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Abstract

Copper alloys have recently been proposed in the design of the International Thermonuclear Experimental Reactor

(ITER), Spherical Tokamak (ST) power plants (ARIES ST, Culham ST), and have been used in the construction of the

central column of experimental machines like MAST (UKAEA) and NSTX (PPPL). The activation±corrosion code

transport of activation (TRACT) is used to predict corrosion, transport behaviour, and activity in the central column-

cooling loop of the ST power plant. A 2 yr irradiation of the central column results in coolant activity due to the 66Cu,
62Cu, 16N and 64Cu nuclides. After power down, activity is dominated by 64Cu, but after a few days it is due to the long-

lived nuclides. The solubility and radiolysis models developed here can be used to predict corrosion release rates and the

necessary water chemistry conditions to minimise activated products in cooling loops of fusion experimental machines

and future power plants. Ó 2000 UKAEA. Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Activation products on or near the primary cooling

loop pipe inner surfaces of power plants are mobilised

and enter the coolant. Once entrained or dissolved they

are transported around the cooling loop, with a fraction

of the activity captured in ®lters and ion exchange resins

and the remaining fraction deposited onto surfaces in

other parts of the cooling loop. Plant workers inspecting

or maintaining cooling circuit equipment may thus ex-

perience radiation exposure. Also of interest is the po-

tential for release of radionuclides from the cooling

circuits following some loop accident.

Theoretical and experimental work has been per-

formed, and a number of computational models have

been developed, to describe and predict activation

product transport and deposition in ®ssion power plants

[1,2]. In recent years, some of these codes and models

have been modi®ed to examine the activation product

behaviour in water-cooled fusion power plants [3,4].

These codes and models were speci®c to stainless steel

surfaces and could not predict conditions for copper

pipework. This paper presents a copper corrosion model

and subsequent results obtained for the activation and

corrosion of the copper alloy central column of a

Spherical Tokamak (Culham ST) power plant.

2. Copper corrosion model

A comprehensive overview of the domains of ther-

modynamic stability of various copper compounds in

water can be obtained from the potential±pH diagram.

Simpli®ed diagrams for the copper±water system at 298

and 562 K have been given by Cubicciotti [5] and more

detailed diagrams are available in [6]. At ordinary tem-

peratures, copper will not corrode in deaerated water

free from oxidizing agents, because the electrode po-

tential of Cu/Cu�� is more noble than the H2/H� hy-

drogen electrode. In aerated oxidising conditions,

copper will dissolve in acid solutions and oxidise in

neutral and alkaline solutions. At low temperatures and
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mildly oxidising conditions, copper dissolves as Cu��

ions in acid solutions and oxidises to Cu2O in neutral

and alkaline solutions. When the potential is further

increased, Cu2O will be converted to CuO and/or

Cu(OH)2 in neutral and weak alkaline solutions. At high

temperatures, copper dissolves as Cu� ions, which can

then oxidise to Cu�� ions at the higher potentials in acid

solutions. In weak alkaline solutions, copper is oxidised

to Cu2O, but converts to CuO at higher potentials.

In general, water radiolysis produces oxidising con-

ditions (due to the formation of O2, H2O2, etc.) which

raise the oxidation potential and consequently change

the thermodynamic equilibrium concentrations of the

dissolving metal ions. A potential±pH diagram of the

copper±water system in the presence of H2O2 is given in

[7]. A literature search on the aqueous corrosion of

copper under fusion irradiation conditions has shown

the sparsity of publications in this ®eld [8]. The available

literature mainly relates to copper cannisters for use in

nuclear waste disposal [9,10].

Following the approach in [5], a set of reactions is

used to describe the copper±water system:

(a) CuO� 2H� � Cu�� �H2O,

(b) 2FeCuO2� 4H� � 2Cu�� �Fe2O3�H2O�H2,

(c) Cu2O� 4H� � 2Cu�� �H2O,

(d) Cu� 2H� � Cu�� �H2,

(e) CuO� 1
2
H2 �H� � Cu� �H2O,

(f) 2FeCuO2 � 2H� � 2Cu� � Fe2O3 �H2O,

(g) Cu�H� � Cu� � 1
2
H2,

(h) Cu2O� 2H� � 2Cu� �H2O,

(i) Cu�H2O2 � Cu� �OH�OHÿ.

