is usually required.
However, this minimization can not be performed without
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any constraints. The design concept must comply with the
requirements of safety, functionality, aesthetics and econ-
omy. The finite element method (FEM) is usually used in
stress and strain analysis during design process. The ad-
vantage of this numerical method is its independence of the
shape, external loads, material properties etc., of the con-
sidered structure, as well as the matrix notation, the use of
high computer performances and iterative procedure possi-
bility [2]. An engineering structure, as it was said, is usually
formed by assembling various members where the primary
function of each member is to download or transfer exter-
nal forces that act on it, without failing [3]. Therefore, the
aim of the modern design is to develop a complete frame-
work for failure assessment, which can be used to assess the
behaviour of the structure in different environmental condi-
tions [4]. Fracture mechanics has become a necessary tool
for the prevention of many structural failures [5]. It has
been developing from a theoretical basis to a more practi-
cal alternative dealing with design along with the control of
the fracture in structure life [6]. Mechanical failures have
caused a lot of financial losses and human injuries [7]. The
failure of bridges, cranes, ships, etc., have brought about
increasingly better design, better materials and better tech-
nology procedures [8]. Commonly observed mechanical
failure modes in engineering practice may be numbered as:
force/temperature deformation, yielding, fatigue, corrosion,
wear, impact, creep, etc., [9]. Creep is of special interest for
those machines or structures that operate at high tempera-
tures. It is one of the reasons why structure design must take
account of the effect of complex state of stress, strain and
environment on the behaviour of material. In material sci-
ence creep and relaxation are two well-known phenomena.
In the case of creep, stress is kept constant while the strain
increases, and on the other hand, in the case of relaxation,
strain is kept constant while the stress decreases. In this pa-
per an effect of high temperature accompanied by high level
of stress on 1.4122 steel is considered. In literature, a few
published articles dealing with behaviour of the considered
material can be found. Some of them are mentioned here.
In [10] the growth of protective oxide layers was studied
on martenstic 1.4122 steel and two austenitic samples. The
main reason for the presentation of this research is to pro-
vide data on the behaviour of considered material subjected
to different environmental conditions. To have an insight
into the behaviour of different type of materials subjected
to different environmental conditions; it is recommended
giving a look in [11–14].
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Temperature (K) �m (MPa) �0:2 (MPa) E (GPa) "t (%)  (%)

293 926.8 746.2 208 11.5 31

423 843 700 204 8.17 33.9

523 777.9 653.2 199 8.6 36.6

623 713.6 633.4 180 8.8 40

723 586.5 535 157 18 48.4

823 332.8 319.5 110 44.6 68.7

923 148.4 125.8 77 116.5 89

1023 105 88 55 176.5 103

Table 1. 1.4122 steel – numerical values related to mechanical properties (�m, �0;2), the modulus of elasticity (E), total
elongation ("t ) and reduction in the area ( ).

2 Details of the Research Study – METSS

Details are related to Material, Equipment, Testing, Speci-
mens and Standards.

Material – the material under consideration was 1.4122
steel (AISI 420RM, EN/DIN: X39CrMo17-1). Its com-
position in mass (%) is: C (0.39), Cr (16.4), Mo (0.81),
Mn (0.56), Si (0.45), Ni (0.35), Cu (0.113), V (0.102), Nb
(0.041), P (0.021), S (0.013), Ti (0.007) and Rest (80.743).
Advantages of this steel are good mechanical properties,
corrosion and wear resistance. The application area of this
steel may be in compressor and pump parts, surgical cutting
tool (instruments), polymer industry, professional cutlery,
etc.

Equipment – the tools and equipment used in these inves-
tigations to determine the mechanical properties of material
at elevated temperature and creep behaviour were materials
testing machine (400 kN – Zwick/Roell), high-temperature
furnace (HTO-08; 1173 K – Mytech) and high temperature
extensometer (Mytech).

Testing – it is possible to distinguish tests (test proce-
dures) that relate to the determination of mechanical prop-
erties and those related to the creep tests.

Specimens – for each type of test, specimen was manu-
factured from considered steel rod. Each specimen was of
circular cross section.

Standards – Every single test procedure related to de-
termine of mechanical properties or creep behavior as well
as specimen’s geometry are regulated by the appropriate
ASTM standard [15].

