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Abstract: The saturated vapor oxidation behavior of GH2984 alloys at 750 °C were investigated by oxidation weight increasing

method, X-ray diffraction and scanning electronic microscopy in different dissolved oxygen concentrations. The results show that

the oxide film of GH2984 alloys in different dissolved oxygen concentrations is of a single layer consisting of continuous Cr,0;. The

oxidation mass gain of GH2984 alloys slightly increases with the increase of the dissolved oxygen concentrations in water vapor.

Oxygenated treatment could accelerate the internal oxidation phenomenon, enhance the oxidation film thickness and make the

scattered nodular bulges of Fe,O3 disappear and more Cr-rich nodular bulges form. Moreover, high dissolved oxygen concentrations

do not affect the stabilization of Cr,O3 but contribute to the formation of a little A1,O5 and TiO, which are oxidized internally.
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For reducing environmental pollutions and improving coal
energy efficiency, since the end of the 20th century the
ultra-supercritical units have sequentially been developed in
many countries around the world. Thermal AD700 Power Plant
was launched in Europe at the end of 20th century to build 37.5
MPa/700 °C/720 °C ultra-supercritical demonstration power
station'). United States have begun to develop the ultra-
supercritical unit with the supercritical steam parameter of 38
MPa/760 °C/760 °C™. Japan has also started to build 35
MPa/700 °C/720 °C ultra-supercritical thermal power units’".
China launched the national project of the key technology,
equipment development and application model for 700 °C
ultra-supercritical coal-fired power generation in 2011.
However, it was greatly restricted by the properties of
high-temperature ~ materials. The maximum service
temperature of austenitic stainless steel used in the superheater
and reheater was only 675 °C with serious oxidation and it
could not meet the requirements of 700 °C ultra-supercritical
units. So nickel- base and nickel iron-base alloys, like Inconel

740H and GH2984, were attracting widespread interest to be
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used in the superheater and reheater of 700 °C
ultra-supercritical units'¥. GH2984 was a Fe-Ni base
high-temperature alloy with better high temperature
mechanical properties developed by the Institute of Metal
Research (IMR), Chinese Academy of Sciences (CAS)!. 700
°C tensile strength of GH2984 was slightly less than that of
Inconel 740H and 700 °C endurance strengths for 30 000 and
100 000 h were in the same level as Inconel 740H.

It has been confirmed that feed-water oxygenation
inhibit  the
flow-accelerated corrosion of the steels in high temperature

treatment  for  supercritical units can
water'®), but it was seldom reported about the oxygenation
treatment on the oxidation properties of the superheater and
reheater materials in the ultra-supercritical vapor. Some
literatures revealed that oxygen from oxygenation treatment
was attributed to the inhibition of the steel oxidation. Different
dissolved oxygen concentrations on the oxidation properties of
P91 steels has been studied by Chen at the supercritical
vapor'”! and the oxidation films of P91 were of two layer
structures with the outer of the iron oxide scale and the inner
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of the iron chromium oxide. But in high dissolved oxygen
concentration, the outer layer were much thicker, the oxide
particles were extremely finer and more holes were between the
inner and the outer oxidation films which resulted in the worse
cohesion with P91 matrix. It was also reported by Ehlers et al
that the constant of oxidation rate of P91 was affected by the
formation rate of Fe(OH), controlled by dissolved oxygen
concentration™™. The high dissolved oxygen concentration could
cause greater mass gain of HT9 steels at 500 °C water vapor,
which was confirmed by Ren". Zhang also reported that the
oxidation mass gain of P92 steels in supercritical vapor at 550
°C increased with the increase of dissolved oxygen concen-
trations''”. Detail researches were conducted by Ampornrat for
T91, HCM12A and HT9 steels in the water vapor with different
dissolved oxygen concentrations of 25, 100, 300 and 2000 ug/L
and the mass gain in 2000 pg/L was the biggest, while it in 300
ug/L was the smallest which is very close to that in 100 pg/L!"".
In the present paper, the high temperature vapor oxidation tests
were conducted on GH2984 in different dissolved oxygen
concentrations and the effects of the dissolved oxygen
concentration on the oxidation behavior were discussed.

