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Overview on performance
degradation behavior of

20Cr25NiNDb steel for gas cooled
reactor cladding during service

Ming Shu'?, Yongduo Sun?, Qin Zhou?*, Jun Xiao?,
Zhaodandan Ma! and Xiao Liu?

*Nuclear Power Institute of China (NPIC), Chengdu, China, Institute of Nuclear and New Energy
Technology, Tsinghua University, Beijing, China

In this paper, the performance degradation behavior of fuel cladding material
20Cr25NiNb for the British Advanced Gas Reactor (AGR) is reviewed in detail,
which is a strong guideline for the material selection of supercritical carbon
dioxide cooled reactors. The degradation behavior during in-core service
mainly includes high-temperature creep, thermal aging and mechanical
property degradation caused by neutron irradiation (fission gas products,
helium embrittlement and irradiation sensitization) and CO, (oxidation and
carburizing). Long-term service in AGR leads to coarsening of the second phase
and precipitation of harmful phases such as o, leading to performance
degradation of the cladding. A point that should require special attention is
that intergranular stress corrosion cracking (IGSCC) and intergranular attack
(IGA) problems occur during wet storage of spent fuel.

KEYWORDS

20Cr25NiNb, AGR, cladding, austenitic heat resistant steel, performance degradation,
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1 Introduction

Nuclear energy is an important part of global energy, characterized by low carbon emissions,
safety and control, and high energy density (Wang et al., 2016). Systems using supercritical
carbon dioxide (sCO,) as the heat transfer medium have the advantages of high energy
conversion efficiency, simple system and small size (Dostdl, 2004), which leads to extensive
research carried out on the application of sCO, in nuclear reactors. Austenitic heat resistant
steels at high temperatures have good mechanical properties, oxidation resistance and creep
properties, which make them important candidates for sCO, reactors (Cao et al., 2012; Holcomb
et al,, 2016). It is obviously a better strategy to research and development cladding material of
sCO, reactor based on the materials of AGR with service experience. The heat transfer medium
of the AGR primary circuit adopts CO, with a pressure of 4 MPa (Dawson and Phillips, 2012)
(sCO, reactor has a higher disign pressure, up to 20 MPa), and the average temperature at the
core outlet is up to 650°C (JTANG, 2018), with the transient peak temperature at the cladding
position over 850°C (Evans, 1988). To summarize the performance degradation behavior of
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TABLE 1 Range of main elements of 20Cr25NiNb for AGR cladding
(Norris et al,, 1992; Evans and Donaldson, 1998).

Element Content Note
(Wt%)
Ni 24-26 The content of C, N and Nb in the later stage can
cr 19-21 also be referred to the following composition
range (wt%):10 x C < Nb < 0.7; C:0.01-0.05; N:
Nb <0.8,>8(C + N) 1o special provisions, usually 0.005-0.01
Si 0.45-0.75
Mn 0.55-0.85
C C+N:
0.040-0.080
N
Ti <0.05
B <0.001
Co <0.015
N <0.02
P <0.02
Fe Bal

cladding material 20Cr25NiNb for AGR is of great significance for
sCO, gas-cooled reactor’s design and cladding material selection.

2 AGR fuel cladding
2.1 Composition

The AGR core consists of approximately 81,600 fuel pins
(Haynes et al., 2018) that are of a ribbed design (Whillock et al,
2018) and filled with helium to avoid additional fuel oxidation
(Dawson and Phillips, 2012). On the basis of 310 stainless steel with
adding a smal amount of niobium “trapping” free C element in the
matrix to avoid the intergranular corrosion, 20Cr25NiNb stabilized
austenitic stainless steel was developed as AGR fuel cladding
material. The composition of 20Cr25NiNb is shown in Table 1.

2.2 Heat treatment

According to the existing literature, the following heat
treatment process is generally selected for AGR cladding
(Norris, 1987; Powell et al, 1988; Ashworth et al., 1992;
Barcellini et al., 2018; Barcellini et al., 2019a; Barcellini et al.,
2019b): solution annealing at 1,050°C, then 20%-30% cold
processing, and finally annealing at 930°C for 0.5 or 1 h in an
inert atmosphere (e.g., hydrogen). The purpose of final annealing
is to precipitate NbC in the matrix and “capture” the free C as
much as possible to avoid the precipitation of Cr,3C¢ phase at the
grain boundary after aging (Al-Shater et al., 2017). At 930°C, the
volume fraction of NbC particles reaches the peak during
recrystallization process (Barcellini et al., 2019a).
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3 Degradation behavior effected
by CO,

3.1 Oxidation

With different exposure temperatures, oxidation regimes can be
divided into three categories (Bennett, 1988; Bennett et al.,, 2014):

1. At temperature <925°C, protective Cr,Oj; film is formed on the
surface of steel, which can maintain good oxidation protection even
after long-term isothermal exposure; But the scale exceeding the critical
thickness will flake oft and fail in the cooling process, then cause pitting.