3 Results and Discussion

3.1 Uniaxial Tensile Tests at High Temperatures

Using uniaxial tensile tests mechanical properties and the
modulus of elasticity at high temperatures were determined.
Engineering stress-strain diagrams (�-"/ are presented in
Figure 1, while appropriate numerical values related to ma-

Figure 1. Uniaxial stress-strain (�-") for 1.4122 steel at
room and elevated.

terial properties, the modulus of elasticity and specimen’s
total elongation are shown in Table 1.

3.2 Graphical Representation of Material Properties
Temperature Dependence – Experimental Data
and Approximated Curves

Among the real set data (measured/experimental), approx-
imated curves representing ultimate tensile strength (�m),
0.2 percent offset yield strength (�0:2), elasticity modulus
(E), total strain of specimen’s ("t) as well as reduction in
the cross-sectional area of specimen’s ( ) are presented in
Figure 2.

In general, two types of processes that take place in the
technical practice can be distinguished, i.e. real processes
and simulated processes. As a simulated or modelled pro-
cess, we can consider a process that substitutes (replaces or
approximates) the real process or a series of real data. Also,
a process can be sometimes considered as simulated or pre-
dicted process if it is done on the basis of some known input
process development data. Since the performance of certain
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(a)

(b)

(c)

Figure 2. Temperature dependence on material properties
(�m, �0:2, E , "t,  ) for 1.4122 steel – experimental data
and approximated curves. (a) Ultimate tensile strength
(�m) and 0.2 percent offset yield strength (�0:2). (b) The
modulus of elasticity (E). (c) Total strain ("t) and reduc-
tion in the area ( ).

process may be very expensive, it is to be simulated. Being
based on this simulation, we can predict its development,
duration and security of its implementation. However, it is
necessary to know how to predict outcomes on the basis of
other related information. In that way, the coefficient of de-
termination (R2) may be used as a measure of accordance
of measured and predicted values. R2 is a statistic that gives
information about how fit a model is. As a general defini-
tion of the coefficient of determination may be written [16]:

R2 D 1 �
SSerr

SStot
; (1)

where:

SSerr D
X
i

.yi � fi/
2
; (2)

SStot D
X
i

.yi � Nyi/
2
; (3)

and

Ny D
1

n

nX
i

yi: (4)

In equations (2, 3) there are:
yi – data set values each of which has an associated

simulated (modelled) value fi . Using the above men-
tioned coefficient of determination, some assessments of
accordance of modelled/approximated data versus mea-
sured/experimental values were made. This is visible in
diagrams representing temperature dependence of material
properties.

As it was mentioned in Section 2, this steel is distin-
guished with outstanding mechanical properties and corro-
sion resistance. Experimental investigations confirm these
postulates. According to data presented in Table 1 as well
as in Figures 3a and b, it is evident that both ultimate ten-
sile strength and 0.2 percent offset yield strength are of
high level at room temperature. These properties retain
quite high values till the temperature of 723 K. After in-
creasing the above – mentioned temperature, the mentioned
mechanical properties, along with the modulus of elasticity
decrease quite fast. Decreasing of mentioned properties is
particularly observed after temperature of 823 K.

3.3 Selected Creep Tests and Modelling

3.3.1 Creep Tests

To get an insight into creep behaviour of considered mate-
rial, several selected uniaxial creep tests were carried out.
Namely, sometimes structure in its service life may have
been subjected both to elevated temperature and certain
level of stress for a period of time. This is a case when
material of the structure changes its mechanical properties
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Material: 1.4122 steel
Constant temperature T (K)

723 823 923

Constant stress level � (MPa)
160.5D 0.3�0:2 96D 0.3�0:2 12.6Š 0.1�0:2
214D 0.4�0:2 128D 0.4�0:2 25Š 0.2�0:2
267D 0.5�0:2 159.7D 0.5�0:2 38.5Š 0.3�0:2

Table 2. Selected creep tests for 1.4122 steel – temperatures and stress levels.

while the structure changes its geometry. It can be said that
creep phenomenon may arise. Creep is one of the most rec-
ognized failure modes. In general, if metals are subjected
to high enough levels of stress, and to elevated tempera-
tures, their deformation will continue to increase whereas
the stress (or load) will be kept constant [17]. For small
strains, constant load and constant stress experiments are
the same [18]. Creep always increases with temperature.
It occurs as a result of long term exposure to both elevated
temperature and high levels of stress that are below the yield
strength of the material. The rate of creep deformation is a
function of the material properties, exposure temperature,
applied load and exposure time. The creep curve of a metal
material usually exhibits three stages, e.g., primary (tran-
sient) creep, secondary (steady-state) creep and tertiary (ac-
celerating) creep. The temperature range in which creep
deformation may occur differs in various materials. Data
about tests carried out in this investigation is presented in
Table 2. Creep curves, representing material creep response
related to both selected temperatures and stress levels, are
presented in Figures 3–5.

