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Abstract

The increased awareness on the importance of controlling

activity transport and radiation buildup on out-of-core surfaces

of water cooled nuclear reactors is leading to a host of measures

both from chemistry as well as engineering sides being

undertaken. Passivation of the surfaces of structural materials

is one such. Pressurised Heavy Water Reactors of CANDU design use

large surface area of carbon steel alloy in the Primary Heat

Transport System. Hot-conditioning of the PHT system with

deoxygenated light water at temperatures « 473 - 523 K during

commissioning stage is done to form a protective magnetite film

on the surfaces of carbon steel essentially to guard this

material from corrosion during the intervening period between

initial commissioning and first fuel loading and achieving

nuclear heat. However, a need is felt to improve the quality of

this magnetite film and control the crud release so that the twin

objectives of controlling the corrosion of carbon steel and

reducing a possible deposition of corrosion products on surfaces

of fuel clad could be achieved. Laboratory static autoclave

investigations have been carried out on the formation of

protective magnetite film on carbon steel at 473 K, pH 10 (pH at

298 K) deoxygenated aqueous solutions of chelants like HEDTA,

DTPA, NTA apart from EDTA. Additionally, influence of AVT

chemicals like hydrazine, cyclohexylamine, morpholine and

additives like glucose, boric acid has been studied. The data

have been compared with the standard procedure of hot-
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conditioning namely with simple LiOH. It is found that chelants

increase the base metal loss but the oxide formed is more

protective than the one formed under simple LiOH treatment. The

efficiency of passivation is greatly enhanced by hydrazine and

boric acid while it is adversely affected by glucose. AVT

chemicals acts as effective corrosion inhibitors.

1. Introduction x Passivation of carbon steel alloy which is used

as out-of-core piping material in the primary heat transport

(PHT) system of PHWRs is done essentially to protect this

material from corrosion during the intervening period between

initial commisioning of the system and first fuel loading with

subsequent achieving of nuclear heat. However, with increasing

awareness on the importance of controlling activity transport and

radiation field buildup, this passivation treatment is recognised

as an important commisioning activity not only from corrosion

point of view but also from reducing the deposition of corrosion

products on the fuel clad surfaces. Usually, the pre-conditioning

is done in deoxygenated, pH 10 (pH @298 K) LiOH solutions at as

high achievable temperatures as possible typically in the range

473-523 K - the lower temperatures around 473 K being more

readily realisable than the higher ones - for periods ranging

from 5 to -15 days, the lower duration for a higher temperature

and vice versa. Much of the work reported in literature in

improving the quality of magnetite film formed on carbon steel

with respect to better adherence and reduced porosity is centered

around the use of EDTA at temperatures > 523 K.[1-4] However, it

has been shown that at * 473 K EDTA itself is not beneficial

compared to LiOH treatment.[5-6] . It was therefore considered

attractive to investigate the effects of other chelating agents
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like 2-hydroxyethyl ethylene diamine triacetic acid (HEDTA),

diethylene triamine pentaacetic acid (DTPA) and nitrilo acetic

acid (NTA).

Though literature data exists on the beneficial effects of

* 200 mg/kg of hydrazine in the passivation behaviour of carbon

steel at temperatures 423 - 523 K in terms of reduced base metal

loss and corrosion release rate, the protectivity of the coating

in terms of its polarization behaviour is not reported.[7-8] It

has also been mentioned in literature that passivation of carbon

steel in presence of EDTA + AVT chemicals (AVT - All Volatile

Treatment - employing 100 mg/kg hydrazine and pH adjusted to 9.5

with ammonia) at 563 K for 68 days, developed thicker coatings

than simple AVT without EDTA.[1] Based on these conditions it was

suggested that Fe3 04 formed under EDTA/AVT was more protective

than the one obtained only with AVT. However, the role of

morpholine (MOR) and cyclohexylamine (CHA), which are also widely

used as AVT chemicals in the secondary system of PHWRs/PWRs, on

the high temperature passivation of carbon steel is not reported

and has been investigated in this work. For comparison purposes,

the effect of additives like glucose [9,10] and boric acid [9]

which are known to be good stimulant and inhibitor respectively

for the near room temperature of Fe(OH>2 have also been

investigated. As a base line reference, the role of above

additives namely chelants, AVT chemicals, glucose and boric acid

has been compared with the "no-additive" case which is simply

passivation obtained under simple LiOH treatment.

