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Abstract. This work deals with the prediction of time-to-rupture (TTR) diagrams of martensitic 9-
12% Cr steels. Martensitic 9-12% Cr steels are state of the art materials for powerplants due to their
high creep strength and oxidation resistance. Since the experimental determination of TTR diagrams
is costly and time-expensive (minimum 10 years), it is of particular interest to be able to model TTR
diagrams and gradually replace experiments.

Here, we approach the question to what extent we can generate a TTR diagram of a material out
of a fraction of experimental results plus detailed understanding of the underlying
microstructural/physical phenomena during creep. Our model is based on dislocation creep and
includes multiple interactions between the microstructural constituents.

We show the applicability of our approach by reproducing a TTR diagram of the well-known
material P92. Input parameters are basic material data from literature, the starting microstructure
before creep, chemical composition, some model parameters determined on the similar material P91,
and one single creep curve of P92. The precipitate evolution is simulated by the software MatCalc,
the other microstructural constituents (dislocation densities, subgrain boundaries etc.) by our creep
model. By varying the stress between individual creep simulations whilst keeping all input parameters
(starting microstructure, temperature and material parameters) constant, we produce multiple creep
curves and thus generate the complete dataset for a TTR diagram.

The model is of particular interest when it comes to the development of new materials, as the
application range of these materials can be estimated quickly and with good reproducibility.

Introduction

Components of thermal power plants have to fulfill a number of specifications, such as a high
creep strength, oxidation resistance, sufficient ductility, economical manufacturing etc. [1].
Predestined materials for such requirements are martensitic 9-12% Cr-steels such as P91, P92 or FB2.
This paper focuses on the material X10CrWMoVND 9-2, better known as P92.

For the design of components such as heat exchangers or boilers, it is particularly important to
extrapolate their lifetime and avoid unacceptable deformation or even failure. Since experimental
methods for this task are extremely costly and time-consuming (+10 years), the prediction of creep
deformation and rupture times using modelling approaches can help to better understand the results
and shorten the experimental times. In this work, we use a dislocation creep model, developed by our
research group.
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Creep Model of the IMK (Institute of Engineering Materials — Metals and Alloys) group

In order to better predict the creep behavior of a material, a (semi-) physical dislocation creep
model has been developed by our research group [2], taking the initial microstructure and
precipitation data (e.g. from MatCalc) as input and generating the microstructure evolution during
creep, creep curves and TTR diagrams as output. The model is based on the fundamental creep model
of Ghoniem et al. [3], which was combined with the damage model of Basirat et al. [4], by Yadav
[5]. Finally, the model was improved and extended by Riedlsperger et al. [2]. The model builds on
interactions of mobile dislocations (density pm), static dislocations (density ps), boundary dislocations
(density pp), subgrains (radius Rspg) and precipitates and deduces the time-evolution of these
constituents. The current creep strain rate € (Eq.1), which is depending on the specific microstructure
in each timestep, is then calculated using Orowan's law [6], which has been slightly modified [2,7].
To consider dislocation climb over precipitates, the glide velocity v; was replaced by an effective
velocity ver [2]. In addition, the effect of cavitation damage was included [7].

de _ bpmVesr

at M:(1-D¢qy) (1)
Here, b represents the Burgers vector, M the Taylor factor and Dcay a parameter for cavitation damage.
The current status of the creep model is described in book chapter [7] and the equations are explained
in detail in reference [2]. It should be noted that the damage models are different in these two
references. In this work, the damage law was further improved (see Eq. 2), so that the tertiary region
of the creep curve is simulated more realistically. In this equation, A represents a specific
phenomenological material parameter for the tertiary region.

Degy = A-g- €08 (2)

The IMK dislocation creep model was developed with the benchmark material P91 and has so far
been successfully applied to 5 different materials, including P92 [8]. In Riedlsperger et al. [8], an
older version of our model was used (2022). The main difference between the previous publication
and the present work is an updated damage model. Precipitate damage (as suggested by [4,5]) was
excluded from Orowan’s law, since it is already implicitly included by coarsening of precipitates.
Moreover, the exponent of the strain rate in the cavitation damage law was optimized from 1 [2,5]
and 0.5 [7] to 0.8 in this work to obtain a better depiction of the tertiary creep area with decreasing
stresses. Furthermore, the precipitate simulations have been improved (mod. Z-phase nucleates after
several thousand hours in contrast to the reference [8]). In Riedlsperger et al. [8], only TTR data for
650°C and 600°C were calculated. In this work, TTR data for 625°C were additionally simulated.
Moreover, we complemented our calculated TTR data at 650°C by modelled times-to-1%-strain
(TT1%). Finally, a better agreement to experimental creep curves has been achieved by introducing
an optimization algorithm [9].