The reactions (a)±(i) are used to produce a model

that allows calculation of copper solubility under vari-

ous water conditions. The individual contributions to

the total solubility are dependent on the hydrogen ion

concentration, the hydrogen partial pressure, the reac-

tion equilibrium constants, and the water ionisation

constant [11]. The most widely used mechanism in the

nuclear industry to control free radicals that cause oxi-

dation of metal surfaces, and suppress radiolysis, is in-

jection of hydrogen into the cooling loop. Calculations

have shown [12] a �1000 times increase in oxygen partial

pressure due to irradiation at PWR core operating

conditions with a similar reduction in hydrogen partial

pressure (equilibrium conditions) [13]. A decrease in

hydrogen partial pressure a�ects the solubility of copper

corrosion products and leads to increased copper release

by corrosion in the exposed to irradiation (in-¯ux) re-

gions. The enhancement of copper corrosion due to

radiolysis has not been investigated in detail, although

there is evidence of increased copper corrosion in the

presence of gamma radiation in particle accelerator

cooling water systems [14].

Parameters that a�ect water radiolysis are: the nature

of the primary energy (fast neutrons, electrons, gamma

rays), the rate of absorption of energy (radiation inten-

sity, linear energy transfer rate (LET)), and the water

chemistry (oxidant or reductant concentration). It is

proposed, until a detailed model is derived, to approxi-

mate concentrations of injected hydrogen CH2
(ml/kg)

for suppression of radiolysis in fusion power plant

cooling channels using an empirical equation, based on

experiments at the NRU reactor [15]:

CH2
� 0:1054 P 0:5 n

c

� �
�SR� �1�

with P (W/g) the heat deposition, n=c the neutron to

gamma ratio, SR the stripping ratio, and the constant

(0.1054) relating to the NRU, U-2 loop experiment. It

should be noted that a mean LET of 6 4 eV/nm asso-

ciated with 14 MeV fusion neutrons is lower than the

mean LET of 40 eV/nm generally assigned to the ®ssion

neutrons. Therefore, the higher energy neutrons from

fusion devices would not necessarily give rise to greater

radiolysis of coolant water, instead a reduction is pos-

sible. On this basis, it can be assumed that Eq. (1) may

give conservative results. Assuming that solubility of the

most stable species in solution is at a minimum, the

following rule can be used to calculate the system solu-

bility CT (mol/kg):

CT � min Ca � Ce� �|������{z������}
CuO

Cb � Cf� �|������{z������}
FeCuO2

Cc � Ch� �|������{z������}
Cu2O

Cd � Cg � Ci

ÿ �|�����������{z�����������}
Cu

8><>:
9>=>;
�2�

Ca±Ci being the equilibrium constants with the reactions

(a)±(i).

The corrosion rate of copper from [16] is in the range

37±188 mdm, with mdm denoting milligram per deci-

metre square per month (1 mdm� 3.858�10ÿ11 kg/m2 s).

Other experimental studies [17] give values of copper

corrosion in range 45±75 mdm under di�erent condi-

tions. The corrosion rate for copper is assumed to be

variable with time [11], and an expression that reliably

®ts the data is

GC � 2:0� 10ÿ7tÿ0:217 kg=m
2

s �3�

with the time t in seconds. This results in an average

corrosion rate of �130 mdm in a period of 2 yr. The

corrosion rate of stainless steel [18] is

GC � 2:632� 10ÿ7tÿ0:6 kg=m
2

s �4�

3. The ST central column: data calculations

The code TRACT [19] is used to calculate the cor-

rosion product mass transfer and activity content of

cooling loops. Here, coolant and pipe surface atomic
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and activity concentrations are calculated for the central

column-cooling loop of an ST.

The cooling channel wall material is a copper alloy

(Glidcop) and the out-of-¯ux pipework material is au-

stenitic stainless steel SS316. The assumed composition

(wt%) of the materials is: copper alloy (in-¯ux, Cu ± 99.5,

Al ± 0.25, O ± 0.25), and 316SS (out-of-¯ux, Fe ± 67.0, Cr

± 18.0, Mn ± 2.00, Ni ± 12.95, Co ± 0.05). A detailed

description of the cooling loop can be found in [20]. The

calculations assume the loop has a total length of 134 m,

pressure 0.2 MPa, temperature 30°C (inlet) and 50°C

(outlet), and mass ¯ow rate 3836 kg/s. The clean-up rate

is assumed to be 0.25% of the main ¯ow rate, i.e., 9.59 kg/

s are diverted to the ®lters and resins at all times, with an

assumed collection e�ciency of 50%. The central column

is cooled through 2180 evenly spread channels of 15 mm

diameter and 18 m in length (they occupy 15% of the

cross-sectional area). The water ¯ow velocity is �10 m/s

and the cooling loop pipe sizes are chosen, accordingly,

to match this value. The mass transfer coe�cients range

for solubles between 0.6 and 2.16 lm/s, and for insolu-

bles between 4.41 and 21.2 lm/s.