2. Experimental: A static 1 1 pre-conditioned stainless steel

autoclave was employed for the studies. Deoxygenated («10 Mg/kg)

demineralised water was used for preparing the various

formulations. Circular specimens of * 15 mm diameter and 1.25 mm
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thickness were cut from ASTM A 106 Grade B Carbon steel plates of

the composition (wt %) 0.3C - 0.23Si - 0.77Mn - <0.01P - 0.0245S

bal Fe. A 350 mg/kg concentration was chosen for the various

additives considered in this study. In the experiments with

chelants (initial pH adjusted to 10 at 298 K with NaOH) an

initial thermal treatment was given to the specimens by

maintaining the solution temperature at 393 K for 24 h before

reaching 473 K. This was done to enable the formation of metal-

ligand complexes for the subsequent decomposition at higher

temperatures. Gravimetry on the exposed specimens was performed

to evaluate the total oxide build-up, adherent oxide thickness,

base metal loss and % adherency.The oxide coating formed under

LiOH was tested for the presence of Li.The autoclave solutions

at the end of the experiments were analysed for soluble and

insoluble iron, free additive concentration and pH. The oxide

structure on the coated specimens was established using X-ray

diffraction studies and the protectivity of the oxide films was

assessed at room temperature by electrochemical measurements.

3.Results: Table-I shows the gravimetric data obtained with the

carbon steel coupons. Base metal loss in each of the three

Table-I
Weight change data in presence and absence of additives

Additive Base metal Total oxide Adherent Xadhe-
loss buildup oxide rency

(mgdrrr2) (mgdnrr2) (mgdnrr2) (average)

Boric acid 13.1±3.5
Hydrazine 25.113.1
Cyclohexylamine 48.0±5.2
Morpholine 63.216.4
LiOH (blank) 82.914.3
Glucose 194.117.9
HEDTA 173.914.3
DTPA 209.014.5
NTA 323.316.2
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12.314.5
25.913.1
41.716.2
41.915.5
60.812.8
61.114.8
53.011.8
58.614.8
65.712.1

9.012.3
24.312.9
31.414.2
30.414.3
45.5+3.6
54.915.1
44.711.2
44.913.3
53.413.2

72.6
94.0
75.4
72.6
74.9
89.7
84.4
76.6
81 .3



chelants was very high following the order: NTA > DTPA > HEDTA >

LiOH, But the levels of total oxide build-up and adherent oxide

buildup are quite comparable. In the case of AVT chemicals, boric

acid and glucose, base metal loss follows the order: glucose >

LiOH > MOR > CHA > hydrazine > boric acid. Thus effective

inhibition of corrosion process is seen under boric acid and

hydrazine conditions. The total and adherent oxide buildup

follows the order: boric acid < hydrazine < CHA * MOR < LiOH <

Glucose. The % adherency is seen to be more than 70 in all cases.

X-ray diffraction (XRD) studies showed the presence of

crystalline oxide layer on the surface having an inverse spinel

structure viz., magnetite and did not reveal the peaks due to a-

Fe2O3. With respect to the weight of the adherent oxide coating

observed on the specimens treated in presence of LiOH, the Li

content was determined to be 0.2% (w/w). This works out to «10%

(w/w)LiFe5O8 if all the Li is assumed to be present as B-LiFesOs.

Table-II shows the data from analyses of the autoclave

solutions at the end of the experiments.End of run pH shows a

decrease in all cases except under hydrazine case which could be

explained by thermal decomposition/consumption of additive in the

corrosion process. Even in the case of hydrazine, a slight

increase in pH noticed could be explained by its thermal

decompostion to ammonia viz., 3N2H4 > 4NH3 + N2 . End of run

[NH3] is 126 mg/kg against an expected 150 mg/kg, the difference

could be explained by slight leaks from the autoclave. In the

case of glucose, pH after the run has decreased by nearly 6 units

which is due to the thermal decomposition of glucose to various

aliphatic acids viz., lactic acid, glycollic acid, acetic acid,

formic acid, dihydroxy butyric acid etc.[11] An increased

concentration of soluble Fe with all the chelants is seen when
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Table-II
Results of analyses of autoclave solutions for different

additives

Addi-
tive

LiOH
HEDTA

DTPA

NTA
Boric
acid
N2H4
CHA
MOR
Glucose

Ini-
tial
PH

10
10

10

10
10

10.3
11 .3
10.3
10.0

Final
PH

9.5
7.9

8.0

8.0
9.9

10.5
10.9
9.8
4.2

Soluble
Fe

(mg/kg)a

0.17
Fe-X+:
1 .8

Fe-HEDTA:
7.1

Fe-X+:
2.8
Fe-DTPA:
7.7
17.8
0.1

0.6
0.1
0.2
15.3

Insoluble
Fe

(mg/kg)a

30.8
47.0

45.5

183.4
2.4

3.3
8.6

23.0
151 .5

Fe depo-
sited
on

stringer

6.6
45.6

60.0

75.5
0.8

1.2
6.0
7.3
16.3

Free addi-
tive con-
centra-
tion(mg/kg)

_
< 5

< 5

206
350

6.5
330
316
35

a The values are normalised to 1 dm2 surface area of specimens
+ Complexes with decomposition products of the ligands

compared with the LiOH case. The soluble iron observed with NTA

is higher than that observed with the other two chelants and

also considerable amount of free NTA is observed at the end of

run while end of run HEDTA and DTPA are negligible. In the case

of AVT chemicals and other additives the soluble iron is very low

except in the case of glucose. Insoluble iron is the highest

under NTA condition while that in the case of HEDTA and DTPA are

quite similar but higher than that obtained with LiOH. In the

case of AVT chemicals and other additives the insoluble Fe

showed a similar behaviour as under the base metal loss.

