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Abstract. The article presents the results of research on the microstructure
and selected mechanical properties of HR6W nickel-base alloy. The test
alloy was subjected to isothermal ageing at 700°C and for up to 10000h.
The tests of the HR6W microstructure were performed using the scanning
electron microscopy (SEM) and the transmission electron microscopy
(TEM). The performed microstructural tests of the HR6W alloy showed
that in the as-received condition it was characterised by the structure of
nickel austenite with numerous primary precipitates of NbC and TiN.
Ageing of the investigated alloy contributed to the precipitation of
numerous particles of varying morphologies inside the grains and at the
grain boundaries, as well as at the boundaries of twins - they were the
secondary precipitates of M,;Cs and Laves phase. The number of the
particles precipitated at the boundaries was so large that they formed the
so-called continuous grid of precipitates. Inside the grains, the presence of
compound complexes of precipitates was observed. These complexes
consisted of the TiN particles, as well as the M,;Cs carbides and Laves
phase nucleating on them. The tests of the mechanical properties of HR6W
alloy showed that in the as-received condition the alloy showed high
plastic properties, with relatively low strength properties - in particular, the
yield strength. Ageing of the HR6W alloy, as a result of precipitation of
numerous particles in the matrix, through the strengthening with the
precipitation mechanism, resulted in a considerable growth of the strength
properties - inter alia the yield strength by over 60%, with the reduction of
the plastic properties - elongation decreased by around 40%. Similar
growth in the test alloy was observed for hardness.
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1 Introduction

A strong tendency to increase steam temperature and pressure in coal-fired power units in
order to improve their efficiency requires the use of modern high-temperature creep-
resistant materials for critical components operating under extreme temperature and stress
conditions. These materials should have high creep resistance at high structural stability as
well as high steam oxidation resistance and combustion gas corrosion resistance. One of the
new materials that are being implemented in the energy industry as a material for
supercritical boilers is the 23Cr-45Ni-6IN-Nb-Ti-B (HR6W) nickel-base alloy. This alloy
was developed in Japan as a material for components operating at 700+800°C. At present,
the HR6W alloy is mainly recommended for thick-walled structural components such as
primary steam pipelines or chambers. Mechanical properties of the HR6W alloy, i.e. creep
resistance and stability of microstructure at above 650°C, are comparable to those of the
nickel-base superalloy referred to as Alloy 617 [1, 2]. The chemical composition of the
HR6W alloy was selected so that its strengthening is provided by tungsten atoms (solution
strengthening) and Laves-phase precipitates (precipitation strengthening). This ensures a
relatively high creep resistance — the extrapolated creep resistance at 700°C for 100,000 h is
approximately 88 MPa and for 750°C — 64MPa. Due to high chromium content of approx.
23%, this alloy is characterised by better steam oxidation and hot corrosion resistance than
ferritic steels [2, 3]. Therefore, because of its performance, the HR6W alloy is an
intermediate construction material between austenitic steels and nickel superalloys. The
suitability of creep-resistant steels and alloys for use in power unit system components is
determined by labour- and time-consuming testing of minimum stability of microstructure
and mechanical properties during annealing/ageing at a temperature similar to that of the
expected service. The obtained test results are the basis for development of materials
characteristics which are used in the industrial operations for assessing the condition of
materials for power boiler components. To properly assess the material condition, the
knowledge of long-term effect of temperature on changes in microstructure and mechanical
properties is used. In creep-resistant ferritic steels and austenitic alloys, precipitation
processes of secondary phases and changes in their morphology have a decisive impact on
service life of the materials [4-8]. The aim of the research was to analyse precipitation
processes and changes in mechanical properties in HR6W alloy subjected to isothermal
ageing at 700°C for 10000 h.
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2 Material and research methodology

The 23Cr-45Ni-6IN-Nb-Ti-B (HR6W) creep-resistant nickel-base alloy was subjected to
isothermal ageing at 700°C for 10,000 h. The chemical composition of the test material is
presented in Table 1.

Table 1. Chemical composition of HR6W alloy, wt. %:

C Si Mn P S Cr w Ti Nb Ni

0.10 | 1.00 | 1.50 | 0.01 | 0.01 | 21.50 | 7.00 | 0.20 | 0.35 | 45.00

The performed tests included:

e analysis of microstructure using JEOL JSM-6610LV scanning electron
microscope, the structural tests were performed on ferric chloride-etched
metallographic microsections,

e identification of precipitates by selective electron diffraction using Titan 80-300
transmission electron microscope,

e strength property tests including: static tensile test at room temperature using
Zwick/Roel Z100 tensile testing machine and hardness measurement with an
indenter load of 10 kG (98.1 N) using Future Tech FV-700 Vickers hardness
testing machine.

