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The corrosion behavior of Alloy C-276 in high-temperature and high-pressure water at 500°C and 25 MPa, respectively, was
investigated by means of mass gain, scanning electron microscopic observation, and X-ray diffraction. The results indicated that
the mass gain rate of Alloy C-276 in supercritical water obeys the parabolic law. The oxide scale was formed on Alloy C-276 with
a dual-layer structure, mainly consisting of an outer Ni-rich layer and an inner Cr,0;/NiCr,0, mixed layer. Tiny microcracks can
also be found in the oxide scale if exposed for longer time. Meanwhile, higher temperature promotes oxide rate and results in

thermal stress in the oxide film.

1. Introduction

The supercritical water coolant reactor (SCWR) system is
a kind of Generation IV reactor program, attracting more and
more attention in recent years for its high thermal efficiency
and simple structure. Figure 1 shows the schematic of the
SCWR. The corrosion properties of the structure material
used in SCWR with thin wall exposed to supercritical water
limited its popularization and application [1]. Owing to the
superior mechanical properties and corrosion performance in
high temperature, nickel-base alloys seemed to be the suitable
materials used in SCWR [2-4]. Thus, essentially, nickel-base
alloys are in high content in Ni, Cr, which could increase the
oxidation and corrosion resistance of the nickel-base alloys at
high temperatures [5-15]. Up to now, the corrosion behaviors
of nickel-base alloys in the supercritical water have been
intensely investigated in literature [3, 4, 16-18].

As a kind of nickel-base alloys, Alloy C-276 has high
mechanical strength and superior toughness in high tem-
perature [19-22]. Besides, it is observed to have an excellent
high-temperature corrosion resistance. The aim of the
present work is to evaluate the corrosion behavior and
corrosion mechanism of Alloy C-276 in superficial water
(SCW) at 500°C and at a pressure of 25 MPa.

2. Experimental

The Alloy C-276 used in the present study is supplied by
Haynes International Corporation. The chemical composition
(in wt.%) of the C-276 is C 0.001, Si 0.03, Cr 15.88, Mn 0.5,
Mo 15.64, W 3.38, Nb 0.24, Co 1.51, V 0.02, and Ni balance [15].
The C-276 plate was cut into samples with dimensions of
30 x 20 x 3 mm. Then, the sample was mechanically polished to
1000# SiC emery paper, and then, the samples were washed by
ultrasound with acetone. After completion of each exposure
period, the samples were taken out for oxide scale charac-
terization. An XS105DU electric balance with an accuracy of
0.1 mg was used to measure the weight change in each sample.
The experiment was conducted in batch autoclave. Corrosion
tests were conducted at 500°C, under a pressure of 25 MPa for
time periods up to 500 h. The observing time is 50 h, 250 h, and
500 h. In order to ensure the reliability of the results, 5 parallel
experiment analyses are carried out.

A JSM-6480 scanning electron microscope (SEM)
was used to observe the oxide scale morphology. The
surfaces of the samples were plated with a thin layer of
Ni coating to avoid spoliation during sample prepara-
tion. The electroless nickel bath was composed of 30 g/L
NiSiO6H,0 + 20 g/L NaH,PO,-H,0 + 10 g/L. NaCgH;0,2H,0 +
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FiGUrk 1: The schematic of the supercritical water coolant reactor.

20 g/L NaC,H;0,-3H,0. The pH value is adjusted to 4.5 by
H,SO, at 80°C. Oxide film sample was treated by sensitize
solution (10 g/L SnCl, + 1 ml/L 37% HCI) and activation so-
lution (0.3 g/L PdCl,). Samples were mounted onto epoxy
resin and polished down to 0.5 um before metallurgical ex-
amination. Oxide phases were identified by an X-ray dif-
fraction (XRD) with a Cu-Ka radiation from Shimadzu
Corporation with a wavelength of 1.5 A at 40kV and 30 mA in
the 2-theta range 20-90° with a scan rate of 0.1° per second.

3. Results

3.1. Corrosion Dynamics Curve. The variation of the weight
gain for Alloy C-276 exposed to SCW at 500°C under
a pressure of 25 MPa with time is plotted in Figure 2. It can
be analyzed with (1):

AW = kt", (1)

k= koexp(—g (2)

RT)’
where AW (mg-cm?) is the weight gain, k (mg-cm™>-h™") is
the rate constant, ¢ (h) is the exposed time, ko (mg-cm ™ >h™")
is the Arrhenius constant, Q (J-mol™) is the activation
energy for oxide, R (J-mol K™") is the gas constant, and
T (K) is the absolute temperature.

Through data fitting, the parameter n is about 0.57,
which indicates that the kinetic curves of C-276 in
500°C/25 MPa SCW obey the parabolic law. According to the
theory of high-temperature corrosion, the corrosion rate will
decrease with increasing exposed time.