The variation of open-circuit-potential (OCP) in pH 10

(@298 K) deoxygenated(Argon saturated) LiOH medium of the oxide

coated surfaces(OCS) and plain carbon steel is shown in Fig.1.

Table-III shows the steady state OCPs and the corrosion potential
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(Ecorr) values derived from these measurements. The initial as

well as the steady state OCPs for all OCS(additives) fall in the

Fe203 region of the Pourbaix diagram. Thus the electrochemical

potential values show a surface oxidation behaviour while XRD

studies have shown the bulk oxide to be magnetite. The general

shift of OCPs to more active values indicates the attack of base

metal through the pores present in the oxide and the oxidation of

the base metal being accounted by the reduction of Fe2O3 to

04 :

3Fe + 4H2O > Fe3O4 + 8H+ + 8e"
8e- + 8H+ + 12Fe2O3 > 8Fe3 04 + H2O

3Fe + 12Fe2O3 > 9Fe3CU (E is +ve at pH 10)

In general all the oxide coated specimens exhibit more

noble Ecorr as compared to plain (uncoated) specimen. Among the

coated specimens while OCS(NTA), OCS(boric acid) and OCS(N2H4)

have shown much nobler corrosion potentials as compared to

others. OCS(NTA) looks to be very protective by showing little

shift from its initial OCP value. Fig.2 shows the cathodic and

Table-III
Data derived from electrochemical measurements

Specimen description Steady state OCP* Corrosion potential
(V VS SCE) Ecorr (V VS SCE)

Carbon s tee l (b lank ) -0 .795 -0 .820
OCS(LiOH) -0 .440 -0 .420
OCS(HEDTA) -0 .349 -0 .200
OCS(DTPA) -0 .359 -0 .340
OCSCNTA) -0 .076 -0 .105
OCS(boric ac id) -0 .153 -0 .120
OCS(N2H4) -0 .186 -0 .160
OCS(CHA) -0 .385 -0 .360
OCS(MOR) -0 .460 -0 .410
OCS(Glucose) -0 .446 -0 .390
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Bone acid
Hydrazine
CHA
MOR
LiOH

10.0/7.3
10.3/7.6
11.3/8.6
10.3/7.6
10.0/7.3

7.2
7.6
8.0
7.3
6.8

Table-IV
pHs at temperature of solutions of various additives

Additive Initial Computed pH at 473 K Computed/measured
employed pH(298K)/ (based on measured end of experiment

correspond- concentration of the pH at 298 K based
ing pH(473K) additive or measured on measured con-

pH at 298 K at the centration of
end of the additive at the
experiment)* end of experiment

10/9.9
10.3/10.5
10.8/10.9
10.0/9.8
9.5/9.5

* The values of pH at 473 K given in this column since they have
been computed from the additive concentration left in the
autoclave solution or pH at 298 K at the end of the
experiment, these pH values would be a minimum pH that the
specimens would have seen at 473 K.

anodic polarisation curves constructed in pH 10 deoxyygenated

medium at 298 K with a scan rate of 0.0005 V/s. In general Ecorr

values determined from polarisation curves fairly agree with

the observed steady state OCPs. Comparing the anodic currents

obtained at different applied potentials, the specimens can be

arranged in the order of their increasing passive character :

Plain carbon steel < OCS(glucose) « OCS(MOR) * OCS(LiOH) <

OCS(CHA) « OCS(DTPA) < OCS(HEDTA) < OCS(boric acid) < OCS(N2H4) <

OCS(NTA).