3 Research results and analysis
3.1 Microstructure of test alloy in the as-received condition

The HR6W nickel-base alloy in the as-received condition is delivered after solution heat
treatment. The solution heat treatment of the test alloy is carried out at 1190-1250°C and
followed by water cooling [3]. The solution heat treatment is to ensure a homogeneous
structure of nickel austenite with no precipitates. In the HR6W alloy structure, numerous
annealing twins are visible (Fig. 1), which is characteristic of alloys with an Al lattice
characterised by low stacking fault energy. The test material grain size was 2-4 according to
ASTM standard scale. The test alloy includes in its chemical composition strong carbide-
forming alloying elements, i.e. titanium and niobium, and therefore, in its microstructure in
the as-received condition, numerous primary precipitates of micrometric size are observed
in the nickel austenite matrix. Two types of morphology of the primary precipitates were
revealed in the test alloy: globular-like particles and rectangular particles. The globular
precipitates were rich in niobium, while the rectangular particles were rich in titanium. The
identifications revealed that the first of them was NbC precipitates, while the latter was TiN
precipitates (Fig. 2). Some of the TiN particles precipitated by nucleating heterogeneously
on Al,O; oxides. The primary precipitates in creep-resistant austenitic alloys are
unfavourable because cracking may occur on their precipitate/matrix interfaces when
creeping [9]. The primary precipitates in the structure of the test alloy mainly occurred
inside the austenite grains, and some of these particles were observed near and at the grain
boundaries (Fig. 1).
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Fig. 2. Microstructure of primary TiN precipitate in HR6W alloy in the as-received condition, dark
field.

According to [5, 10], in the as-received condition of the HR6W alloy (i.e. after solution
heat treatment), there may also exist the primary M,;Cqy carbides in addition to the primary
MX precipitates. However, precipitates of this type were not observed in the test alloy.

3.2 Microstructure of test alloy after ageing

The ageing of the test alloy has mainly contributed to intensive precipitation processes. In
microstructure of the test alloy, numerous precipitates of varying morphologies were
observed. At the grain and twin boundaries in the test alloy, the occurrence of globular
M,;Cs carbides and elongated Laves-phase precipitates were observed (Fig. 3-4). The grain
boundaries in austenitic alloys are the first privileged place where secondary phases
precipitate, as these are areas with increased energy and routes of easy diffusion. Next, the
precipitation processes occur at the twin boundaries, both non-coherent and coherent. This
results from the boundary energies, which are 0.7 and 0.2+0.3, respectively, of the large-
angle boundary energy. The last place of the precipitate growth nucleation is the interior of
grains, stacking faults, dislocations and slip bands [6, 11]. In austenitic steels, the M»;Cq
carbides are the first secondary precipitates that occur in the structure of austenitic materials
during ageing / operation [5, 6, 12]. According to [11], their impact on properties is
determined not only by the amount of M,3Cs particles precipitated at the grain boundaries,
but also the shape of these particles. The lamellar-like M,;Cs precipitates provide higher
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creep strength than steels with wedge-like precipitates, whereas the Laves-phase
precipitates (Fig. 4b) in this type of alloy are considered to be favourable provided that the
phase is relatively fine. The Laves-phase coarsening results in reduction of creep strength
and crack resistance [2, 5, 10, 12]. Inside the grains, numerous relatively fine secondary
M,;C¢ carbide particles and Laves-phase precipitates were observed in addition to the
primary MX (MC) precipitates. Titanium, niobium and addition of boron have a positive
impact on relatively uniform distribution of dispersive M,;Cg¢ precipitates inside the grains
of HR6W alloy. The M,3C, carbides precipitated inside the grains are coherent with the
matrix and act as an efficient barrier to dislocation movement [2]. In creep-resistant alloys
containing micro-addition of boron in their composition, boron atoms can substitute for
some carbon atoms in M,;Cs carbides. This results in the formation of My;(C,B)e
carboborides, which are more dispersive and have higher thermodynamic stability than
M,;Cs carbides. For a long time of service, M,;(C,B)s carboborides retain their fine-
dispersion form, and thus have a favourable impact on creep resistance of these alloys [13].
Apart from the above-mentioned precipitates, the existence of compound complexes of TiN
— Laves phase — M;Cs carbide precipitates was revealed inside the grains of the test alloy
(Fig. 6), where the M»;C; particles and Laves phase nucleate heterogeneously on the TiN
precipitate. The heterogeneous nucleation on TiN precipitates may be due to favourable
crystalline relationships among the grids of precipitates and chemical composition
fluctuations as well as higher nucleation activation energy at the intercrystalline boundaries
compared to that inside the grain.