3.2. Surface Topography Analyses. Figure 3 shows the SEM
morphology of Alloy C-276 exposed to SCW at 500°C for
different exposure periods. After 50 h, a thick layer of oxide
film can be observed on the surface. The granular oxide
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F1GURE 2: Weight gain as a function of time for C-276 exposed to SCW.

particles can also be observed dispersed on the surface of
Alloy C-276, as shown in Figure 3(a). The amount and volume
of oxide particles increase with the increase of exposed pe-
riods, as shown in Figure 3(b). And after 500h, tiny cracks
appear on the surface of the oxide film, as shown in Figure 3(c).
The results reported by Yin [23] also found the same phe-
nomena of tiny microcracks on the surface of the oxide film
on Alloy C-276 exposed to SCW. The composition of oxide
film and oxide particles after 500 h is analyzed by EDS.
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FiGure 3: SEM morphologies of the oxide film formed on Alloy C-276 exposed to SCW for (a) 50h, (b) 250h, and (c) 500 h.

3.3. EDS Analysis Corrosion Products. Figure 4 shows the
EDS spectrum of the oxide film formed in SCW at 500°C for
different exposure periods. As shown in Figure 4, the oxide
film formed on the surface of Alloy C-276 is mainly com-
posed of Ni, Fe, Cr, Mo, and O. Composition of the oxide
film remains constant with the increase of immersion time.
The element content of the oxide film after immersion for
500h is shown in Table 1. The chemical state and compo-
sition of the oxide film should be evaluated by EDS analyses
associated with XRD analyses according to the EDS spec-
trum normally including the base information.

3.4. XRD Analysis of the Oxide Film. The phase composition
of the oxide film formed on the sample exposed to SCW at
500°C and 25 MPa for 500 h was determined by X-ray dif-
fraction (XRD). The XRD profile of C-276 exposed to SCW
for 500h is shown in Figure 5. From Figure 5, it can be
deduced that the oxide film is mainly composed of NiO,
Cr,03, NiCr,0,4, and MoO,. However, the diffraction in-
tensity peaks of MoO, are significantly reduced, indicating
the low content of which existed in the oxide film. (Ni, Mo) is
the base of Alloy C-276. The formation of Cr,0j3 in the oxide
film can prevent the ion transport and effectively reduce the
oxide reaction, thus decreasing the growth rate of the oxide
film. The diffusion coefficient of metal ions in spinel
NiCr,0, is obviously smaller than that in its own oxide, and
the existence of NiCr,O, is also helpful to improve the
corrosion resistance of the alloy.
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FIGURE 4: EDS spectrum of oxide scales grown on C-276 in SCW
for different periods.

3.5. Cross-Sectional Morphology and Composition Analysis of
Oxide Film. Figure 6 shows the cross section of the oxide
film of Alloy C-276 exposed toSCW for 500 h. As can be seen
from Figure 6, the oxide film is a dual-layer structure, and



TasLE 1: EDS of oxide particles and oxide films after immersion for
500 h.

Element Oxide particle Oxide film
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O
=)
g °
k= n
u
* u
25 30 35 40 45 50 55 60 65 70 75 80 85
20
B NiCr,0, O (Ni Mo)
® NiO * MoO,
O Cr,05

Figure 5: XRD profiles of C-276 exposed to SCW for 500 h.

there is no crack between the two layers: the inner and outer
oxide films. The thickness of the outer layer is slightly thicker
than that of the inner layer. Table 2 presents the chemical
compositions of the oxide film obtained from EDS. The outer
layer of the oxide film is mainly Ni rich, and the inner layer is
mainly Cr rich. According to the XRD results in Figure 6, the
outer layer is mainly composed of NiO and Cr,03, and the
inner layer is mainly composed of Cr,0; and NiCr,0,.

4, Discussion

4.1. The Growth Mechanism of the Oxide Film. The corrosion
resistance of the alloy is mainly related to the properties of the
oxide film formed on its surface. In the early stage of tests, the
corrosion rate of Alloy C-276 is fast, and Ni and Cr can be
oxidized at the same time forming NiO and Cr,O; [25, 26].
When the oxide film is formed, the oxygen partial pressure at
the interface of the oxide film and the matrix will be reduced
leading to the decomposition of NiO. At the same time, the
diffusion coeflicient of Ni is greater than that of Cr; with the
increasing exposed time, a double-layered oxide film is
formed in the end consisting of an outer NiO layer and an
inner Cr,0; layer. On the surface, part of NiO and Cr,0;
undergoes solid-state reaction, producing the oxide NiCr,0,
with spinel structure. The reaction is presented as follows:
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FIGURE 6: Back-scattered electron image of the cross section of the
oxide film formed on C-276 in SCW for 500 h.