Since water ¯ows both through copper alloys (in-

¯ux) and stainless steel (out-of-¯ux), it is desirable to

balance the solubility in the loop, to avoid large depo-

sition in the out-of-¯ux regions. Fig. 1 shows the vari-

ation of copper alloy and steel solubility at 30°C and

50°C with added hydrogen. The H2 needed to balance

the solubilities is �1.0�10ÿ14 ml/kg. Using Eq. (1), the

injected hydrogen required to supress radiolysis for this

loop is 0.088 ml/kg, see Fig. 1. The resulting water loop

chemistry is very di�erent for the balanced in-¯ux and

out-of-¯ux solubility cases. The copper solubility is in

the range 7:8±140:0� 10ÿ15 mol/kg and that of stainless

steel in the range 1:84±2:01� 10ÿ6 mol/kg.

Steady irradiation of the components is assumed for

a period of 2 yr. The neutron spectrum variation along

the length of the column was determined from Monte

Carlo calculations [21] using the general purpose cou-

pled neutron/photon transport code MCNP-4a. The ir-

radiation ¯ux values range between 5:58� 1013 and

1:785� 1018 nm2/s. A preliminary activation investiga-

tion led to the inclusion of 19 species to be treated (in

order of increasing half life): 28Al, 66Cu, 62Cu, 56Mn,
58mCo, 64Cu, 57Ni, 51Cr, 59Fe, 57Co, 54Mn, 58Co, 55Fe,
60Co, 60mCo, 63Ni, 59Ni, and the gases 3H and 16N.

The gas production rates in the solid and coolant are

determined from a series of calculations using the code

FISPACT-99 [22]. Calculated values for the in-¯ux re-

gions range for tritium between 3:35� 109±1:07� 1014

at./m3 s (copper) and 3:02� 104±9:67� 108 at./m3 s

(coolant), and for 16N between 2:06� 109±6:59� 1013

at./m3 s (copper) and 8:42� 108±2:69� 1013 at./m3 s

(coolant).

Results show that initially, material is released into

the loop from a large proportion of the in- and out-of-

¯ux surface area, but after a few hours conditions are

such that the release of material into the loop is entirely

from the out-of-¯ux region. This is predominantly the

e�ect of the �7±8 orders of magnitude higher solubility

of the out-of-¯ux region, a result re¯ecting the water

chemistry to suppress radiolysis. Of the two gases in-

vestigated, 3H tends to di�use to the surrounding pipe-

work whereas 16N tends to stay in the coolant. The

decrease of 16N concentration in the out-of-¯ux region

(20±134 m) is entirely due to its fast decay. With a half

life of �7 s, 16N is expected to decay approximately by a

factor exp�kt�, with t � (114 m)/(10 m/s)� 11.4 s, or to

0.26 of its central column outlet value of 1:5� 1013 at./

m3, i.e., �3.9 + 12 at./m3. This is the value calculated by

TRACT. The 743 days tritium concentration of

1:8� 1012 at./m3 shows no signi®cant variation around

the cooling loop.

The thicknesses of the corroded (or ÔoxideÕ) layers are

calculated to be 37.1 lm (in-¯ux) and 0.106 lm (out-of-

¯ux). The code for a 2 yr period predicts negligible in-

¯ux average release rate and 6:92� 10ÿ12 kg/m2 s for

Fig. 1. Copper alloy and stainless steel solubility variation with

injected hydrogen concentration.

Table 1

Mass inventory (2 yr operation)

In-¯ux Out-of-¯ux

Releases (g) �0.0 1650.0

Deposits (g) 1017.0 456.0

Coolant solubles (mg) 0.11 1.09

Coolant crud (mg) 2.62 20.60

Filters/resins (g) 177.0
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out-of-¯ux, which corresponds to a 50% loss of thick-

ness of the out-of-¯ux corroded layer. The results show

that the material mobilised to the coolant is entirely due

to releases in the out-of-¯ux part of the loop. Of the

total mass released 89% deposits (62% in-¯ux, 38% out-

of-¯ux) and 11% is cleaned by the ®lters and resins. The

cooling loop water chemistry and solubility results in

more mass deposited in the in-¯ux region. A summary of

the mass inventory in the loop is given in Table 1.

The loop coolant activity is entirely due to the soluble

active nuclides, with 90% contributed by the short lived

nuclides 66Cu, 62Cu, 16N, and 10% by the longer-lived
64Cu. The corrosion and deposited layer activity, Fig. 2,

is dominated (P90%) by the 64Cu nuclide. Activity a few

days after power down is entirely due to the long-lived

nuclides and is lower by 3±4 orders of magnitude de-

pending on location. Major contributors are 60Co,
60mCo, 63Ni and to a lesser extend 51Cr. A summary of

total coolant and surface activity is given in Table 2.

It can be concluded that this analysis and the solu-

bility and radiolysis models developed can be used to

predict corrosion release rates and the necessary water

chemistry conditions to minimise activated products in

cooling loops of fusion experimental machines and fu-

ture power plants.
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