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ABSTRACT:  9-12% Cr steels are frequently used in power plant components operating at pressures up to 280 bar and 
temperatures exceeding 600 °C. The complex microstructure of these materials consists of a fine-grained tempered 
martensite with a high density of precipitates, such as carbides, nitrides and intermetallic phases. In this paper, a novel 
model for simulation of the evolution of precipitates is applied to predict nucleation, growth and coarsening of 
precipitates as a function of the thermal history. Based on these data, the magnitude of precipitation strengthening is 
evaluated and set in relation to the measured creep rupture times of the test melt COST E2. It is concluded that the 
differences in strength observed with different production heat treatments can be well described with the new model. 
Moreover, the simulations confirm that the creep strength after 100.000 h of operation almost levels out due to 
microstructure and precipitate coarsening effects. 
 

I.INTRODUCTION 
 
In the past, great efforts were made to develop materials with improved mechanical properties, especially creep rupture 
strength, to increase the efficiency of conventional thermal power plants [1–2, 3, 4]. The superior creep resistance of 
these new materials originates from their complex ferritic/martensitic microstructure with a high dislocation density, 
fine subgrain structure and dense distribution of different types of Precipitates exert strong pinning forces on 
dislocations and grain and subgrain boundaries and, thus, act against the inevitable effect of microstructure coarsening 
(see also [5, 6]) as shown in Fig. 1, which leads to a decrease in creep resistance. 
 
In the present study, a series of experiments on the influence of austenitization and tempering temperatures and times 
on the short-term and long-time creep rupture strength of the steel COST E2 [7] were carried out and computer 
simulations of the microstructure development using the software MatCalc [8–9, 10, 11] have been performed to 
predict the evolution of precipitates during processing and service at 600°C of the COST alloy E2. 
 

 
 

Fig. 1. Schematic illustration of microstructural development during creep. Precipitate and substructure coarsening, as 
well as dissolution of existing and appearance of new phases can be observed. 

 
The classical approach to quantifying the strength contribution from precipitates in these steels is outlined. Based on 
the results from the simulations, the precipitation strengthening potential is evaluated and the evolution of precipitate 
back-stress is followed over the lifetime of the material. The influence of different heat treatments on the precipitate 
microstructure and on creep strength is investigated theoretically and compared to the experimental results. 
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II.PRECIPITATION STRENGTHENING IN 9-12% CR STEELS 
 
Precipitates act as efficient obstacles for dislocation movement and, thus, effectively increase the strength of a material. 
As pointed out by McLean [12], precipitates and dislocations can interact in one of the following ways: 
 

1. A dislocation can pass through coherent precipitates by cutting (breaking) the precipitate. 
2. A dislocation can bypass precipitates by bending between them and closing the bent lines to loops (Orowan 

mechanism). 
3. A dislocation can bypass the precipitate by climbing (local or general climb). 
4. A dislocation can drag the precipitates with it. 

 
In each of these four cases, the threshold stress, which has to be overcome to move the dislocation through the 
microstructure, as well as the kinetics of each mechanism, differ due to the physical nature of the individual processes. 
In the case of 9-12 %Cr steels, mechanisms 2 and 3 are the dominant rate-controlling processes [13]. Only in the very 
early stages of creep, is mechanism 1 operative for very small particle sizes [14]. To quantify the influence of the 
precipitate-dislocation interaction on dislocation movement in an external stress field, the so-called back-stress concept 
is employed. 
 
Back Stress of Precipitates and Influence on Creep Strength 
 
If an external force is acting on a microstructure, part of the external driving pressure �ex is counteracted by 
heterogeneous internal microstructural constituents, such as precipitates and interfaces. Consequently, not all the 
external load can be assumed to represent the driving force for creep deformation. Only that part of the external stress 
�ex which exceeds the amount of inner stress �i from the counteracting microstructure effectively contributes to the 
deformation process. Since the inner stress reduces the effect of the external stress, this inner stress is commonly 
denoted as back-stress and the approach is known as the back-stress concept. Thus, the effective creep stress �eff can be 
expressed as  
 

iexeff    (1) 
 
In a recent treatment [15], the inner stress �i was expressed as a superposition of individual contributions from 
immobile dislocations and precipitates. When the contribution from subgrain boundaries is also taken into account, the 
inner stress can be expressed as 
 

