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The article conducts research aimed to determine the impact of long-term ageing (20 000 hours) at 700 ◦C
and 750 ◦C on the microstructure of the HR6W alloy. Research results indicate that long-term exposure
to high temperature causes significant changes in the microstructure of the tested alloy. The effect
of increasing the ageing temperature to 750 ◦C caused a significant acceleration of the precipitation
process after just 1000 h. At that time their coagulation and an increase in the size of the Laves phase
precipitates inside the austenite grains were observed, apart from the M23C6-type precipitation grids
along the austenite grain boundaries. The extension of the ageing time to 20 000 h at 750 ◦C, however,
contributed to a significant increase in the size of the Laves phase precipitates inside the austenite grains.
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1. Introduction

One of the directions to ensure energy security
and environmental protection is to reduce the com-
bustion of fossil fuels while increasing the efficiency
of high-power units. The most promising technol-
ogy to improve the efficiency of conventional power
plants is possessed by ultra-supercritical power
plants [1–4]. To obtain high steam parameters
at 700–760 ◦C and 28–35 MPa in these power
units, the selection of appropriate creep- and heat-
resistant construction materials is required.

Ferritic steels containing 9–12% Cr which are
characterised by high creep strength are widely
used for components of the main steam pipelines
operating at steam temperatures up to 620 ◦C.
On the other hand, austenitic steels containing
18–25% Cr show significant restrictions on use for
thick-walled components, which results from re-
sistance to thermal fatigue that is lower due to
the higher thermal expansion coefficient of these
steels [5–8]. One of the modern materials which
stands as a candidate for thick cross-section com-
ponents is HR6W (23Cr-45Ni-6IN-Nb-Ti-B) alloy.

This alloy was developed in Japan as a material
for components operating at 700 ÷ 800 ◦C.
At present, HR6W alloy is mainly recommended
for thick-walled structural components, such as

primary steam pipelines or headers. Mechanical
properties of HR6W alloy, i.e., creep resistance and
stability of the microstructure at above 650 ◦C, are
comparable to properties of the nickel-base super-
alloy, referred to as Alloy 617 [9]. The chemical
composition of HR6W alloy was selected so that its
strengthening can be provided by tungsten atoms
(solid-solution strengthening) and Laves-phase pre-
cipitates (precipitation strengthening). Due to high
Cr content of ≈ 23%, this alloy is characterised by
better steam oxidation and hot corrosion resistance
than ferritic steels [9, 10]. Therefore due to its per-
formance, HR6W alloy is an intermediate construc-
tion material between austenitic steels and nickel
superalloys. This article presents the results of
microstructural investigations of HR6W alloy after
ageing at 700 and 750 ◦C.

2. Experiment and Materials

The material used in the investigations was
HR6W (23Cr-45Ni-6W-Nb-Ti-B) alloy in the as-
received condition delivered as a coil specimen of
Φ 38 × 8.8 mm. The microstructural investigations
were carried out on microsections taken perpendic-
ularly to the axis of the tube. The investigations
were performed on material in the as-received con-
dition and after long-term ageing at 700 and 750 ◦C
for 20 000 h.
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TABLE I

Chemical composition of the test material with reference to the requirements of VdTUV559/2 09.2011.

Source
Content [%wt]

C Si Mn Cr W Ni Fe Ti Nb
standard 0.10 1.0 1.50 21.5÷ 24.5 6÷ 8 bal. 20÷ 30 0.20 0.35
check analysis 0.09 0.95 1.32 24.15 7.95 45.0 23.2 0.18 0.29

The microsections were ground and polished,
and then electrolytically etched with 50% HNO3

solution. The images of the microstructure of
the test alloy were observed and recorded with
SEM (Inspect F), and the identification of precip-
itates was confirmed with TEM (TITAN 80-300).
The chemical composition of the test material with
reference to the requirements of the relevant stan-
dard is presented in Table I.

3. Results and discussion

The heat-resistant / creep-resistant austenitic al-
loys are delivered in the as-solution heat-treated
condition to provide the microstructure without
precipitates [9]. HR6W alloy is heat treated at
1190–1253 ◦C and then cooled in water. The chem-
ical composition of the analysed alloy includes very
strong carbide formers, i.e., niobium and titanium.
In the matrix, the primary precipitates can be ob-
served inside the grains and nearby the grain bound-
aries (Fig. 1). The identifications revealed the pres-
ence of both titanium-rich and niobium-rich pre-
cipitates (Fig. 2). In addition to binding carbon
and/or nitrogen atoms, the primary precipitates
are to inhibit the grain growth during the thermo-
mechanical treatment [11]. In addition, single
M23C6 carbides were also observed at the grain
boundaries in the as-received condition (Fig. 3).
The primary precipitates of M23C6 in HR6W al-
loy in the as-received condition were also identified
in [9]. In the microstructure, numerous annealing
twins were also visible.

Long-term ageing of the test alloy at 700 and
750 ◦C for 20 000 h contributed to the occurrence
of intensive precipitation processes. Numerous

Fig. 1. Microstructure of HR6W alloy in the as-
received condition.