According to the presented creep responses, it is visible
that this steel may be accepted as creep resistant enough if
short – time creep is under consideration and if stresses at
given temperatures are of reasonable levels.

3.3.2 Creep Modelling

Many attempts have been made to simulate /predict material
creep response. However, two ways to simulate creep re-

Figure 3. Creep behavior of 1.4122 steel at temperature of
T D 723 K.

(a)

(b)

Figure 4. Creep behavior of 1.4122 steel at temperature of
T D 823 K. (a) Creep behavior at stress levels of 96 MPa
and of 128 MPa, (b) Creep behavior at stress level of 159.7
MPa.

sponse may be mentioned and that analytical approach and
modelling using rheological models. Analytical approaches
were developed on the empirical basis, e.g., they were de-
veloped to fit experimental creep response. On the other
hand, rheological models are made as an assembling of rhe-
ological elements. Using the constitutive equation of rhe-
ological model, we endeavoured to describe the creep pro-
cess. Consideration of this issue falls to a separate disci-
pline called rheology. One of the appropriate definitions
of rheology can be found in [19] and it is “the study of
the response of certain materials to the stresses imposed on
them”. In this paper two rheological models were used to
model creep response. One of them is Burgers model and
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Material 1.4122 steel

Constant temperature T (K) 823 923

Constant stress level �(MPa) � D 0:3�0:2 D 96 � D 0:3�0:2 D 38:5

Time (min) 1200 500

Burgers model Eq. (6) E1 D 110 GPa
E2 D 1.2601 � 108 Pa
�1 D 7.2283 � 109 Pa min
�2 D 8.93178 � 1010 Pa min

E1 D 77 GPa
E2 D 4.91436 � 107 Pa
�1 D 1.33952 � 109 Pa min
�2 D 7.10764 � 109 Pa min

SLS model Eq. (8) E1 D 5.49709 � 107 Pa
E2 D 3.42273 � 108 Pa
� D 1.5075 � 1010 Pa min

E1 D 1.07572 � 107 Pa
E2 D 1.7387 � 108 Pa
� D 2:426 � 109 Pa min

Table 3. Modelling data for selected creep tests of 1.4122 steel.

Figure 5. Creep behavior of 1.4122 steel at temperature of
T D 923 K.

Figure 6. Burgers model.

the second one is Standard Linear Solid Model (SLS), [18].
Burgers model is shown in Figure 6.

The constitutive equation for a Burgers model may be
derived by considering the strain response under constant
stress of each of model assembled elements.

Differential equation of the Burgers model is [20]:

P"C
E2

�1
"� �

E2

�1�2
t � �

�
E2

�1E1
C
�1 C �2

�1�2

�
D 0

with ".t D 0/ D
�

E1
; (5)

Figure 7. Standard Linear Solid Model (SLS).

and its solution with reference to strain is:

" .t/ D �

�
1

E1
C

1

E2
.1 � e.�E2�1/t /C

t

�2

�
: (6)

This model can be useful in creep modelling when first and
second stages of creep are under consideration. It can not be
acceptable for modelling of accelerating creep stage. Stan-
dard linear solid model (SLS) is presented in Figure 7.

Differential equation of the Standard Linear Solid model
is [21]:

P" D .E1 CE2/
�1

�
P� C

E2

�
� �

E1E2

�
"

�
: (7)

Solution of this equation regarding to strain, is:

".t/ D
�

E1 .E1 C E2/
.E1 CE2 �E2e

�
E1E2

.E1CE2/�
t
/: (8)

Some of creep tests mentioned in Table 2 were modelled.
The data related to the modelled creep tests is given in Ta-
ble 3, while modelled creep curves are presented in Fig-
ures 8 and 9.
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Figure 8. Experimental creep curve and modelled curves
for 1.4122 steel: � D 0:3�0:2 D 96 MPa, T D 823 K,
t D 1200 min.

Figure 9. Experimental creep curve and modelled curves
for 1.4122 steel: � D 0:3�0:2 D 38:5MPa, T D 923 K,
t D 500 min.