1 Experiment

GH2984 alloy was used for the experiment with the standard
heat treatment parameters of 1100 °C/1 h/AC+760 °C/8
h/FC~650 °C/16 h/AC. Its chemical composition is listed in Table
1. The samples with the size of 15 mm>10 mmx2 mm were first
prepared by wire-electrode cutting. Secondly, for easy to be
hanged up, the hole with the nominal diameter of 2 mm was
drilled on the top end. Thirdly, careful mechanical polishing
procedure using the waterproof abrasive paper numbered 280#,
400#, 800# and 1200# in turn was conducted to obtain the
specimen surface characterized by no thick scratches, smoothness
and uniform roughness. Finally, the specimens were cleaned by
the alcohol and dried by the warm air. The microstructure of the
specimen presented in Fig.1 is mainly austenite with the gain
size of 70 pm and the twins in some grains, which are etched in

Table 1 Chemical composition of GH2984 alloy (wt%)
Cr Si Mn Nb Mo Ti Al Fe Ni
18~20 <0.5 <0.5 0.9~1.2 1.8~2.2 0.9~1.2 0.2~0.5 32~34 Bal.

Fig.1 Microstructure of GH2984 alloy

5 g FeCl;+25 mL HCI+25 mL H,O solution.

Saturated steam oxidation tests with different dissolved
oxygen concentrations of 10 ug/L and 5 mg/L were conducted
on the device in Fig.2. Ultrapure water with the resistivity of
18.25 MQ-cm (the dissolved oxygen concentration is about 5
mg/L) was intensively mixed with nitrogen in the multi-
chamber deaerator to decrease the dissolved oxygen
concentration to 10 pg/L. Before the saturated steam oxidation
test, the ultrapure water with the dissolved oxygen concen-
tration of 10 pg/L or 5 mg/L was preheated to 220 °C in the
furnace (see Fig.2) to make the continuous flow steam into the
reactor with the temperature of 300 °C and when the water
vapor became saturated, the reactor was allowed up to the
experiment temperature. The steam parameters of the reactor
are the experimental temperature of 750 °C, the pressure of
0.1 MPa and the steam flow of 100~120 mL/s. The specimens
were oxidized in the reactor for 50, 100, 200, 300, 500, 700
and 1000 h. At the end of the experiment, the steam was held
into the reactor until its temperature was lower than 300 °C.
The weight of the specimen was measured by the electronic
balance with the precision of 107 mg before and after different
oxidation time. The surface and cross section morphologies as
long as the element distribution of the oxidation layer were
observed by scanning electron microscope (SEM) with energy
dispersive X-ray spectroscopy (EDS) (Hitachi-S4800). The
phase structures of the oxidation layer were analyzed by X-ray
diffractometer (Shimazdu-7000SX-XRD) and for the oxide
integrity the electroless nickel plating process was employed
on the pre-embedded specimens.

2 Results

2.1 Ocxidation kinetics

Fig.3 shows the oxidation kinetics curves and fitting
relationship between the square of mass gain and oxidation
time of GH2984 alloy oxidized for 1000 h in 750 °C water
vapor with different dissolved oxygen concentrations. It can
be seen from Fig.3a that the curves in different dissolved
oxygen concentrations are basically parabola, but the
oxidation mass gain for 1000 h increased from 0.28 mg-cm™
to 0.40 mg-cm™ with the increment of the dissolved oxygen
concentration from 10 pg/L to 5 mg/L. It is also seen from
Fig.3a that the oxidation rates in different dissolved oxygen
concentrations decrease when the oxidation time is longer
than 50 h.

