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Abstract In order to characterise the mechanical
behaviour of sandwich structures, which combine an
interlayer of a woven wire mesh between two thin walled
sheet metals, creep tests at 650, 680 and 750 °C were
carried out on sheet metals made of the nickel based alloy
Nicrofer 6025 HT (2.4633). In addition to the tests the
creep behaviour was simulated by a model, which con-
siders the creep rate as a function of the applied stress ¢
and the internal deformation resistance including an
internal back stress o; and a particle resistance gp. The
damage is included by a damage parameter D, which
converges to ‘‘one’’ with increasing damage. A con-
cluding comparison with the creep test results shows that
the model is able to describe the creep behaviour of the
investigated sheet metals.

Introduction

This study is carried out in the frame of the collaborative
Research program ‘‘Thermally Highly Loaded, Porous and
Cooled Multi-Layer Systems for Combined Cycle Power
Plants’> of the University of Aachen. The goal is to
increase the efficiency in combined cycle power plants
from 58% up to 65% during the next 25 years. In order to
obtain higher efficiency in the modern combined cycle
power plants temperature and pressure have to be in-
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creased. To achieve steam operating temperatures around
680 °C and steam pressures about 350 bar a new lay out of
steam turbines is necessary.

In a preliminary investigation a cooling system was
developed which combines an interlayer of a woven wire
mesh between two plane face sheets. This sandwich
structure designated as a facing for the steam turbine casing
and the rotor enables cooling steam to pass without severe
losses. Figure 1 shows a schematic drawing of the structure
and its application in the steam turbine [1].

Current developments of 9—12% chromium steels, such
as P92, have sufficient oxidation resistance in steam and
good creep resistance up to approximately 600 °C [2]. For
higher temperatures it is necessary to use nickel based
alloys, such as Nicrofer 6025HT. Since this material has
been brought onto the marked in the year 1992 the pop-
ularity increased rapidly in many application areas such
as kiln engineering, automotive and chemicals industry
[3-5].

In order to characterise and simulate the mechanical
behaviour of the sandwich structure under high tempera-
ture loads, it is necessary to investigate the properties of its
constituents for the first instance. Especially an exact
knowledge of the creep behaviour of the Nicrofer 6025HT
sheet metals is essential for an accurate prediction of the
failure behaviour under service conditions of the so called
Grid-Sheet structures.

Furthermore the obtained results are required on the one
hand for constitutive equations implemented in numerical
simulations and on the other hand for a comparison to the
mechanical properties of thick-walled bulk material for
instance piping. Constitutive equations based on a combi-
nation of overstress and threshold stress concept allow an
adequate description of the creep behaviour if successive
damage is taken into consideration.
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Fig. 1 The new cooling
concept of the rotor and the
housing surfaces

Test material: Nicrofer 6025HT

This material is a high-carbonaceous nickel-chromium-—
iron alloy with alloying additions of titanium, zirconium,
aluminium and yttrium. The chemical composition is given
in Table 1. Nicrofer 6025 HT is characterised by great
high-temperature creep strength. The grain size of the
microstructure can be set by different solution annealing
temperatures. Optimal properties concerning the creep
behaviour can be achieved by a solution temperature of
1220 °C leading to a grain size greater than 70 um. Solu-
tion annealing at 1170 °C produces a finer grain-sized
microstructure (30-60 um) and due to this increased low
cycle fatigue behaviour [6]. The carbide diameter is in the
range 5-10 pm.

The high oxidation resistance, even under extreme con-
ditions like cyclic heating-up and cooling-down, is achieved
by a close adhering aluminium oxide layer. Additionally the
high chromium concentration leads to a remarkable oxida-
tion resistance in sulfureous atmospheres.

In this work the cold rolled sheets (thickness 1 mm)
with a cold deformation of 65% were solution annealed in a
continuous annealing furnace at approximately 1170 °C for
2 min followed by solution annealing in a vacuum furnace
at 1220 °C for 1 h and cooled in nitrogen with a cooling
rate of approximately 10 K/min.

The microstructure of the investigated material is shown in
Fig. 2. The grain size was measured and found around 80 pm
whereas much smaller grains are existent. The Vickers
hardness value at room temperature for the material averages
197HV10. Nicrofer 6025HT is hardened by solid solution
and carbide strengthening. Due to the high carbon concen-
tration concerning nickel based alloys in addition to
approximately 25% Cr primary Cr,3Cs-carbides are
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precipitated and distributed homogeneously in the micro-
structure as well as on the grain boundaries. As a result of
their remarkable high thermal stability the primary Cry3Cq-
carbides are operative up to working temperatures of
1250 °C [7].

Creep model

In addition to testing the creep behaviour of the sheet metals
was investigated experimentally, this behaviour was pre-
dicted by the so called concept of the internal backstress.

The current value of strain rate depends on the current
values of applied stress o, internal back stress o;, particle
deformation resistance 6, material creep resistance oy and
degree of damage D. The creep rate can be described by a
modified power law [8-11]:

sy v

where in case of high-temperature creep
kmol

kJ
kmol K

kJ
A=¢ exp(— R_QT> withQ = 2.9E5 ——
(2)
and R = 8.3141

In this equitation Q is the activation energy for self
diffusion of the base material and & is a constant.