The compound complexes of precipitates in creep-resistant alloys were observed, among
the others, by [14-16]. According to [17], the formation of compound complexes of AIN-
NbX in steel results from the fact that the system tends to reduce its internal energy and the
nucleation at the intercrystalline border is easier than in the matrix. These authors also
mention the favourable crystalline relationship among these precipitates. According to [15],
the formation of compound complexes of AIN-M,;Cy and AIN-NbC in 9-12%Cr steel is
accompanied by the occurrence of precipitate-depleted zones nearby these complexes and
the increase in distance between these precipitates. Consequently, this leads to an uneven
course of the creep process within the grain and its accelerated failure. In 9-12% Cr steels,
the NbX-VX complexes, referred to as the “V-wings”, which act as an efficient barrier to
dislocation movement resulting in the improvement of creep resistance, are also observed
[16]. According to [5], ageing of the HR6W alloy also leads to the formation of dispersive
secondary MX (MC) precipitates inside the grain. Such precipitates were not observed in
the test alloy. In the HR6W alloy after ageing at 700°C for 10,000 h, also no intermetallic
sigma phase precipitates were revealed, which confirms the positive impact of the addition
of tungsten on hindering and retarding the precipitation of this harmful intermetallic phase
in the matrix [2].
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Fig.4. Morphology of M,;Cgprecipitates in the test alloy: a) at the grain boundary, b) inside the grain
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Fig.5 Microstructure of HR6W alloy after ageing at 700°C for 10,000 h
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Fig.6 Compound complex of TiN-M»;C¢-Laves phase precipitates in HR6W alloy after the ageing

4 Properties of HR6W alloy in the as-received condition and
after ageing

Similarly to austenitic steels, the HR6W alloy in the as-received condition is characterised
by high plastic properties (A) at relatively low strength properties (Re, Ry) and hardness of
approx. 185 HV10 (Fig. 7, 8). The properties of test alloy in the as-received condition are
related to its structure (nickel austenite) and strengthening mechanism. The HR6W alloy is
supplied after solution heat treatment, which translates into strengthening of the test
material with the solution mechanism, which is realised mainly by tungsten atoms. As a
substitution element, tungsten has the highest impact on increase in strength properties [18].
In austenitic alloys, the effect of grain size on strengthening does not play such an
important role as for ferritic steels. Similarly to grain size, the effect of large primary
precipitates on the properties of austenitic alloy is also relatively small. As shown by the
calculations made for P91 steel, stress required for dislocation to bypass the precipitation
using the Orowan mechanism is 16 MPa for primary NbC carbide and 106 MPa for
secondary VX precipitate [9, 19]. The ageing of HR6W alloy results in precipitation of
numerous particles of varied morphologies, which contributes to the increase in
strengthening with the precipitation mechanism. The precipitation strengthening of the test
material takes place with a number of secondary M,;Cs carbide particles, MX precipitates
and Laves phase precipitates inside the grains. Precipitates inside the grain act as significant
barriers that hinder and anchor free dislocations. At the grain boundaries in the test alloy,
the precipitates of M,;Cq carbides and Laves phase were revealed. The precipitation
processes have contributed to visible increase in strength properties (R, and Ry, increased
by 65 and 32%, respectively) and hardness (increased by 32%), while reducing plastic
properties (elongation A) (reduced by 38%) compared to the as-received condition. In the
test alloy, the M,3Cg particles and Laves phase precipitated at the grain boundary hinder the
grain slip, and thus affect the increase in creep resistance [5, 6, 12]. The positive impact of
precipitates at the boundaries declines when particles form the so-called continuous grid of
precipitates. The numerous particles at the grain boundaries in the test alloy (Fig. 5) are also
likely to result in significant reduction in ductility (not studied in this paper) and a change
in cracking mechanism from ductile to brittle, and may cause an increase in sensibility. The
negative impact of numerous precipitates on the performance of creep-resistant austenitic
alloys is particularly visible in HR3C steel [4, 20].
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Fig. 7. Change in hardness of HR6W alloy during ageing at 700°C
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Fig. 8. Change in mechanical properties of HR6W alloy during ageing at 700°C
5 Summary

The research involved HR6W nickel-base alloy, which is a construction material being
implemented for system components in supercritical power units. The testing of HR6W
alloy after ageing which simulates the operating conditions have revealed that this process
results in significant increase in strengthening of the test alloy with the precipitation
mechanism by secondary phase particles, i.e. M;Cg carbides and Laves phase. The increase
in strengthening of HR6W alloy is directly reflected in the improvement in its properties
(Re, Ryy) with an acceptable reduction in plastic properties (A), which still meet the required
minimum. A similar increase was observed for hardness in the test alloy. The maintenance
of high strength properties of HR6W alloy obtained at the initial stage of operation/ageing
thon the stability of the fine-dispersive secondary particles precipitated inside the grains,
but also on the solid solution strengthening.
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