According to fitting relationship between the square of
mass gain and oxidation time of GH2984 alloy in Fig.3b, the
square of mass gain is approximately linear to the oxidation
time which is described by Egs. (1) and (2).

y=-0.00186+8.039X10°x (R’=0.97) (1)

y=-0.00342+1.617X 10"  (R’=0.98) )

It is shown that the oxidation rate constant in the dissolved
oxygen concentrations of 10 pg/L and 5 mg/L was 8.039x107
and 1.617x10™* mg”>cm™h™, respectively.
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Fig.3 Oxidation kinetics curves (a) and fitting relationship between
the square of mass gain and oxidation time (b) of GH2984
alloy oxidized for 1000 h in 750 °C water vapor with different

dissolved oxygen concentrations

2.2 Composition and morphology in the surface of the
oxidation film

Fig.4 is XRD patterns of GH2984 alloy oxidized for 1000 h
in 750 °C water vapor with the dissolved oxygen concen-
trations of 10 pg/L and 5 mg/L. The characteristic diffraction
peaks of both Cr,0; and TiO, were observed in the XRD
patterns and the peak intensity of Cr,O; was apparently higher
than that of TiO,, which reveals that the main composition of
the oxidation film in different dissolved oxygen concen-
trations is Cr,0;.

Fig.5 shows the surface morphologies of GH2984 alloys
oxidized for 1000 h in 750 °C water vapor with the dissolved
oxygen concentration of 5 mg/L and 10 pg/L. From Fig.5a, it
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Fig.4 XRD patterns of the surface of the oxidation film in GH2984
alloy oxidized for 1000 h in 750 °C water vapor with the
dissolved oxygen concentration of 10 pug/L and 5 mg/L

Fig.5 Surface morphologies of GH2984 alloy oxidized for 1000 h in
750 °C water vapor with different dissolved oxygen concen-
trations: (a) 10 pg/L and (b) 5 mg/L

could be seen that there is mainly needle-like oxide of Cr-rich
on the surface of the sample oxidized for 1000 h at low
oxygen pressure and the hand polished scratches on the
surface were observed under the thin oxide film. It was
reported that chromium and chromia-forming alloys could
grow oxide whiskers or needles under atmospheres with low
oxygen partial pressure and some water vapor content and the
continued growth of a needle was sustained by rapid diffusion
of metals along a dislocation or bundle of parallel dislocations.
So it was clear that the growth of Cr,O; needles would
indicate very rapid transport of chromium from GH2984
alloys through the oxide. Moreover, it is noted that some



Wang Yu et al. / Rare Metal Materials and Engineering, 2018, 47(12): 3672-3677 3675

flower like oxides of Fe-rich in size of about 50 pm are
distributed on the Cr-rich oxide film, and EDS analysis shows
that the oxides of Fe-rich are composed of 50 wt% Fe, 30 wt%
0, 14 wt% Cr and 6 wt% Ni. Fig.5b shows that the surface is
covered with the light-grey wart like Cr-rich oxide particles.

Previous researches!'>'!

have investigated the oxidation
behavior of GH2984 alloys in pure steam with the dissolved
oxygen concentration of 5 mg/L oxidized at 750 °C for 100,
200, 500 and 1000 h and found that because of the short-cut
diffusion of Cr throng the oxide, the spiculate Cr,O; forms on
the surface of GH2984 alloys for 100 h and with increasing of
the oxidation time, the rapid diffusion channels are blocked in
the spiculate Cr,Os; and it gradually changes to the granular
oxide. So from the close-up view on the upper right in Fig.5, it
could be inferred that the spiculate Cr-rich oxide became
granular with increasing of the dissolved oxygen concentration.
2.3 Cross section morphology of the oxide film

Cross section morphologies of GH2984 alloy for 1000 h in
750 °C water vapor with the dissolved oxygen concentration
of 5 mg/L and 10 pg/L are presented in Fig.6. It can be easily
seen from Fig.6 and Fig.7 that a smooth, continuous and dense
Cr-rich oxide film forms in the initial surface of the specimen
surface, regardless of the dissolved oxygen concentration.