)( sgbprecdislii   MM  (2) 
 
where M is the Taylor factor (usually between 2 and 3, see Ref. [Error! Bookmark not defined.]) and � is the shear 
stress. The subscripts in the bracket term denote contributions from dislocations, precipitates and subgrain boundaries, 
respectively. With the inner stress �i, the general Norton creep law (see, e.g., Ref. [16]) can be rewritten as 
 

nn AA )()( effiex    (3) 
 
where A and n are constants. Assuming that subgrain size and dislocation density remain more or less constant during 
most of the service, the inner stress or back stress of the microstructure and, therefore, the mechanical behaviour of the 
alloy will be mostly influenced by the precipitate evolution. 
As pointed out in the previous section, dislocations can overcome particles by climbing, cutting or the Orowan 
mechanism. With the assumption that cutting of small coherent precipitates can be neglected in the case of 9–12 %Cr 
steels [Error! Bookmark not defined.], the Orowan mechanism represents the prevailing mechanism for dislocations 
to bypass precipitates. According to Ashby [17], the Orowan-stress �0 caused by an ensemble of equally sized and 
equally spaced precipitates can be calculated with  
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where C is a constant, G is the shear modulus, b is the Burgers vector, � is the mean particle distance, rI is the ‘inner 
cut-off radius’ and rA the ‘outer cut-off radius’ (see next paragraph) of the dislocation. In a complex alloy, such as the 
one treated here, different types of precipitates with varying precipitate size and varying inter-particle spacing are 
present (see Fig. 2). In a first approximation, a uniform distribution of all precipitates with a single mean particle 
distance � and a ‘outer cut-off radius’ rA as two times the mean precipitate radius is considered. Therefore, equation 
(4) takes the form 
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Fig. 2. Schematic illustration of a dislocation bypassing precipitates of different type (grayscales), particle sizes (r) and 
inter-particle spacings (�) in a complex alloy. 

 
Equation (5) shows that, at constant phase fraction of the precipitates, a fine dispersion of precipitates has the most 
pronounced effect on precipitation strengthening and, thus, on the precipitate back-stress. 
 

III.THE ALLOY COST E2 
 
The experimental test alloy E2 was developed in the COST program 501 round 3. It is a typical 9–12 % Cr forging 
steel [18]. The chemical composition of the investigated steel [19] is shown in Table 1. To examine the influence of 
heat treatment parameters on creep strength, different heat treatments were performed on the same melt [Error! 
Bookmark not defined.], as shown in Table 2. After heat treatment, the specimens were creep tested at 600 °C. 
 

Table 1. Chemical composition of the alloy COST E2 in wt.%. 
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Table 2. Heat treatment parameters and measured prior austenite grain size. 
 

 
 
The creep rupture strength for heat treatment variants A–D [Error! Bookmark not defined.] is shown in Fig. 3. 
Depending on the heat treatment parameters, the 100 h creep rupture strength varies from 204 to 274 MPa. At longer 
testing times, the creep strength decreases in all cases and reaches similar values between 102 and 109 MPa at the 
design lifetime of 100000 h. 

 
Fig. 3. Creep rupture strength of the alloy COST E2 for heat treatment variants A–D. 

 
IV.RESULTS AND DISCUSSION OF THE NUMERICAL SIMULATION 

 
For the numerical simulation of the precipitate evolution as well as the calculation of the obstacle effect of the 
precipitates, the software package MatCalc is used [Error! Bookmark not defined.- Error! Bookmark not defined.]. 
Details of the simulation procedure have been reported previously [20–21, 22, 23]. 
 
