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Abstract 

The objective of the study is to evaluate the effects of severe plastic deformation (SPD) and annealing on 

creep behaviour of advanced tungsten modified creep-resistant 9 % Cr martensitic P92 steel. The as-received 

P92 steel was deformed by high-pressure torsion (HTP), high-pressure sliding (HPS) and rotary swaging (RS) 

at room temperature prior creep testing. These SPD methods imposed significantly different equivalent plastic 

strain in the range from 1 up to 20. Constant load creep tests in tension were performed in an argon 

atmosphere at 873 K and applied stress ranging from 50 to 200 MPa. The microstructure and phase 

composition of P92 steel were studied using a scanning electron microscope Tescan Lyra 3 and a transmission 

electron microscope Jeol 2100F. 

The results show that under the same creep loading conditions the HPT and HPS-processed P92 steel 

exhibited significantly faster minimum creep rates, creep fracture strain and the decrease in the value of the 

stress exponent of the creep rate in comparison with as-received P92 steel. However, it was revealed that the 

RS-processed specimens exhibited one order of magnitude lower minimum creep rate and lower ductility 

compared to commercial P92 steel. 

The creep curves for the HPT and HPS-processed states exhibited a pronounced minimum of strain rate. The 

pronounced minimum of strain rate disappeared when these states were annealed at 923K/500h before 

application of creep loading. The microstructure changes occurring during creep and different creep behaviour 

between as-received and deformed states are discussed.  
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1. INTRODUCTION 

Many methods of severe plastic deformation (SPD) are known at present time, e.g. high pressure torsion 

(HPT), equal-channel angular pressing (ECAP), high-pressure sliding (HPS), rotary swaging (RS), etc. Due to 

the rapid development in this area, new methods based on SPD are emerging, which are characterized by 

higher efficiency of the stored strain and a larger volume of processed material. As for specific examples, the 
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recently developed methods of twist channel (multi-)angular pressing (TCAP and TCMAP), continuous high 

pressure torsion (CHPT) and dissimilar channel angular pressing (DCAP) can be mentioned [1-3].  

Creep of SPD-processed materials with ultra-fine grained (UFG) microstructure was frequently investigated 

on pure metals and alloys [4]. It is generally accepted that the grain size and thus number of high-angle grain 

boundaries (HAGBs) are one of the key parameters which significantly influence creep behaviour of SPD 

materials. From this reason the reduction of grain size down to UFG region leads to the greater influence of 

grain boundary-mediated mechanisms on creep behaviour compared to coarse-grained counterparts. At 

present time there are only a few reports [5] in the literature documenting the creep behaviour in creep-resistant 

9 % Cr steels processed by SPD. Further, it was also observed that the application of SPD accelerates the 

phase precipitation of Laves or σ phase in creep-resistant chromium steels. The aim of present work is to 

investigate the effect of various SPD processing methods and post-deformation ageing on creep resistance 

and creep fracture strain in P92 steel.  

2. EXPERIMENTAL METHODS AND PROCEDURES 

The experiments were conducted on advanced tungsten modified 9%Cr P92 steel [6,7] both on its as-received 

coarse-grained (CG) state and on state processed by SPD applications. The SPD states of P92 steel were 

prepared by deformation of the as-received state using methods HPT, HPS and RS.  

HPT technique is based on deformation of a flat disc specimen by torsion straining under high pressure. An 

extremely large strain can be imposed into the material by increasing number of HPT rotations. The discs of 

1.1 mm thickness and 30 mm diameter were cut from as-received state. Further, the discs were processed at 

room temperature by 1 rotation under an applied pressure of 6 GPa and using rotation speed of 0.1 mm per 

second. The value of von Mises equivalent strain during HPT process is proportional to the radius of the disc 

according to the following equation [8]: 

𝜀𝑒𝑞 = 2𝜋𝑟𝑁/√3𝑡                                                                                                                                                (1)                                                                                                                                                              

where r is the distance from the disc centre, N is the number of turns and t is the thickness of disc. The sheets 

with dimensions of 1.1 mm x 10 mm x 100 mm were deformed by HPS technique. HPS process was 

developed for microstructure refinement in sheets or rods. The specimens were placed between the upper 

