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Report:  
Long-term creep tests were performed on two flat hollow cylinders made of P91 (9-1%CrMoVNb) and E911 
(9-1-1%CrMoWVNb) martensitic steels. The main difference between them is related to the extra 1wt% of 
W present in E911, which initially is in solid-solution, but with time stabilizes the M23C6 carbides and 
precipitates at grain boundaries in form of Fe2W Laves phase. The samples were subjected to multi-axial 
loads characteristic of steam pipes under in-service conditions. Microtomography was performed at beam-line 
ID19 using X-rays with energy of 52 keV. The detector had an effective pixel size of 0.28 µm and a field of 
view of about 0.6 mm x 0.6 mm, which imposed the measurement of five adjacent sub-volumes in order to 
cover the whole length of the sample of 2 mm. The sub-volumes were merged later together using image 
correlation. To characterize creep damage voids were identified and extracted from reconstructions using a 
gradient based local threshold. Only voids having a volume larger than 125 voxels (~ 2 µm3) were analyzed. 
This lower limit was selected in agreement with literature data indicating that the shape and volume of an 
ellipsoid can be already well approximated by a structure of 5x5x5 voxels.  Furthermore, void shape was 
characterized in terms of two parameters: the complexity factor, CF and the elongation, e [1]. Applying 
visually determined threshold values for CF (CF < 0.5) and e (e < 1.9 for P911 and e < 2.1 for P91) the voids 
were separated in coalesced and non-coalesced classes and both were analyzed. Figures 1a and 1b show the 
voids spatial distribution in the two samples ((a) qualitative image) and (b) the distrubution of void density 
along the tube wall. It is evident that there are more voids in the P91 steel (contrary to the shorter creep time 
of this sample) compared to E911 material. 

The diffrerence between the damage behavior of the two steel has two origins: 
1. The garin size in P91 steel is just the half of the grain size in E911 steel. This means there are more 
potential grain boundary void locations in P91. 
2. The 911 steel contains additional 1wt.% of W, which leads to precipitation of Fe2W laves phase at grain 
boundaries. These precipitates hinder grain boundary sliding, considered as the main void nucleation 
mechnism at triple line or quadruple points [2]. 

Next, void growth was simulated according to the constrained diffusional mechanism predicting the 
following growth-rate of the void radius R [3]: 
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where Bk  is the Boltzmann constant, T is the temperature, Ω  is the 
atomic volume and bDd  is the product between the grain boundary 
width d  and the grain boundary diffusion coefficient bD . The 
average grain size g  and the average inter-void spacing λ  were 
evaluated from metallographic sections and tomographic 
reconstructions, respectively. In simulations the product between 
the sintering stress 0σ  and the fraction of non-cavitated grain 
boundaries )1( ω−  was neglected beside ∞

Iσ , which is the 
component of the applied stress normal to the grain boundary. Since 
the actual stress-state is tri-axial, ∞

Iσ  was considered equal to the 
maximum-principal stress and was obtained from finite element 
simulations describing the creep deformation of the tubes. 
Modeling was done with the commercial software ABAQUS using 
axisymmetric elements and a viscoplastic Norton-law.  

The void size predicted on the basis of Eq. (1) is in reasonable 
agreement with experimental data (Fig. 2) indicating that the model 
of constrained diffusional growth is a good approximation for 
predicting void growth in P91 and E911 steels. Present analysis is 
essentially based on the 3D high-resolution information obtained by 
synchrotron X-ray microtomography, which allowed identifying the 
presence of the constrained growth-mechanism based on the size-
distribution of non-coalesced voids. 
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Figure 1. Damage distribution in E911 and P91 steels: (a) tomographic reconstruction of damage 
after 37 800 and 10 200 h, respectively. (b) Void density of all cavities through the wall thickness 
(indicated by the Z-axis, which has the origin at the inner surface of the tub. 

a) b) 

Fig. 2. Distribution of largest voids in 
E911 and P91 steels along the tube 
wall. Points are experiperimental 
data, Lines are simulation results. 
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Report: 

Long-term creep tests were performed on two flat hollow cylinders made of P91 (9-1%CrMoVNb) and E911 (9-1-1%CrMoWVNb) martensitic steels. The main difference between them is related to the extra 1wt% of W present in E911, which initially is in solid-solution, but with time stabilizes the M23C6 carbides and precipitates at grain boundaries in form of Fe2W Laves phase. The samples were subjected to multi-axial loads characteristic of steam pipes under in-service conditions. Microtomography was performed at beam-line ID19 using X-rays with energy of 52 keV. The detector had an effective pixel size of 0.28 µm and a field of view of about 0.6 mm x 0.6 mm, which imposed the measurement of five adjacent sub-volumes in order to cover the whole length of the sample of 2 mm. The sub-volumes were merged later together using image correlation. To characterize creep damage voids were identified and extracted from reconstructions using a gradient based local threshold. Only voids having a volume larger than 125 voxels (~ 2 µm3) were analyzed. This lower limit was selected in agreement with literature data indicating that the shape and volume of an ellipsoid can be already well approximated by a structure of 5x5x5 voxels.  Furthermore, void shape was characterized in terms of two parameters: the complexity factor, CF and the elongation, e [1]. Applying visually determined threshold values for CF (CF < 0.5) and e (e < 1.9 for P911 and e < 2.1 for P91) the voids were separated in coalesced and non-coalesced classes and both were analyzed. Figures 1a and 1b show the voids spatial distribution in the two samples ((a) qualitative image) and (b) the distrubution of void density along the tube wall. It is evident that there are more voids in the P91 steel (contrary to the shorter creep time of this sample) compared to E911 material.

The diffrerence between the damage behavior of the two steel has two origins:


1. The garin size in P91 steel is just the half of the grain size in E911 steel. This means there are more potential grain boundary void locations in P91.

2. The 911 steel contains additional 1wt.% of W, which leads to precipitation of Fe2W laves phase at grain boundaries. These precipitates hinder grain boundary sliding, considered as the main void nucleation mechnism at triple line or quadruple points [2].


Next, void growth was simulated according to the constrained diffusional mechanism predicting the following growth-rate of the void radius
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 was considered equal to the maximum-principal stress and was obtained from finite element simulations describing the creep deformation of the tubes. Modeling was done with the commercial software ABAQUS using axisymmetric elements and a viscoplastic Norton-law. 

The void size predicted on the basis of Eq. (1) is in reasonable agreement with experimental data (Fig. 2) indicating that the model of constrained diffusional growth is a good approximation for predicting void growth in P91 and E911 steels. Present analysis is essentially based on the 3D high-resolution information obtained by synchrotron X-ray microtomography, which allowed identifying the presence of the constrained growth-mechanism based on the size-distribution of non-coalesced voids.
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Figure 1. Damage distribution in E911 and P91 steels: (a) tomographic reconstruction of damage after 37 800 and 10 200 h, respectively. (b) Void density of all cavities through the wall thickness (indicated by the Z-axis, which has the origin at the inner surface of the tub.
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Fig. 2. Distribution of largest voids in E911 and P91 steels along the tube wall. Points are experiperimental data, Lines are simulation results.
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