2. In the range of 950°C-1150°C, internal attack characterized
by intergranular silica intrusions happens. Another significant
difference is that the Cr,05 layer would be destroyed by the loss
of adhesion of the scale during the isothermal exposure, leading
to non-protective attack (LobbEvans, 1987).

3. At higher temperature ranges, oxidation is essentially
unprotected.

An amorphous silica with thickness of tens of nanometers
between the chrome oxide and the austenitic matrix could be
observed for 20Cr25NiNb containing Si (Bennett et al., 1984).
The presence of silica makes itself replace Cr,03 to control the
oxidation process, and finally sharply reduces the oxidation
rate (Evans et al., 1983). Gray, S (24) et al. found the alloys
containing 0% Si and 0.76% Si (wt%) both obey parabolic
growth kinetics with the oxidation rate constant of 3.90 x
1077 m®* s7" and 1.38 x 1077 m? s7', respectively. The oxide
layer that controls the oxidation rate can be transferred
(Atkinson, 1986), but in any case the chromium layer
thickness increases with time in a parabolic shape (Evans
et al., 1978; Emsley and Hill, 1990).

Spallation of oxides during cooling can have serious
consequences, not only leading to the occurrence of pitting, but
also dispersing the oxides along the entire primary circuit and
increasing the loop radioactivity. The strain energy reached a
critical value due to the thermal shrinkage difference between the
oxide layer and the metal during cooling, which was the cause of
spallation (Evans, 1988). The SiO, interlayer does not have a great
effect on the growth stress of the oxide layer (Gray et al,, 2004).

Due to the nail of grain boundaries by carbide precipitated
during oxidation, the grain size of oxidized samples did not
increase significantly (Bennett et al., 2014). Cyclic heating and
cooling of 20Cr25NiNb (1% CO/CO,, 900°C-700°C) could show
a faster corrosion oxidation process (Osgerby et al., 2001).

3.2 Carbon deposition

Impurity gases in the CO, medium have significant effects on
the oxidation behavior and carbon deposition process. The
oxygen potential of CO,/1% CO coolant is sufficient to form
protective chromium film. But under conditions of high carbon
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activity and low oxygen potential (such as containing trace
hydrocarbons), 20Cr25NiNb can significantly carburize and
deposit carbon, which finally leads to the growth of long
filamentous carbon and the release of metal particles
(i.e., “metal dusting”) to have harmful effects on heat transfer
(Millward et al., 2009).

Nickel has obvious catalytic effect on carbon deposition
under environmental oxidation (Millward et al, 2003). A
catalytic mechanism was proposed (Millward et al., 2001): in
the early stages of exposure, chromium and iron oxidize, but
nickel does not, resulting in the residual metals in the surface
becoming increasingly Ni-rich, which eventually reaches a stage
where pure Ni particles are embedded in the oxide. The
establishment of the nickel-catalytic mechanism means carbon
deposition could be reduced or avoided by increasing the oxygen
potential of the deposited gas (Millward et al., 2009) or adding
COS (Taylor et al., 2017) to change the chemical properties of the

catalyst.

4 Degradation behavior effected by
irradiation

After neutron irradiation in the reactor, 20Cr25NiNb will
suffer from a series of performance degradation problems,
including helium embrittlement, fission gas products and
irradiation sensitization. The generation of helium bubbles
during thermal neutron irradiation is the most important
factor affecting the safety of claddings during service,
which leads to the loss of the high temperature ductility,
namely “helium embrittlement”. It was early thought to be
related to the thermal neutron transmutation reaction of
boron. An interesting phenomenon is the alloy with the
worst creep performance after irradiation does not have the
highest grain boundary boron content probably due to the
beneficial effect of untransmutated boron on mechanical
properties (Bullough and Jenkins, 1987). Helium bubbles
were later found to be more closely related to nickel
transmutation (Weitman et al., 1970; Bauer and Kangilaski,
1972; Manley and Rhodes, 1973), and the concentration of
helium produced by Ni*(n,y)Ni*’(n,a)Fe’ reaction is about
10 times that produced by B'® (n, a) reaction in 20Cr25NiNb
(Bauer and Kangilaski, 1972). A sufficient number of helium
bubbles are formed in the grain when irradiated at high
temperature (>900 K), while just a small number of voids
formed at low temperature (673 K) (Manley and Rhodes,
1973). At high stress, the largest helium bubbles at grain
boundaries can be used as a creep cavity nuclei, which are
formed at the grain edge (triple point) first and differently
produced mainly through coalescence at low stress (Baker
et al., 1987).

Another notable change under neutron irradiation is the
production of iodine vapor by fission, which could promote
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intergranular corrosion on the inner surface of the cladding
(Lobb, 1978) and help to “break down” the initially protective
Cr,0; film, exposing the newly exposed metal to rapid
1981). The
subsequent regeneration of the Cr,O; layer leads to Cr

corrosion attack (Lobb, breakdown and
depletion, which promotes the occurrence of radiation-
induced segregation (RIS).

on RIS or irradiation

sensitization. Asymmetric distribution of elements on both

Some recent studies focus
sides of grain boundaries was observed under neutron
irradiation, which occured in the temperature range of
350°C-520°C, with peak effects at 420°C (Barcellini et al.,
2019b). Chromium depletion at grain boundaries and an
increase  in misorientation

intragranular angles,

accompanied by an increase in nanohardness, were
observed after 2.2 MeV proton irradiation (Alshater et al.,
2018). Local solute redistribution was observed at the defect
sink (i.e., grain boundaries, irradiation induced dislocations,
and second phase particles) under proton irradiation
(Barcellini et al., 2019¢): depletion of Cr, Fe, and Mn and

segregation of Ni and Si.