(a) 10 pg/L

(b) Smg/L g

Fig.6 Cross-section morphologies of GH2984 alloy oxidized for
1000 h in 750 °C water vapor with different dissolved oxygen
concentrations: (a) 10 pg/L and (b) 5 mg/L

Fig.7 Cross-section element distribution of GH2984 alloy oxidized for 1000 h in 750 °C water vapor with different dissolved oxygen

concentrations: (a)10 pg/L and (b) 5 mg/L
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However, the thickness of the oxide film in the dissolved
oxygen concentration of 5 mg/L is higher than that in the
dissolved oxygen concentration of 10 pg/L. For the former,
the serious internal oxidation and some Al-rich and Ti-rich
oxides were observed in the oxidation film (see Fig.7b). As for
the latter, Cr depletion zone with depth of 3 pm in the matrix
under oxidation film rather than internal oxidation was seen in
the film ( Fig.7a).

3 Analysis and Discussions

Despite of the high content of Fe and Ni element in
GH2984 alloys, Cr,O; layer preferentially forms on the
surface of the sample for the faster selective oxidation rate of
Cr than that of Fe and Ni, which prevents the diffusion of Fe
and Ni element and the generation of Ni, Fe oxides. Even
though the spiculate Fe,O; forms in the initial stage, it would
be reduced and the generated O reacts with Cr to produce
Cr,0; with the increasing of the oxidation time for the more
chemical activation of Cr.

For the formation of the stable Cr,O; film by the reaction
between Cr and the water vapor, Cr is one of the important
elements to the steam oxidation resistance of GH2984 alloy.
But at the high temperature Cr,0O; can react with O, or H,O
and O, to form the volatile CrO; " and CrO2(OH)2[15],
respectively. Thus, the dissolved oxygen content in the steam
will directly influence the stability of Cr,O; film and
consequently influence the steam oxidation resistance of
GH2984 alloy. There are no obvious cracks and volatile CrO;
or CrO,(OH), in Cr,O; film of GH2984 alloy oxidized for
1000 h in 750 °C water vapor with different dissolved oxygen
concentrations of 10 pg/L and 5 mg/L, which reveals that
there is no effect of oxygenated treatment on the compactness
of the oxidation film and the volatile rate of Cr element. But
for the low dissolved oxygen concentration, a small quantity
of flower-like Fe,O; forms by the steam passing through thin
Cr,0;5 film (Fig.5a)"”). For more oxygen molecules per unit
time gathering on the surface of the sample in high dissolved
oxygen concentration of 5 mg/L, the initial oxidation rate of
GH2984 alloy is faster and the internal oxidation is obvious. It
is well known that the diffusion speed of Al and Ti is higher
than that of Cr in GH2984 alloys and both Al and Ti have a
high solubility in Cr,0,/"*"1. Moreover, TiO, and AlO; are
more stable than Cr,O; and easily dissolved in Cr,O; film.
When Cr,O; film grows to a steady stage, the internal oxides
of Al,O; and TiO, preferentially form in the grain boundary by
the low content of Al and Ti in GH2984 alloy combined with
oxygen passing through Cr,0O; film (Fig.7b).

4 Conclusions

1) The oxidation kinetics curves of GH2984 alloy oxidized
for 1000 h in 750 °C water vapor with different dissolved

oxygen concentrations (10 pg/L, 5 mg/L) are basically
parabola, and the oxidation rate constants in the dissolved
oxygen concentrations of 10 pg/L and 5 mg/L are 8.039x107
and 1.617x10™ mg”cm™h™, respectively.

2) The single oxide layer of GH2984 alloy oxidized for
1000 h in 750 °C water vapor with different dissolved oxygen
concentrations (10 pg/L, 5 mg/L) is mainly composed of
continuous Cr,0;and a small amount of TiO,. Moreover, the
dispersive or local clustered internal oxides of Al,O; and TiO,
are observed in oxide layer with dissolved oxygen
concentrations of 5 mg/L.

3) Oxygenated treatment causes the oxidation mass gain of
GH2984 alloy to slightly increase, the internal oxidation to
become more obvious, the thickness of the oxide film to
enhance, a small amount of flower-like Fe,Oj; to disappear and
large quantity of the wart like Cr-rich oxides to form.
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