Numerical Simulation 
 
For the following heat treatment simulations, the time-temperature history summarized in Table 2, including service at 
600 °C, is applied. It is important to emphasize that, in the course of the production process, the material undergoes 
several austenite/ferrite phase transformations. These are fully taken into account in the present simulation (see also 
Ref. [Error! Bookmark not defined.]). 
In the simulations, the precipitate phases M23C6, M7C3, MX, M2X, Laves and the modified Z-phase are taken into 
account in accordance with experimental findings in this type of steels. Experiment [Error! Bookmark not defined.] 
also showed that two types of MX precipitates are present in this type of steels, i.e. a vanadium- and nitrogen-rich 
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phase and a niobium- and carbon-rich phase. These are taken into account by definition of a miscibility gap and an 
additional MX precipitate. During the simulation, all precipitates interact with each other by exchanging atoms with the 
matrix phase. The kinetics of this process is controlled by the multi-component diffusivities of all elements, which are 
available through kinetic databases, such as the mobility database of the software package DICTRA [24]. The 
thermodynamic parameters for calculation of the chemical potentials are taken from the TCFE3 database [25] with 
some modifications specific to this type of steel [Error! Bookmark not defined.]. Apart from accurate 
thermodynamic and kinetic data, a very important input parameter for the simulation is the type of heterogeneous 
nucleation site for each of the precipitate phases, which can be grain boundaries, subgrain boundaries, dislocations, 
grain boundary edges and/or grain boundary corners. For the present simulation, the nucleation site for each precipitate 
is defined according to the experimental observations summarized in ref. [Error! Bookmark not defined.]. 
The simulation starts at 1400°C, which is slightly below the solidus temperature of this alloy during the casting 
procedure. It is assumed that all elements are homogeneously distributed in the matrix at this time and no precipitates 
exist. The material then cools linearly to a temperature of 390°C. This temperature corresponds to the calculated 
austenite to martensite transformation start temperature. In the simulation, it is assumed that this transformation occurs 
instantaneously and the parent and target phases have identical chemical composition. It is further assumed that no 
diffusive processes and, consequently, no precipitation occurs below this temperature. At this point, the matrix phase is 
changed from face centered cubic (fcc) austenite to body centered cubic (bcc) ferrite structure. In the next step, the 
material is reheated for austenitization. At the calculated transformation temperature A1 of 812 °C, the ferrite matrix is 
changed to austenite again. Austenitization is simulated for temperatures between 1020 and 1120 °C, depending on the 
heat treatment variant, with subsequent cooling to MS at 390 °C. The following quality heat treatments and service 
exposure at 600 °C takes place in ferrite again. 
 
Determination of precipitation strengthening and comparison with experimental data 
 
The plots in Error! Reference source not found. show representative examples of the simulated evolution of mean 
precipitate radius, number density and obstacle effect of each precipitate phase as well as the total back-stress for the 
heat treatment variant D during service. To calculate the precipitate back-stress from Eq. (5), the constants are assumed 
to be C = 0.19 and G = 64.6 GPa (converted from Ref. [26]).  
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Fig. 4. Evolution of mean precipitate radius R, number density N and precipitate back-stress during service for the alloy 

COST E2 with heat treatment variant D. 
 
The starting point of Error! Reference source not found. corresponds to the ‘as-received’ condition at the end of the 
quality heat treatment. With the constants C and G as defined before, the total strength contribution from precipitates is 
evaluated as 135 MPa (solid line in the bottom graph of Error! Reference source not found.). During service, the 
density of precipitates reduces due to Ostwald ripening. This effect, together with the predicted dissolution of Cr2N and 
VN, the latter at times exceeding 105 hours, and the appearance of coarse, modified Z-Phase precipitates leads to a 
constant loss of precipitation strengthening. After 100000 h, the calculated obstacle effect has declined to a value of 85 
MPa.  
It is interesting to further compare the predicted precipitation strengthening effect with the experimental creep rupture 
strength. According to Fig. 5, the tendencies in strength evolution are reasonably well reproduced by the simulations, 
particularly for treatments B to D. The prediction for variant A is less good and it can partially be attributed to the fact 
that the thermodynamic database predicts a significant amount of VN precipitates to be stable at the lowest 
austenitization temperature of 1020 °C. The undissolved vanadium-nitrides are not available for re-precipitation and 
particle strengthening during quality heat treatment later, leading to a strongly reduced precipitation strengthening 
effect. Further reason for the less good agreement between simulation and experiment for treatment A is unclear and 
shall be clarified in future work. 
The simulations clearly emphasize the importance of precipitates in predicting the strength evolution of complex 
materials. The coarsening characteristics and competitive processes among different precipitates in these materials can 
be reasonably well described using the present computational technique. The combination of precipitate evolution data 
from simulation with the back-stress concept outlined in this study, moreover, provides an efficient methodology to 
predict the precipitation strengthening potential of complex structural materials. 
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Fig. 5. Comparison of creep rupture strength and calculated precipitate back-stress of COST alloy E2. 

 
V.OUTLOOK 

 
The results obtained in this study clearly demonstrate the potential of the present simulation approach to a prediction of 
the strength evolution in complex high-performance materials. Comparison of the experimentally observed evolution of 
the creep rupture strength and the predicted precipitate back-stress for different heat treatment variants of the advanced 
9–12 % Cr steel COST E2 show encouraging agreement. The present simulations also confirm the important 
experimental observation that an optimization of the short-term creep strength by optimization of the austenitization 
and heat treatment parameters has only a temporary benefit. Finally, it is noted that additional important strengthening 
mechanisms are not yet considered in the present simulation approach and will be focused on in future modeling and 
simulation activities. 
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