5 Degraded behavior during long
term high temperatures service

The matrix of 20Cr25NiNb annealed at 930°C is usually a
single austenite with a few coarse particles (mostly primary
NbC particles). In the subsequent high temperature aging, the
main precipitates are M,3Cs, M(C,N), 0 phase and G phase.
M,;5Cs is thermodynamically unstable and the precipitation of
G phase in the local region leads to the stoichiometric
conditions for the formation of M,3Cs (Powell et al., 1988).
M(C, N) (M = Nb, V, Ti or Ta) has a fcc structure and a
coherent relationship with the austenitic matrix (y) (Zhao et al.,
2018). The nano-scale M(C,N) precipitated during aging is
mainly distributed in the grain and not easy to coarsening,
which is considered to be one of the main sources of creep
resistance of advanced stainless steels (Sourmail, 2001;
Yamamoto et al, 2011). The primary Nb(CN) at grain
boundaries is not stable (Ecob et al., 1987) and is usually

transformed  into a  nickel-niobium-silicide = phase
(NbgNi;6Si;, G phase) after aging. The o phase is a hard and
brittle intermetallic compound (Hanninen et al., 1984)

consisting mainly of Cr and Fe. After long term aging, the
o-phase network and solute depletion zone gradually formed at
grain boundaries degrade the mechanical properties, so the
suppression of o phase is the key to further improve the creep
properties (Zhao et al., 2018). The second phase of 20Cr25NiNb
is precipitated in the following order during long term aging
(Figure 1) (Powell et al., 1988): At grain boundaries, M,3Cq
precipitates after 200 h, G phase after 500 h, and o phase after
1000 h. In the matrix, Nb(CN) precipitates after 200 h, followed
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FIGURE 1

Time (h)

TTP (time-temperature-precipitation) diagram of aging process of 20Cr25NiNb at 500°C—-850°C (Powell et al., 1988).

by G phase and o phase. The o phase precipitates slowly (Jang
et al., 2017) and is greatly influenced by the alloy composition
(Minami et al., 1986).

The evolution of precipitated phases lead to the degradation
of mechanical properties after prolonged aging. The tensile
strength of 20Cr25NiNb containing Mo and N elements first
rising (0h-3,000h) and then decreasing (3,000 h-5,000 h)
during aging, with the impact absorption energy sharply
droping (Liang et al, 2016). The steady state creep rate of
20Cr25NiNb at 1123 K can be expressed as &; = A(0 — 0g)f
(Ecob, 1984).

Jiang. (2018) systematically studied the thermal
sensitization behavior of 20Cr25NiNb used for AGR, and
found that Si containing alloys exhibited more severe Cr
depletion at grain boundaries during sensitization. After
annealing at 1,050°C and aging at 650°C for 24h, the
chromium depletion at grain boundaries is similar to that
under neutron irradiated.

6 Degradation behavior in spent fuel
pool

AGR spent fuel will undergo temporary wet storage prior to
disposal at the reprocessing plant (Standring, 2001). As
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mentioned above, 20Cr25NiNb is sensitized under high
temperature and irradiation, so IGSCC and IGA problems
exposed to spent fuel pools will be worth considering (Howett
etal., 2017). Examples of IGA have been reported in AGR power
1992; Phuah, 2012; Chan et al., 2015;
Laferrere et al., 2017). A spent fuel pool containing 1 ppm CI

stations (Norris et al.,

concentration (pH = 11.4) could not provide protection against
corrosion for unsensitized cladding samples at 90°C. Most recent
work for degradation behavior in spent fuel pool used
electrochemical methods (Al-Shater et al., 2017) (Anwyl et al,,
2016) (Phuah, 2012) and multiscale characterization (Clark et al.,
2020).

7 Conclusion

In this paper, the performance degradation behavior of
20Cr25NiNb cladding material of AGR is reviewed in detail,
which has a strong guiding role for the material selection and
performance test of sCO, cladding.

The degradation behavior mainly includes high-temperature
creep, thermal aging, and performance degradation caused by
irradiation (including helium embrittlement, fission gas products
and irradiation sensitization) and CO, (oxidation and carbon
deposition). The long-term high temperature service leads to the
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evolution of the second phases (especially coarsening of o
brittleness), coupled with irradiation and CO, exposure, which
makes the mechanical properties degrade faster than those
outside the reactor.

An easily overlooked point is IGSCC and IGA of spent fuel
during wet storage, on which there has been little research for
sCO, cladding candidates. (Taylor et al., 2017).
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