(lower) anvil and the plunger was pushed with respect to the anvils while the samples were pressed. The 

plunger was pushed with respect to the surrounding anvils for the distance of 5 and 15 mm. The equivalent 

strain introduced with HPS process is given by the form as [8]: 

 𝜀𝑒𝑞 = 𝑥/√3𝑡                                                                                                                                                     (2) 

where x is the sliding length and t is the sample thickness. HPS specimens processed with a certain sliding 

distance x were denoted as xHPS (e.g. 5HPS – sliding distance x = 5 mm). 

RS method was used for microstructure refinement of the rods. The rod with initial diameter (D0) is put into 

four split die which rotates. The die opens and closes very quickly so that D0 is quickly reduced to final diameter 

(Dn) by means of forging. The equivalent strain imposed by RS [9] was estimated by: 

 𝜀𝑒𝑞 = ln(𝐷0/𝐷𝑛)
2                                                                                                                                           (3)  

where D0 ~ 30 mm was reduced down to Dn ~ 15 mm after application of RS at room temperature. Table 1 

shows the values of equivalent strain imposed to the specimens by selected methods of SPD. 

Table 1 The values of εeq imposed by selected methods of SPD 

Method of SPD RS 5HPS 15HPS 2x15HPS HPT 

εeq 1.4 2.6 7.9 15.8 25±5 
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The tensile creep tests were performed at 873 K on the above mentioned specimens processed by different 

degree of plastic deformation. For comparison, the tests were also conducted on as-received state. Creep 

testing was conducted in an environment of purified argon with the testing temperatures maintained ±0.5 K 

around the desired value.  

3. RESULTS  

Influence of imposed strain on creep behaviour 

The comparison of the creep curves for strain vs. time and strain rate vs. strain for P92 processed with different 

imposed εeq are shown in Figure 1. The creep behaviour of SPD-processed specimens changes significantly 

with increasing value of imposed εeq. 

For this reason it is difficult to compare the creep properties of all investigated states at the same applied 

stress. Thus Figure 1 shows the creep result measured at 100 MPa for the specimens with imposed strain 

between 2.6-25 ± 5 and at 150 MPa for CG and RS state with εeq ~ 1.4. One can see that CG state exhibits 

the highest creep resistance and that the creep resistance decreases with increasing imposed εeq (Figure 1a). 

The specimens with εeq higher than ~ 8 exhibited more or less similar creep resistance.  

 

 

a) 

 

  

b) 

Figure 1 Comparison of creep curves for samples with different imposed strain (a) strain vs. time, (b) 

strain rate vs. strain 

Figure 1b demonstrates that RS state exhibited the slowest minimum creep rate 𝜀�̇�𝑖𝑛 but also the shortest 

strain to fracture εf in comparison with CG and other SPD-processed states. However 𝜀�̇�𝑖𝑛 is significantly faster 

in specimens processed by εeq higher than 2. The specimens with εeq higher than 8 exhibited more or less 

similar εf and 𝜀�̇�𝑖𝑛. 

Influence of post-deformation annealing on creep behaviour  

Figure 2 shows the comparison of creep behaviour of CG and 15HPS state with their annealed counterparts. 

One can see that the annealing at 923 K for 500 h led to the faster 𝜀�̇�𝑖𝑛 both CG and 15HPS state and to the 

deterioration of creep resistance (Figure 2a).  
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a) 

 

b)  

Figure 2 Influence of annealing on creep of CG and 15HPS state (a) strain rate vs. time, (b) strain rate vs. 

strain 

The results also demonstrate that the annealing provides negligible influence on εf in CG state (Figure 2b) 

with comparison of significantly improved εf in 15HPS state. It is seen (Figures 2, 3) that the annealing of HPS 

state changes not only creep characteristics (such as 𝜀�̇�𝑖𝑛 or tf) but also the shapes of the creep curves. The 

15HPS state exhibited a pronounced 𝜀�̇�𝑖𝑛 where the strengthening occurring during primary creep stage is 

followed by sudden softening (increase of strain rate) after reaching of 𝜀�̇�𝑖𝑛. Such feature was not found in 

HPS state after annealing. At higher creep strains (ε > 0.1) the creep curves (Figure 3a) for HPS and its 

annealed counterpart become more or less similar.  

