
metals

Article

Transient Effects in Creep of Sanicro 25 Austenitic
Steel and Their Modelling

Luboš Kloc 1,*, Václav Sklenička 1,2 and Petr Dymáček 1,2
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Abstract: Transient effects upon stress changes during creep of the new Sanicro 25 steel were
investigated experimentally using the helicoid spring specimen technique. The creep behaviour
was found to be qualitatively the same as that observed earlier with the creep-resistant 9% Cr
ferritic-martensitic P-91 steel, but the transient strains are considerably smaller. Negative creep rate,
which is strain running against the applied stress, was observed with any stress decrease. Parameters
for the complex creep model were estimated and model results were compared to the creep rates
measured experimentally. The model can be used for the finite element method modelling of the
creep and stress relaxation effects in the components made from the Sanicro 25 steel.
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1. Introduction

New materials capable of withstanding loading at high temperatures for long periods of time
are demanded and have been developed in order to improve efficiency of the thermal power plants.
The austenitic stainless steel Sandvik Sanicro 25 (UNS S31035) steel was recently developed within
the Termie–AD 700 project in Europe and as a prospective material has been subjected to various
mechanical testing [1–4].

Austenitic steels exhibit better creep and corrosion resistance than ferritic ones, but, due to
lower thermal conductivity and higher thermal expansion, are sensitive to thermomechanical fatigue.
The finite element method (FEM) is an apt tool to describe the behaviour of real components under
transient conditions. A relevant mathematical description of the material’s properties under a wide
range of stresses and temperatures is needed to obtain valid results. The current descriptions of the
creep processes are based exclusively on the creep curves measured under constant loading conditions,
so the transient effects caused by stress changes are ignored. This approach is unsatisfactory [5].

Since the demanded creep lives are obviously very long, creep tests under conditions close to
that used in industrial application of the material cannot be done. Extrapolation from the results of
the tests accelerated by higher temperature and/or stress is used instead. An alternative approach
is measurement of very small creep strains, revealing the creep behaviour at the very beginning of
the creep curve. This approach is very rare [6,7], though the results are important for parts with very
small tolerable strains and mainly for relaxation of stresses generated for instance by temperature
gradients. The results obtained for the creep resistant steels [8] show that the extrapolation method
mentioned above does not provide correct description of the small creep strains. The measurement of
the small creep strains was used in this work to obtain a basis for the realistic FEM modelling of the
thermomechanical fatigue of the prospective Sanicro 25 steel.
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In this work, transient strains during creep of the Sanicro 25 steel are investigated under conditions
close to the potential service employment of the steel. A helicoid spring specimen technique was used
to get high strain sensitivity. The main aim of the work is to explore transient effects in creep of the
prospective Sanicro 25 steel, and, together with our previous paper [9], to collect data for the complex
phenomenological creep model [10], the only model capable of describing transient effects in creep.
While the previous paper [9] was devoted to constant stress tests, this work is focused on the transient
stages upon stress changes.

2. Experimental Material and Procedure

2.1. Material

Material for experiments was supplied by Sandvik Materials Technology, Sandviken, Sweden in
the form of a cylindrical rod of 150 mm in diameter. Chemical composition of the material is listed in
Table 1.

Table 1. Chemical composition of tested material (in wt.%).

C Si Mn Cr Ni W Co Cu Nb N Fe

0.1 0.2 0.5 22.5 25.0 3.6 1.5 3.0 0.5 0.23 Bal.

Specimens were tested in the as-received state of the material. The microstructure of the material
was briefly described in our previous paper [9]. Grain size is generally of about 25µm, but grains as
large as 200µm can be also observed. Grain boundaries are decorated by small Nb rich carbonitrides
and some such particles occur also in the grain interiors, mainly in large grains. Microstructure of the
material has been analysed in detail in previously published papers [11–14] and is not studied here,
since the very small creep strains do not cause visible changes in the microstructure.

2.2. Creep Tests

The helicoid spring specimen technique were used to investigate creep responses on the stress
changes at temperatures 700 and 750 ◦C and stresses between 25 and 90 MPa. The technique enables
measurement of very small creep strains and then also very low creep rates within tests of acceptable
duration. The experimental arrangement was described in detail in [15].

The shape and manufacturing process of the specimens were the same as in the previous work [9].
Special processing technology combining precision conventional machining and electroerosive cutting
was used to manufacture helicoid spring specimens with an outer diameter of 34 mm, an inner
diameter of 31 mm, a pitch of 3 mm and an overall length of 50 mm. The procedure was optimised to
minimise any influence on the microstructure of the specimen. The creep tests were conducted in a
protective atmosphere of purified argon. Testing temperature was kept within the ±1 ◦C interval and
the homogeneity of the temperature field was in the same order. The contactless optical measurement
of strain was used to avoid any friction or other disturbing factors.

3. Results

3.1. Creep Curves

Measured creep curves are shown in Figures 1 and 2. Clear transient stages are observed following
all stress changes. The transient strains are not so extensive as those observed with the 9% Cr
ferritic-martensitic P-91 steel [16] but are still important.
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Figure 1. Creep curves at 750 ◦C and stresses 30.4 and 36.7 MPa. Experimental data (points) were fitted
by Li equation [17] (lines).
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Figure 2. Creep curves at 700 ◦C and stresses from 27 to 87 MPa.

The short period of negative strain rate, which is strain running against applied stress,
is observable even at relatively small stress reductions, indicating importance of internal stresses.
This effect is visible on the creep curve detail in Figure 3.
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Figure 3. Detail of the creep curve at 750 ◦C and stress reduction from 36.7 to 30.4 MPa.

The data required to reproduce these findings are available to download from http://dx.doi.org/
10.17632/bjw2mtgswp.1#file-a218d703-a6a8-49f7-b765-2080252c050a.

