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Abstract

In this study, the effect of severe plastic deformation on grain size refinement and mechanical properties of a
coarse-grained steel was investigated. The experimental material used in the present investigation was
advanced tungsten modified 9 %Cr P92 steel. The coarse-grained state of P92 steel was deformed at room
temperature by high-pressure sliding or high-pressure torsion. The microstructure was investigated using
Tescan Lyra 3 scanning electron microscope equipped with an electron-back scatter unit. Severe plastic
deformation at room temperature led to grain size reduction down to sub-microscopic level. The grain size and
hardness exhibited significant changes to the equivalent strain of about 10, and slight changes between the
equivalent strains of 10 - 20. Equivalent plastic strains higher than 20 only led to insignificant changes in the
mean grain size and hardness. The creep behaviour of the ultrafine-grained state exhibited the minimum creep
rate of about two orders of magnitude greater when compared to the coarse-grained P92 steel.
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1. INTRODUCTION

Tempered martensitic 9-12 % chromium steels are widely used for high-temperature components of steam
power plants. The creep resistance of these steels is particularly given by the microstructure containing free
dislocations and low energy boundaries, such as low angle grain boundaries and martensitic lath boundaries
pinned by precipitates [1,2]. Their microstructure stability is significantly reduced during long-term operation
by recovery of tempered martensite, coarsening and/or dissolving of primary precipitates and precipitation
of new secondary phases.

Bulk ultra-fine grained and nanostructured materials can advantageously be produced by the methods
of severe plastic deformation (SPD) [3-6]. The most attractive method is high pressure torsion (HPT) refining
the structure of metallic materials to the ultra-fine (<1 pym) or even nano (<100 nm) scale [7-10]. The grain size
of HPT-processed materials is so small that new low-angle grain boundaries are not formed in the grain interior.
Thus the grain boundaries limit the mean free dislocation path and the dislocations easily recover at high-angle
boundaries. Recent works [11,12] showed that grain size reduction to the microscopic level and high number
of high-angle grain boundaries (HAGB) increase the contribution of boundary-mediated processes to the total
creep deformation. Also, creep resistance was found to be reduced by high density of mobile dislocations in
P91 steel after ageing for 1 week at 973 K and subsequent deformation by 1 ECAP pass at an elevated
temperature [13]. The aim of this work is to study the influence of the application of severe plastic deformation
on microstructure and creep behaviour of ultrafine-grained P92 steel.
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2, EXPERIMENTAL MATERIAL AND PROCEDURES

The used experimental material was advanced tungsten modified 9 %Cr P92 steel. The chemical composition
and heat treatment of the as-received state are given elsewhere [14]. Discs of 30 mm diameter and 1.1 mm
thickness and sheets with dimensions of 10x100x1.1 mm?3 were cut from as-received P92 steel. Further, the
discs were processed by 1 rotation HPT at room temperature under the pressure of 6 GPa and rotation speed
of 0.1 mm per second. The sheets were processed by high-pressure sliding (HPS) at room temperature with
the sliding distance of 15 mm under the pressure of 4 GPa. The value of von Mises equivalent strain during
HPT is proportional to the radius of the disc according to the following equation [5]:

€eq = 2mrN /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 value
of von Mises equivalent strain during HPS process was estimated using the following equation [15]:

Eeq = X/V3t )

where x is the sliding distance of plunger with respect to anvil and t is the thickness of the sample.

Constant load tensile creep tests were conducted at 873 K and 150 MPa. The testing was performed in
protective argon atmosphere using flat specimens with the gauge length of 10 mm and cross section of 3 x 1
mmZ. The centre of the gauge length of tensile HPT-processed specimen was situated 7.5 mm from the central
part of the disc. The UFG creep specimen was thus manufactured from the disc region with the equivalent
strain of about 20-30. The gauge length of the HPS tensile specimen was taken from the central part of the
sheet. The equivalent strain of the HPS specimen was about 7.9.

Microstructure investigations were performed using scanning electron microscope Tescan Lyra 3 equipped
with NordlysNano EBSD detector operating at the accelerating voltage of 20 kV with specimen tilted at 70°.
The electron back scatter diffraction (EBSD) analyses of UFG P92 steel were performed in the metallographic
section perpendicular to the rotation axis of the disc and in the section parallel to the anvil. The step size
of 25 nm for the EBSD maps was selected with respect to the inter-boundary spacing. The EBSD data were
analyzed using HKL Channel 5 software developed by Oxford Instruments. The high-angle grain boundaries
(HAGBSs) were characterized as boundaries with misorientation angle 6 > 15° and low-angle grain boundaries
(LAGBSs) as boundaries with 6 < 15°. Standard intercepts counting of LAGBs and HAGBs were carried out
along tests lines. The value of the inter-boundary spacing was determined as the arithmetic average of the
results in two perpendicular directions (horizontal, vertical).