Model Setup: Precipitation Kinetic Simulation with MatCalc

A thermodynamic precipitation kinetic simulation was carried out with the software MatCalc [10]
(based on the SFFK theory [11]) for modelling the precipitate evolution, considering nucleation,
growth and coarsening events. The results (radius 7; and number density Ny,;) were then imported into
the creep equation framework to combine the two simulations. The composition used for P92 is
shown in Table 1, adopted from Riedlsperger et al. [8] (except B) according to ASTM A335 [12].

Table 1. P92 composition for the precipitation kinetic simulations in MatCalc [wt.%]

Fe Al C Cr | Mn | Mo N Nb Ni Si \4 W B
bal. | 0.01 | 0.10 | 9.0 | 0.45 | 0.45 | 0.05 | 0.064 | 0.35 | 0.35 | 0.20 | 1.75 | 0.0035
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The virtual heat treatment consisted of normalising at 1050°C for 30 min and tempering at 765°C
for 1 h [8]. M23Cs, Laves-phase, MX carbo-nitrides (split into VN and NbC), AIN and the modified
Z-phase CrVN were considered in the simulation. According to a previous Scheil calculation in
MatCalc, no primary phases are present. Furthermore, the selected nucleation sites were subgrain
boundaries (for NbC, VN, M23Cg, Laves phase), dislocations (NbC, VN, Al), and VN for the mod. Z-
phase, to account for on-particle nucleation [13]. The mobile dislocation evolution during the heat
treatment was calculated using the static recovery part (see [13] for the procedure) of a state-
parameter-based ABC-model [14], based on the experimental investigations of [15].

Subsequently, the precipitate evolution simulation was carried out at the three exposure
temperatures; 650°C, 625°C and 600°C, respectively, taking the final precipitate status after the heat
treatment simulation as starting point. Fig. 1 shows the result for 650°C, depicting the volume-
weighted diameter and the number densities (nucleation at mart=martensitic matrix, aust=austenitic
matrix, g=grain boundaries, d=dislocations, s=subgrain boundaries, VN_m_d/VN m_s=on-particle
nucleation at VN(mart,d)/VN(mart,s)). Phases represented by solid lines are included in the creep
equation framework, phases shown by dashed lines are neglected, due to their low phase fraction
(AIN) or quick dissolution (NbC(mart,d)). The effect of modified Z-phase is considered indirectly by
the phase fraction drop of VN(mart,s) during the transformation process. After finishing the
precipitate simulation, the precipitate coarsening is quantified by the Ostwald ripening parameter £;
for loading the MatCalc results into the creep simulation (Table 2).
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Fig. 1. Simulated volume-weighted diameter (left) and number density (right) of P92 with MatCalc
for 650°C ageing

Table 2. Ostwald-ripening parameters deduced from MatCalc simulations of 100.000h; <0.006 %
phase fraction not stated;

Ostwald-ripening parameter k, Ostwald ripening parameter k&,
Precipitate [s”] Precipitate [s”]
650°C 625°C 600°C 650°C 625°C 600°C
M,3;Cs(mart,s) | 1.5-10% | 48-10° | 1.9-10° | Laves(mart,s) | 1.4-10° | 5.1:10* | 9.8-10°
VN(mart,s)* 1.8-107 | 1.5-107 | 1.4-107 NbC(mart,s) | 1.2:10% 54-10° | 3.3-10°
NbC(aust,d) 8.5:10° | 5.1-10° | 1.9-10° | NbC(mart,d)* - -1.3-10° | 2.4-10°

*It should be noted, that VN(mart,s) and NbC(mart,d) in Table 2 are only considered until they
dissolve (excluding NbC(mart,d) at 650°C, as it already dissolves after <20.000 h).