4.Discussion: a) Chelants:The beneficial role of chelants during

passivation can be explained in terms of formation and subsequent

decomposition of Fe-chelants to give a solution precipitated

magnetite layer providing improved coverage of the surface of the

alloy. The stability constants (logioK at 298 K) of complexes of

Fe2+ with DTPACHsA), HEDTA(H3AOH) and NTA(H3A) are 21.5(FeAOH4"),

17.2(Fe(AOH)OH2", <12(FeAOH2") respectively. At higher

temperatures K values will change but there is no reason to
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believe that their magnitudes will drastically alter. Such

complex formation results in the release of H+ ions resulting in

lowering of pH observed at the end of the experiments. A 350

mg/kg of chelant employed corresponds to 0.89, 1.26 and 1.83

mmol/kg concentration of DTPA, HEDTA and NTA respectively. The

expected base metal corrosion would therefore be NTA > HEDTA >

DTPA. At 473 K thermal decomposition of chelate and chelant can

beg in. However, decomposition of NTA at 473 K is much lower

(ti* 1000 h) than that of HEDTA and DTPA ( t* * 2 h). Thus from

thermal decomposition of chelate and chelant angle one expects

the order of base metal loss to be: NTA > DTPA > HEDTA. From the

initial concentration of chelant, the amount of Fe that would be

complexed is calculated to be 70.4, 49.7 and 102.2 mg/kg for

HEDTA, DTPA and NTA respectively. This corresponds to base metal

losses of 79.2, 55.9 and 114.9 mg/dm2 respectively, but values of

base metal loss actually obtained are much higher. This can only

be explained by pronounced lowering of pH of the medium as well

as by the free additive left at the end of the experiment. Hence

under chelant conditions, a combined situation of complex

formation and pH controlled corrosion exists.

Bloom et al.,[12] have attributed the disappearance of LiOH

from the solution in the oxide coating studies on mild steel at

589 K to a reaction of the type 5Fe3CU + 3LiOH + H2O >

3LiFe5O8 + 5/2H2 . At LiOH concentration of < 1% , a diminishing

effect on [LiOH] has also been observed. In the present study the

decrease in pH measured in LiOH experiments and the observation

of Li in the oxide coating could point to such incorporation of

Li in the oxide. From the protectivity point of view, the

chelants can better passivate the surfaces than LiOH. This is

achieved, however, with a great amount of base metal loss and
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crud release which are undesirable effects for any passivation

treatment. In the case of EDTA treatment of carbon steel at 473 K

under similar experimental conditions, not only high base metal

loss and crud release are encountered during the process, but

also the oxide film is found to be less protective than the one

formed under simple LiOH condition. The beneficial effect of EDTA

treatment is realised only at higher temperatures(> 523 K). In

this way the chelants used in the present study offer a better

protective film on the carbon steel surface than the one obtained

with EDTA or LiOH treatments. However, from an overall assessment

of passivation treatment, taking into account the base metal

loss, crud release and protectivity of the coating, the simple

LiOH treatment appears to be a better option than chelant

treatments.

b) AVT chemicals and other additives: The pH effect alone (Table-

IV) except in the case of glucose cannot explain the observed

base metal losses with these additives and protection offered is

probably due to the specific interaction of these additives with

the base metal/oxide surfaces. The presence of borate ion in

solution in the pores of the oxide coating thus suppressing the

solubility of iron in the pores and restricting its diffusion

could the cause for the low base metal attack observed with this

additive. This is due to the fact that the solution method of

oxide film growth involves diffusion through the porous oxide

predominantly via the solution present in the pores as the solid

state diffusion is very slow at 473 K. Though the adherent film

thickness observed is much less as compared to that obtained

under LiOH and other additives, the film is seen to be highly

protective in terms of decreased charge carrying capacity as

shown by the polarization studies.
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Adsorption of bifunctional base like N2H4 and amines such as

cyclohexylamine/morpholine on plain carbon steel or oxide coated

surfaces is known t be responsible for reducing the corrosion

rate of this material under ambient conditions.[13] Such an

adsorption mechanism could result in polarising the dissolution

reaction of iron. The results of the present study have shown in

terms of reduced base metal losses observed in presence of

hydrazine, cyclohexylamina and morpholine as compared to the base

metal loss observed with Li OH that these additives act as

corrosion inhibitors even at 473 K. In hot-conditioning with

N2H4, significant amounts of NH3 is generated which can be better

adsorbed on the surface as compared to the amines. Base metal

loss obtained in the hydrazine case is found to be much less than

that observed with CHA and MOR thereby confirming its better

inhibiting action. Between CHA and MOR base metal loss in

presence of CHA is less than that with MOR which conforms to the

better inhibiting efficiency of CHA over MOR reported in

1iterature.[14]

6.Conclusions: A comparative impact of complexing and non-

complexing additives on the passivation of carbon steel at 473 K

has been evaluated in terms of base metal loss, corrosion product

release and the protectivity of the oxide coatings. The additives

can be arranged in the following order with respect to base metal

loss: boric acid < hydrazine < cyclohexy1 amine < morpholine <

LiOH < HEDTA < glucose < DTPA < NTA. The protectivity of the

oxide film grown in presence of these additives can be classified

in the order: NTA > hydrazine > boric acid > HEDTA >

cyclohexy1 amine * DTPA > LiOH % morpholine * glucose. Thus

passivation in presence of hydrazine or boric acid seems to be

the best for carbon steel at 473 K.
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