Based on Figures 8 and 9 it is visible that in the consid-
ered cases the Burgers model is much suitable for model-
ing. Namely, the SLS model can be an adequate /suitable
model when primary (transient, initial) creep stage is highly
expressed.

3.4 Selected Relaxation Tests and Modelling

As it is known, metals under certain environmental condi-
tions may exhibit viscoelastic behavior, e.g., in those cases
they demonstrate the properties of both viscous and elastic
materials. Creep and relaxation phenomena are associated
with viscoelastic materials. Stress relaxation phenomenon
describes the phenomenon of stress relief while strain is
kept constant. In Table 4 selected relaxation tests data is
given.

Relaxation phenomena can also be modelled. If mod-
elling is made using Burgers model, then on the basis
of [19], the following equation may be used:

�.t/ D "0.E1e
�
E1t

�2 CE2/: (9)

Figure 10. Experimental relaxation curve and modelled
curves for 1.4122 steel: � D �0 D 0:3�0:2 D 96 MPa,
" D "0 D 2% D const., T D 823 K, t D 1400 min.

Figure 11. Experimental relaxation curve and modelled
curves for 1.4122 steel: � D �0 D 0:3�0:2 D 38:5 MPa,
" D "0" D "0 D 8:75% D const., T D 923 K, t D
1400 min.

Stress corresponding to strain at the beginning of relaxation
process, decreases exponentially. Strain is kept constant.
Voight element contributes unrelaxed stress � D "0E2.

If modelling is made using SLS model, then solution of
Eq. (7) regarding stress, yields:

� .t/ D �0e
�
E2
� t CE1".1 � e

�
E2
� t /: (10)

In Table 5 relaxation tests modelling data is given.
In Figures 10 and 11, relaxation curves as well as their

modelling are presented.

4 Conclusions

Experimental data presented in this paper may be of im-
portance for designers of structures exposed to similar en-
vironmental conditions. Namely, experimentally obtained
data dealing with material properties is the basis of mod-
ern design. In that way, obtained data about ultimate tensile
strength, yield stress, the modulus of elasticity etc, can be
used to predict the behavior of the structure and in its life
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Material: 1.4122 steel

Temperature T (K) 823 923

Stress�� D �0 (MPa) �0 D 0:3 �0:2 D 96 �0 D 0:3 �0:2 D 38:5

Constant strain��" D "0 "0 D 2% "0 D 8:75%
�Stress at the beginning of relaxation process. This stress was previously applied in
creep test, see Table 2.
��Constant strain during relaxation process. This strain was reached after previously
conducting creep process of 1200 min=823 K and 1350 min=923 K at � D �0, see
Table 2, Figure 4 (a) and Figure 5.

Table 4. Selected relaxation tests for 1.4122 steel.

Material: 1.4122 steel

Temperature T (K) 823 923

Stress�� D �0 (MPa) �0 D 0:3 �0:2 D 96 �0 D 0:3�0:2 D 38:5

Constant strain��" D "0 "0 D 2% "0 D 8:75%

Burgers model Eq. (9) E1 D 2.067 � 109 Pa
E2 D 2.68445 � 109 Pa
�2 D 4.38167 � 1011 Pa min

E1 D 0.219714 � 109 Pa
E2 D 0.177796 � 109 Pa
�2 D 0.123801 � 1011 Pa min

SLS model Eq. (10) E1 D 2.72537 � 109 Pa
E2 D 0.684598 � 106 Pa
� D 0:127699 � 109 Pa min

E1 D 0:184914 � 10
9 Pa

E2 D 0:033018 � 10
9 Pa

� D 1:17676 � 109 Pa min
�, �� see explanation (commentary) given below Table 4.

Table 5. Modelling data for selected relaxation tests of 1.4122 steel.

prediction. As it is visible from Figures and Tables, the val-
ues of mentioned properties are high till the temperature of
823 K, and after that they are decreasing quite fast. When
creep behavior is under consideration, it can be said that
this steel may be treated so as to be enough creep resistant
at the prescribed environmental conditions. In that way, if
stress level does not exceed 0.5�0:2 at the temperature of
723 K, creep strains can be reasonable. At higher tempera-
tures, creep strains can be tolerable only if stress levels are
quite low, that is, less than 0.2�0:2. The presented paper
gives also an insight into creep and relaxation phenomena
modelling of considered material for selected environmen-
tal conditions.
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