Creep model setup: Microstructural parameters

To calculate a master creep curve for a given temperature and stress, further input parameters are
required in addition to the precipitate evolution from MatCalc. These parameters include: (i) the initial
microstructure of the material (determined by experiments or taken from the literature), (ii) 16 basic
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physical parameters (e.g. Young’s Modulus), (iii) two fundamental constants (taken from the
literature) (iv) and four adaptive parameters (three of them are physical). The latter can be extracted
from one single creep experiment of medium duration.

In this work, the required initial microstructural values and the physical parameters/ constants have
been taken from [8]. Regarding the new equation for the tertiary region, the phenomenological
parameter 4 has to be adjusted to 4=11.6. Furthermore, a: is changed to 7.2 m/s, as this is a more
sufficient value. The Holt constant K. for subgrain nucleation and the source density for mobile
dislocations f remain the same as in Riedlsperger et al. [8].

For the extrapolation from the master creep curve from 650°C to 625°C and 600°C, we apply a
lower coarsening rate of the precipitates (Table 2), as well as lower diffusion coefficients (lattice
diffusion coefficient Ds & pipe diffusion coefficient Dyp). Since the relaxation behavior also depends
on temperature, we adapted the activation volume V; as well. These changes are summarized in Table
3, with the activation volume V;being expressed as a multiple of the atomic volume Q.

Table 3. Parameter changes for creep simulations at 650°C, 625°C and 600°C

Value -
Parameter 650°C 625°C 600°C Unit Source
Ve 22.35-Q 21-Q 13.85:Q | [m’] -
Dy 2:10°7 1.1-10°"7 2:10%° | [m?s] [17]
- ) . 2] for 650°C;
Dyp 4.75-10" | 2.61:10" | 4.75:10?%° | [m%/s] (625°C/60[O°]C: proportional to Dy)

Results: Simulated creep curve

The master creep curve is simulated for P92 at 650°C/ 118 MPa, as shown in Fig. 2 (left). The
experimental curve [15] is for the same conditions. For an isothermal extrapolation to other stresses,
the parameter-set from the master creep curve remains the same, only the stress is varied. The results
of calculated creep curves from 60 MPa to 160 MPa can be seen in Fig. 2 (right).
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Fig. 2. Simulated and experimental (data extracted from [15]) creep curve for P92 at 650°C and 118
MPa (left); Multiple creep curves for P92 at 650°C (right)
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Results: Diagram of rupture times & times to 1 % strain

By taking the rupture times from all simulated creep curves from the same temperature, we
construct a TTR diagram. We carried out this procedure for the 3 temperatures 600°C, 625°C and
650°C, as shown in Fig. 3. The times-to-1%-strain (TT1%) were extracted from the simulated creep
curves at 650°C. The simulated rupture times are compared to the ECCC reference for P92 from 2019
[18] and TT1% data at 650°C were compared to several experimental data extracted from the
literature [15, 19-24]. It should be noted, that the experimental data point [24] is not at 650°C, but at
640°C.

Diagram of rupture times & times to 1 % strain
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Fig. 3. Simulated time-to-rupture diagram for P92 at 600°C, 625°C and 650°C with a comparison to
ECCC reference [18]; TT1% for 650°C with experimental points (extracted from [15,19-24]);
[24] is at 640°C

Summary and Discussion

The creep model of our working group [2] for the material P92 has been refined, in particular by
more realistic MatCalc calculations with respect to the modified Z-phase (nucleation after several
thousand hours), and also by a better description of the tertiary region of the creep curves. Based on
experimental data from one single creep test (650°C, 118 MPa) and some literature data, we
succeeded in reproducing this reference experimental creep curve very accurately by a simulation.
From this single starting point, we were able to deduce a TTR diagram for 3 different temperatures,
each. Our model is capable of predicting rupture times up to 100 000 hours with excellent accuracy,
when compared to ECCC reference data [18]. Our deviation with respect to stress is never larger than
6%, remaining significantly below the usual threshold of 20% for scatter bands with respect to stress.
In addition, for the first time, 625°C have been simulated in the TTR diagram for P92. Moreover, we
demonstrated that TT1% data for 650°C can be easily extracted from the corresponding creep curves
at multiple stresses, showing very good agreement to experimental data from literature and
underlining the correctness of our simulation.
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In the future, we plan to extend the model to other materials-groups (such as Ni-based alloys, e.g.
[25]). Our creep software CreeSo [26] will implement the current status of the IMK model, and is
planned to be released soon.
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