TaBLE 2: Chemical compositions of the inner oxide layer and the
outer layer after immersion for 500 h.

Element Ni Mo Cr (@)
A 45.02 1.01 34.55 19.42
B 51.88 1.21 25.94 20.97

Ni— Ni** + 2¢”
1
Ni** + 50, +2¢” > NiO (3)

NiO + Cr,05; — NiCr,0,

Meanwhile, the corrosion mainly depends on the growth
process of Cr,O3 and NiCr,Oy; that is, the growth rate of the
oxide film is determined by the rate of diffusion of the metal
ions toward the outer and O*" into the interior of the oxide
film. The existence of Cr,0O; oxide and NiCr,0, effectively
inhibits the diffusion of metal ions and O, thereby re-
ducing the oxide rate of the alloy.

4.2. Cracking Mechanism of the Oxide Film. The existence of
stress in the oxide film is one of the decisive factors
dominating the cracking of the oxide film. The stress in the
oxide film can be divided into two kinds: one is the growth
stress and the other is the thermal stress. For the former,
its main influencing factor is the volume ratio of the oxide
scale (Pilling-Bedworth ratio, PBR). The strain within the
oxide film caused by PBR is given as

&= a)(l - (/)1/3), (4)

where w is the proportional coefficient related to the nature
of the oxide film and ¢ is the PBR of the oxide film. The
currently relevant literature reveals that Ni is oxidized to
NiO so that the volume expands to 1.65 times of the original
volume, and Cr is oxidized to Cr,O3 so that the volume
expands to 2.07 times of the original volume [24, 27].
Therefore, a high internal stress exists in the oxide film
formation process. When the internal stress in the oxide film
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exceeds its strength, it will result in cracking of the oxide film
or cracking between the layers of the oxide film [28, 29],
which can even lead to the peeling of the oxide film.

The latter stress is the thermal stress. C-276 has a high
thermal sensitivity to high temperature during the process of
heating and cooling. The fundamental cause of the crack is
that the linear expansion coeflicient of the metal and oxide
films is different. The thermal stresses in the metal and
oxide films can be expressed as

J-;o on (T) ((Xm (T) — Qox (T))dT 1 (5)
Oox = X 5
L+ 28/H) [, (Boy(T)/Ey ()T 1= Hox

_ J‘;) Epn (1) (“m (T) — Oox (T))dT 1 6)

L4 2H) [}, (Ey (D)/Eq (T))dT .

where 0,, and o,, are the thermal stresses of the oxide
film and the metal, respectively; E , and E,, are Young’s
moduli of the oxide film and the metal, respectively; «,, and
a,, are the coeflicients of linear expansion of the oxide film
and the metal, respectively; y,, and y,, are Poisson’s ratios of
the oxide film and the metal, respectively; £ is the thickness
of the oxide film; and H is the thickness of the sample.

Since the most linear expansion coefficient of the oxide
film is less than that of the metal, a,, — & , > 0. Meanwhile,
&, — O, is increasing in the sample cooling process. AT <0,
so there existed compressive stress in the oxide film, and the
metal has a balanced tension. o, is proportional to AT, so the
greater the temperature difference, the greater the thermal
stress. Besides, as mentioned in Section 3.1, the growth rate of
NiO is relatively fast, and the Cr,O; is covered gradually.
Then, part of NiO and Cr,O; undergo solid-state reaction,
producing the oxide NiCr,O, with spinel structure in the
oxide process. Because the Young modulus of Cr,O; and
NiCr,0, is much greater than that of NiO, the thermal stress
is increasing with the increase of tested periods.

The current evidence shows that the possibility of
cracking of the oxide film at a constant temperature is much
smaller than that in the cooling process and that the effect of
temperature difference on material stress is much greater
than other factors. Therefore, in real practice, we should pay
attention to the turn-on and turn-off operations because of
its large temperature difference.

When C-276 is exposed to SCW, Cr and Ni are oxidized
to NiO, Cr,0;, and NiCr,0,, so the oxide film has a large
internal stress. Meanwhile, the effect of the larger thermal stress
during the sampling cooling process will also affect the oxide
film to crack. Finally, the oxide film may form holes, and the
oxide film can be cracked under the combined action of the
above factors.

5. Conclusions

(1) The oxide kinetic curves of Alloy C-276 in super-
critical water at 500°C/25 MPa obey the parabolic
law.

(2) The oxide film is composed of a dual-layer structure,
mainly consisting of an outer NiO layer and an inner
Cr,03/NiCr,0,4 mixed layer.

(3) The growth stress and thermal stress can be re-
sponsible for spoliation of the oxide film.
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