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Microstructure after severe plastic deformation

Figure 1 shows the microstructure of P92 after 1 HPT revolution at room temperature in various positions from
the center of the HPT disc. The microstructure acquired ~ 0.5 mm from the centre of HPT disc contained about
55 % of HAGBs (Figures 1a and 1b). The equivalent strain of about 1.6 caused reduction of the mean grain
size down to 0.57 ym. However the microstructure was not homogeneous and contained the mixture of fine
and large grains exceeding 1 um. The further increase in plastic strain up to 23 led to additional reduction
of grain size down to about 0.15 ym. The microstructure acquired ~ 7 mm from the centre of HPT disc exhibited
nearly random distribution of misorientation angles (Figures 1c and 1d). The results demonstrate that the
microstructure homogeneity increases with increasing value of the plastic strain occurring during HPT.
Nevertheless, the microstructure was not fully homogeneous even after €eq=23 (r =7 mm).
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Figure 1 Microstructure and misorientation distribution of P92 steel after HPT deformation
a, b)r=0.5mm (geq~1.6), ¢, d) r =7 mm (€eq~23)

Figure 2 shows the microstructure of the specimen processed by 1 HPS pass taken from the rear (Figures 2a
and 2b) and middle (Figures 2c and 2d) parts of the sheet. Microstructure in the middle part of the sheet
contained grains with the mean size of about 0.3 um. In the microstructure about ~ 77 % of HAGBs was
estimated. EBSD analyses revealed that the microstructure of the HPS-processed sheet was not fully
homogeneous. The microstructure observed in the edges was different in comparison with the microstructure
situated in the middle part.

The different microstructure at the edge can be the consequence of the material flow - excess material at the
front part and lack of material at the rear part [15]. The results demonstrate that plastic strain of about 1.6 led
to the formation of ultra-fine grained microstructure with high number of HAGBSs. It means that the boundaries
of tempered martensite in the as-received state with the preferential misorientations near Z 3 (111/60°) [16]
were replaced by random HAGBs. The further increase in plastic strain led to the formation of more or less
homogeneous structure with almost random grain misorientation distribution. Similar microstructures have
been found after large strains in regions of microstructure refinement saturation [17].
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Figure 2 Microstructure and misorientation distribution of P92 steel after HPS deformation a,b)
rear part, c,b) middle part (€eq~7.9)

3.2. Mechanical properties of P92 steel after severe plastic deformation

Figure 3 shows the dependence of average hardness on equivalent strain measured after HPT and HPS. The
results show that hardness changes significantly to the strain of about 10. The further increase in plastic strain
to 10 - 20 only caused slight additional increase in hardness. Equivalent plastic strains higher than 20 led to
insignificant changes in hardness. The results also show hardness saturation at large strains. Thus, present
observation is consistent with the results published in other works [17,18]. The microstructure refinement
saturation often begins at strains between 10 and 30. It means that the grain size and HAGBs frequency do
not change with further deformation. The comparison of creep curves acquired for as-received state of P92
steel and specimens processed by HPT and HPS are shown in Figure 3b. Inspection of Figure 3b revealed
that the minimum creep rate becomes faster and the time to fracture becomes shorter with increasing plastic
strain introduced into the microstructure during HPT and HPS. The faster creep rate observed in HPT and
HPS processed specimens is related to the grain refinement and can be explained by boundary-mediated
processes such as enhanced storage and recovery of dislocations at HAGBs and grain-boundary sliding
[11,12]. The slight differences in creep behaviour found in HPT and HPS processed specimens could be
caused by larger grains found in HPS processed specimen. Thus the lower frequency of HAGBs measured in
HPS processed microstructure is available for boundary-mediated processes.
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Figure 3 Mechanical properties of P92 steel processed by HPT and HPS deformation
a) hardness at RT, b) creep behaviour at 873 K

4, CONCLUSIONS

Microstructure investigations showed that HPT and HPS at room temperature reduced grain size down to
submicrometer level. P92 steel processed by HPT and HPS exhibited higher hardness at room temperature
and faster minimum creep rate in comparison with coarse-grained P92 state. It is suggested that the change
of mechanical properties in UFG steel is influenced by HAGBs. They strengthen UFG state at room
temperature serving as the obstacles to dislocation glide but may soften the UFG material through boundary
mediated processes such as enhanced storage and recovery of dislocations at HAGBs or grain-boundary
sliding at elevated temperatures.
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