Fig. 2. Primary TiN precipitate in HR6W alloy in
the as-received condition, TEM.

Fig. 3. Primary M23C6 precipitate in HR6W alloy
in the as-received condition, TEM.

precipitation processes were observed inside
the grains and at the grain boundaries, as well as
at the twin boundaries. The amount of precipitates
with varying morphologies at the grain and twin
boundaries was so high that they formed the so-
called continuous grid of precipitates in places. In
the test alloy, the occurrence of globular M23C6

carbides and elongated Laves-phase precipitates
were noticed at the grain and twin boundaries
(Figs. 4, 5). The grain boundaries are the preferred
sites for the precipitation of secondary phases due
to their increased energy and provide the ways for
easy diffusion compared to the interior of the grain.
In the test alloy after ageing at both 700 and
750 ◦C, no σ-phase precipitates were observed at
the grain boundaries. This confirms the positive
impact of adding tungsten on shifting towards
longer nucleation times for this disadvantageous
phase [9].

The M23C6 carbides in austenitic alloys (with no
copper added) are the first secondary precipitates
in the microstructure of these materials. The pre-
cipitation of M23C6 carbides in these alloys is re-
lated to the reduction in carbon solubility with in-
crease in temperature. During the initial stage of
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Fig. 4. Microstructure of HR6W alloy after ageing
at 700 ◦C/20 000 h.

Fig. 5. Microstructure of HR6W alloy after ageing
at 750 ◦C/20 000 h.

service, fine M23C6 precipitates at the grain bound-
aries improve creep strength by preventing slip at
the grain boundaries. The M23C6 precipitates also
inhibit the grain migration, thus delaying the ma-
trix softening processes [12].

Low stability of M23C6 carbides leads to their
rapid growth and the formation of the so-called
continuous grid of precipitates, which results in
the loss of their favourable effects. Based on the ex-
perience with using of 9–12 % Chromium steels
showed that the introduction of boron to the ma-
terial causes the precipitation of M23(C, B)6 car-
boborides. These are characterised by higher sta-
bility and keeping the dispersive form for an ex-
tended time compared to M23C6 carbides. In turn,
the Laves-phase precipitates in the test alloy were
considered to be favourable in the case of disper-
sive form of these precipitates. Similarly to M23C6

carbides, the increase in the size of Laves-phase
precipitates results in reduction of the creep and
crack resistance. The micro-addition of boron has
also a positive effect on the stability and disper-
sion of the Laves phase. Numerous large precip-
itates at the grain boundaries reduced the coher-
ence of grain boundaries and create favourable con-
ditions for low-energy intercrystalline cracking. In-
side grains, numerous precipitates of varying mor-
phologies occurred. A relatively lower number of
particles observed in the alloy aged at 750 ◦C in-
dicates the acceleration of their growth processes
(Figs. 3, 5).

Fig. 6. Dislocation structure of HR6W alloy after
long-term ageing (20 000 h/750 ◦C).

Assuming the constant volume fraction in ac-
cordance with the Ostwald’s law, the increase in
the size of particles at 750 ◦C contributes to the re-
duction in their number. This may result in the re-
duction of the amount of barriers to free dislo-
cation movement (distance between particles in-
creases). In relation to the primary MX precip-
itates, the identification of the precipitates inside
the grains revealed the presence of the Laves phase
and M23C6 particles. The ratio of M23C6 carbides
precipitated inside the grains to those precipitated
at the grain boundaries is 7 ÷ 93. The precipitates
inside the grains have a dispersive form which, as-
suming the effect of the Orowan mechanism, makes
them more effective barriers to dislocation move-
ment. Some of the particles inside the grains are
also precipitated on dislocations (Fig. 6), resulting
in the pinned dislocations and the formation of char-
acteristic parallel lines.

The presence of numerous precipitates in the mi-
crostructure of the test alloy after ageing causes
the precipitation strengthening. In fact, the pre-
cipitation strengthening of specific alloy depends on
the amount and size (dispersion), as well as the ar-
rangement of secondary precipitates in the matrix,
and this is the predominant mechanism for this
group of materials. The secondary-phase precipi-
tation processes in austenitic alloys lead to the in-
crease in strength properties and hardness while re-
ducing the plastic properties and toughness [13].

4. Conclusions

The investigations were carried out on HR6W
nickel-base alloy designed for the components of
(thick-walled) installations in ultra-supercritical
boilers. The analysed alloy was aged at two tem-
peratures of 700 and 750 ◦C with holding time
up to 20 000 h. The ageing of the test alloy re-
sulted mainly in intense precipitation processes in-
side the grains and at the grain and twin bound-
aries. In addition to the primary MX precipi-
tates, the M23C6 carbides and Laves phase were
observed in the microstructure. The precipitated
particles formed a continuous grid at the grain/twin
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boundaries. Inside the grains, there were numerous
precipitates of varying morphologies. At the lower
ageing temperature of 700 ◦C, a relatively more dis-
persive form of precipitates was observed inside
the grains, compared to those at the higher tem-
perature of the experiment.
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