One can observe that 𝜀�̇�𝑖𝑛 is less pronounced at lower stresses and the differences in 𝜀�̇�𝑖𝑛 for HPS and its 

annealed counterpart decreases. Figure 3b demonstrates that the differences in tf for HPS and its annealed 

counterpart also decrease. The creep resistance of HPS state after annealing was about 0.6 tf of unannealed 

HPS state at 80 MPa. However, at applied stress of 150 MPa, the ratio for annealed/unannealed HPS state 

was about 0.2 tf only.  

4. DISCUSSION  

Creep resistance of tempered martensitic P92 steel is predominantly influenced by dislocation density, 

subgrain and martensitic lath boundaries which movement can be restricted by carbides and also secondary 

phases formed during thermal exposure [10]. However the creep resistance of CG P92 steel at 873 K 

subsequently decreases with increasing value of imposed εeq. This is consequence of the transformation of 

CG to UFG microstructure. The martensitic boundaries (111 / 60°) and newly formed low-angle grain 

boundaries (LAGBs) in P92 steel are subsequently transformed with increasing εeq to the new grain boundaries 

with random misorientation distribution [5]. The decrease of creep resistance in SPD-processed state of P92 

steel could be explained by change in the proportion and distance of LAGBs and high-angle gran boundaries 

(HAGBs) [11]. This microstructure changes led to the higher influence of grain-boundary mediated processes 

such as grain boundary sliding [12], more intensive and fast diffusion processes [13,14] or enhanced dynamic 

recovery by HAGBs [15] on creep behaviour. The RS-processed state exhibited slower 𝜀�̇�𝑖𝑛 (higher creep 

strength) than CG P92 steel. But creep resistance of RS state was lower compared to CG state. The creep 

results (Figure 1) suggest that it is due to low creep strain. Recently it was found that RS state contains 
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significantly heterogeneous microstructure with large elongated and fine more or less equiaxed grains. It 

seems that the formation of heterogeneous grain microstructure and maybe heterogeneous distribution of 

precipitates in RS state led to the earlier occurrence of fracture processes during tensile testing compared to 

CG and other SPD-processed states. We can speculate that opposite results in creep resistances for CG and 

RS states may be found in compression creep tests at constant stress due to absence of fracture. Actually, 

the differences in creep behaviour for tensile and compression tests were found in pure Cu processed by 

ECAP [4].  

 

a) 

 

b) 

Figure 3 Comparison of creep behaviour for unannealed and annealed 15HPS samples (a) strain rate vs. 

strain, (b) strain rate vs. time 

The creep curves of 15HPS state exhibited a pronounced 𝜀�̇�𝑖𝑛 which can be explained by the formation of fine 

Laves phase leading to the additional precipitation strengthening [16, 17]. The fast increase of strain rate after 

reaching of 𝜀�̇�𝑖𝑛 can be associated with subsequent coarsening of Laves phase and grain coarsening due to 

the decrease of the pinning effect of particles at boundaries. The coarsening of Laves phase, other carbides 

and subgrains/grains during annealing at 923 K for 500 h before creep loading can be also the reason for the 

decrease of creep resistance in 15HPS and also CG state.  

5. CONCLUSIONS 

The application of SPD leads to the decrease of the creep resistance in tension. HPS and HPT-processed 

specimens with εeq higher than about 2.6 exhibit the significant improvement of strain to fracture. However the 

application of RS with εeq about 1.4 caused the decrease of strain to fracture compared to CG state. The stress-

free annealing at 923 K for 500 h led to the significant decrease of creep resistance of 15HPS state and caused 

also slight decrease of tf in CG state.  
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