3.2. Creep Rates

Creep rates measured at the end of each segment of the creep curve are plotted in Figure 4
together with the results of constant stress tests from [9]. It is clear that, for the low-stress creep
mechanism, there is no steady state creep stage, but strain rate is permanently decreasing. This is the
same behaviour as it was observed with the P-91 steel [16].
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Figure 4. The creep rates ε̇ for 750 ◦C, measured at the end of each creep curve segment. The creep
rates from constant stress tests [9] are plotted for comparison.
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4. Model

4.1. Creep Rate Description

A complex phenomenological model [10] can be used to describe observed transient effects.
The model is based on an assumption of two independent deformation mechanisms, acting in parallel.
The first mechanism, dominating at low stresses, is anelastic and its principle is a building of the field
of internal stresses, assuming interaction of the hard elastic zones and soft elastoplastic zones. The
other mechanism, dominating at higher stresses, is more obvious plastic deformation described by the
modified Garofallo equation with threshold stress.

Overall creep rate ε̇ is expressed by modified Li equation as

ε̇ =
σ̇

E
+ ε̇c +

ε̇s (1 + ri)

1 + ri − ri exp (−θ)
, (1)

where ε̇s is given by

ε̇s = sgn(σ) b exp
(
−Qh
RT

)
sinh

(
p
(
|σ|+

√
(|σ| − σt)

2 + σ2
r −

√
σ2

t + σ2
r

))
, (2)

the “creep age” θ is integrated according to

θ =
1
c

∫ t

0
|ε̇s| dt, (3)

and ε̇c is obtained by the numerical solution of the equation

ε̇c = g exp
(
−Ql
RT

)(
σ

σt
− (1− k)E

kσt
εc

)3

. (4)

In the above equations, σ is the applied stress, T is absolute temperature, and Qh and Ql are
the apparent activation energies for the high-stress and low-stress mechanisms, respectively, E is
Young’s modulus, σt is threshold stress, σr, describes the residual effective stress below the threshold,
ri describes the ratio between initial and secondary creep rate, b controls the overall rate of the
high-stress mechanism, p controls the transition between linear and exponential parts of the Garofallo
equation, c describes the relation between the secondary stage creep rate and the primary relaxation
time of the high-stress mechanism, g controls the overall rate of the low-stress mechanism and
k describes the ratio between hard and soft zones.

4.2. Model Results

The parameter values used to model the creep behaviour of the Sanicro 25 steel are summarised
in Table 2. The temperature dependence of the parameter σr must be introduced to obtain acceptable
results, but with experiments at only two temperature levels, it is not possible to speculate about the
character of that dependence.
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Table 2. Set of model parameters for the Sanicro 25 steel.

Parameter Value Unit

σt 130 MPa
σr 3.0 MPa @700 ◦C
σr 1.0 MPa @750 ◦C
ri 8.0
b 3.0× 1019 s−1

p 0.03 MPa−1

Qh 525 kJ/mol
Ql 171 kJ/mol
g 700 s−1

E 139× 103 MPa
k 0.65
c 3.5× 10−3

Model results for the constant-stress creep experiments from [9] and [18] are showed in
Figures 5–7, exhibiting good results for both low-stress and high-stress creep regimes.
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Figure 5. Creep rate dependence on time for Sanicro 25 at 700 ◦C and low stresses [9] (points) compared
to model results (lines).
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Figure 6. Creep rate dependence on time for Sanicro 25 at 700 ◦C and high stresses [18] (points)
compared to model results (lines).
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Figure 7. Creep rate dependence on time for Sanicro 25 at 750 ◦C and high stresses [18] (points)
compared to model results (lines).

Model results for the above presented creep experiments with stress changes are plotted in
Figures 8 and 9.
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Figure 8. Creep rate dependence on time for Sanicro 25 at 700 ◦C and stress changes (points) compared
to model results (line).
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Figure 9. Creep rate dependence on time for Sanicro 25 at 750 ◦C and stress changes (points) compared
to model results (line).
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4.3. Discussion

The results are not perfect, mainly during early stress decreases and around zero strain rates.
The time duration of the transient stage is slightly overestimated in the model. Some creep curves
or segments of the creep curves with stress changes are fitted well, while with others the fit is
considerably worse. There are two reasons for that effect. First, there is some natural scatter in the
experimentally observed values. As was pointed out in the previous paper [9], the scatter in the initial
creep rates is considerably higher than that of the creep rate in a secondary stage. Thus, the shape
of creep curves varies and it is not possible to describe them by one set of parameters. Compromise
values were then adopted for parameters ri and k, satisfying some creep curves better than others.
Second, the model was derived using many strong assumptions, which are not necessarily strictly
fulfilled. All these assumptions are listed in [10]. Probably, the two deformation mechanisms are not
completely independent. This fact can explain some systematic deviations of the model predictions
from the experimental curves. Taking into account that other creep models ignore the transient effects
completely, it can be considered as acceptable.

5. Conclusions

The transient creep behaviour upon the stress changes of the Sanicro 25 austenitic creep resistant
steel was investigated at temperatures 700 and 750 ◦C and the applied stresses between 25 and 90 MPa.

The strain reactions to the stress changes are qualitatively the same as those observed for the
P-91 ferritic steel [16], but the transient strains are considerably smaller. In the low-stress creep
regime, time period of the negative creep rate is observed even with relatively small decreases in the
applied stress.

The complex phenomenological creep model published in [10] was used to describe primary and
secondary stages of the creep behaviour of the Sanicro 25 steel under various conditions including
transient effects. All parameters of the model were estimated and the model can be used in FEM
calculations, though the results are not perfect.
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