According to [12] the evolution of the internal back
stress o; is given by

dO'i Cl
.= \Ois — 0} 3
= (s (3)

Table 1 Chemical composition of Nicrofer 6025HT (2.4633) in percent by weight

Ni Cr Fe C

Al Ti Zr Y

Rest 24.0-26.0 8.0-11.0 0.15-0.25

1.8-2.4 0.1-0.2 0.01-0.10 0.05-0.12
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Fig. 2 Microstructure of Nicrofer 6025HT

and validated experimentally in [13 ]. In Eq. 3, oj is the
quasi-stationary value of the internal back stress, & is the
creep strain at the end of the primary creep stage and C, is
a constant. g;; can be calculated according to

s _ 0 |, K(N—KO’

Xog
—_— = ; foro /o <N/(N—xK
=) o <N /(N 1)

Oiss B Tiss N
(4)

where N is the Norton—Bailey stress exponent and k a
parameter which can be set equal to 4 [14]. For different
stresses the quasi-stationary value ;s reaches a temperature
dependent saturation value o;s. In this work the approxi-
mation

Ojss = l~4'Rm/l()00 (5)
has been used [12].

The variation of ¢, with creep time is given by the
relationship

m/2
e[ o 0
OP,ux 1+ a(l%)_v r*
where a = —2—. In Eq. 6, t* is the point of time at the

mvp—2°
minimum creep rate when o, reaches its maximum value

op,, . For practical applications, some of the material
parameters can be set equal to certain values. Assuming
that ripening takes place on the basis of volume diffusion,
the parameter u is to be set equal to 3. Furthermore, the
variation of the volume fraction of the precipitation with

@ Springer

time can be well described with m =2 as far as the
parameter v can be determined from the best fit of the
experimental results [12].

According to [14], op,,, can be written as a function of
the applied stress ¢ minus the quasi-stationary value of the
internal back stress o;, as
op,,. = Cs(o — ais)™ (7)
where C4 an ny are constants.

Damage as a function of creep strain according to Ka-
chanov and Rabotnov [15, 16] modified by [17] (Eq. 8) has
been used in the model:

D:l-(l-i)m (8)

In this equation eg is the strain to rupture and mp a
material parameter.

Creep test results

Creep tests at temperatures of 650, 680 and 750 °C have
been carried out on Nicrofer 6025HT sheet metals. In
Fig. 3(a) the minimal creep rate én;, is plotted as a function
of the applied stress ¢ and described by the Norton—Bailey
equation émin = B(T) - ¢". As shown in Fig. 3(b) the
Norton—Bailey exponent N decreases with an increase of
the applied test temperature. Due to enhanced precipita-
tions at 680 °C which influence the creep mechanism a
minor decrease of the exponent N was observed in the
range of 680-750 °C.

Figure 4 shows the applied stress plotted against the time
to rupture up to 1000 h creep life. As expected the creep
strength decreases with increasing temperature. The

Minimal creep rate as function Norton-Baily exponent N
(a) of stress of Nicrofer 6025 HT (b) as function of temperature
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Fig. 3 (a) Minimal creep rate versus stress. (b) Norton-Bailey
exponent as function of temperature



J Mater Sci (2007) 42:5666-5670

Creep rupture strength of Nicrofer 6025HT
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Fig. 4 Creep rupture time versus stress for Nicrofer 6025HT

obtained stress values for a creep life of 1000 h are 295, 195
and 96 MPa for 650, 680 and 750 °C, respectively.

The obtained values for N and R,,,;1000 have been used to
calculate the quasi-stationary value of ojs.

Application of the model to creep tests

Figures 5-7 show a comparison between the creep test
results (markers) and the predictions of the model (curves)
for temperatures of 650, 680 and 750 °C. Each Figure is
divided into two diagrams designated with (a) and (b). In
case of (a) the creep strain over time and in case of (b) the
creep rate over time are plotted for four different applied
test stresses. Although relatively rough approximations
have been used the model leads to an acceptable descrip-
tion of the experimental data.

Figures 8 (a), (b) and 9 (a), (b) present the dependency
of the used model parameters on the stress for the corre-
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Fig. 5 Comparison between test results and predictions of model at
T = 650 °C (a) Creep strain versus time (b) Creep rate versus time
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Fig. 7 Comparison between test results and predictions of model at
T =750 °C (a) Creep strain versus time (b) Creep rate versus time
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Table 2 Parameters of the model

T éo C] n C2 ny C3 ns v mp Ep

650 °C 7.7E5 30 4 1E29 -10.8 26.9 -1.3 0.7-1 3.5-7 0.16-0.21
680 °C 5.5E7 40 4 1E21 -8.11 1.47E6 -3.45 0.8 4.5-8 0.14-0.15
750 °C 5.5E7 80 4 1E15 —6.23 5.8E4 -3.12 0.7 2.2-5.1 0.16-0.19

Fig. 10 Microstructure close to the fracture zone of the material
tested at 750 °C and 140 MPa

sponding test temperatures. The parameters t*, ¢; and op_
were described by power functions shown in Figs. 8 (a), (b)
and 9(a) as well.

Table 2 gives a summary of the parameters used for the
model. According to the test temperatures the parameters
C,4 and ny4 have been optimised to 0.374 and 1.01.

Due to differing influence of precipitation hardening
during the creep tests the parameter &, deviates in case of
650 °C from &y at 680 °C and 750 °C. The lower test
temperature of 650 °C retards the initiation of precipita-
tions and affects the creep behaviour significant.

The damage exponent mp, takes the minimum values in
case of the lowest stress values at each temperature. A low
value of mp describes a constant increase of damage within
creep time. In Fig. 10 the microstructure of a fractured test
specimen is shown. The material fails according to Zener-
mechanism at grain boundary triple points (wedge-type
cracks) [18] where stress concentration leading to crack
initiation takes place. With increasing stress, crack growth
rate increases leading to a spontaneous fracture of the
complete specimen and thus to a major value of mp.
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