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Abstract— Iron oxides are the main com ponents of the circulating particles carried by the fluid in the 
primary circuit of nuclear power stations. The oxidation state of iron is (II, III), as in Fej0 4 , or (III), 
as in Fe2 0 j, depending upon the reducing or oxidizing condition of the médium.

M oessbauer Spectroscopy allows the characterization of diflíerent form s of iron oxides, as well as 
iron and o ther metal mixed oxides. AIso with this technique it is possible to detect the gradual 
changes in the stoichiom etry of the phases due to oxidation.

From the results obtained, it is concluded that the change in the oxygen content of the coolant in 
nuclear power stations will rapidly reflect itself in changes in the stoichiom etry of the magnetite-type 
solids and, if higher leveis of oxygen or localized attacks take place, the structure of the particles will 
suffer more drastic changes to hematite in a short time.

INTRO DUCTIO N  

SYNTHETIC corrosion producís have been used in 
simulation studies o f the behaviour of the natural 
ones."'^’

Iron oxides are the main com ponents o f the 
circulating particles carried by the fluid in the 
primary circuit o f nuclear power stations. The 
oxidation state o f iron is (II, III), as in Fe304, or 
(III), as in Fe203, depending upon the reducing or 
oxidizing conditions o f the médium.

In the matrix o f these oxides other meta! ions 
may be present as a result o f the hydrothermal 
synthesis produced by the fluid at the high 
temperature prevailing in the system  (~250°C).'^’ 
These metáis, such as chromium, nickel, cobait, 
manganese and others, are also released from the 
structural materials and give rise to ferrite-type 
structures.

M oessbauer Spectroscopy permits the study of  
the states o f iron in sam ples to be analyzed. In a 
different context M oessbauer Spectroscopy has 
been used previously in the study o f iron oxidation  
processes." ’ Thus the gradual changes that take 
place under mild oxidative conditions can be put in 
evidence. Therefore this spectroscopy will be used 
in the study of the mentioned iron products. As a 
first step in our work, we have em ployed this

technique in order to evalúate the method pro- 
posed by Fletcher et al."’ for synthesizing cor- 
rosion-like products by a w et method.

EX PER IM EN TA L  
Synthetic cruds of various com positions were pre- 

pared according to the following techniques,
Sampte  1 was prepared by alkaline hydrolysis of iron 

sulphate. To a 6% w/w aqueous FeSO^-THiO solution, 
concentrated (40%) NaOH was added dropwise and with 
mechanical stirring at 22°C under nitrogen. The volume 
of NaOH was ca. one tenth of the initial v o lu r .;  o f iron 
solution. The light green precipítate (Fe(0H)2) was 
centrifugated and rinsed at least 10 times with deaereated 
water. The preparation was carried out in a glove-box 
under purified nitrogen, to prevent contact with air. The 
solid was dried in an evacuated oven at ~120°C, and 
finally it was calcinated in a tubular furnace under N 2 at 
500°C for 5 h. In this period, reaction (1) takes p lace:'”

(I) 3Fe(OH)2 -  Fej04  + 2 H 2O + H,

Samples 2 and  3 were prepared as sample 1, but 
without resorting to the use of a glove-box. In the 
presence of air, the extent of oxidation varies from one 
preparation to another, as discussed below.

Sample  4 was prepared as sample 2, but using the 
equivaient am ount of FeCl2-4H20, ra ther than iron 
sulphate.

For sample 5, the com position and treatm ent was 
exactly analogous to sample 2, but after calcination at
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500°C, the sample was exposed to air at 300°C for 3 min, 
in an effort to reproduce the possible effect on an ac­
cidental oxygen accumulation. The colour of the sample 
changed from black to red In this short period.

Sample  6 was a mixed oxide sample prepared from a 
solution containing FeCI;-4H:0 (13.8% w/w), N iC IréH iO  
(15,3%), C rC l,-6H :0  (0.13%), M n C lr4 H :0  (0.07%) and 
C oCI;-6H;0 (0.05%). Oxidizing conditions (air) were kept 
during calcination, and a reddish product ensued.

Sample 1 was similar to sample 6, but was obtained in 
air-free conditions. Its colour was black.

Al! sampies were analyzed by atom ic absorption spec- 
troscopy and fíame photom etry.

The M oessbauer spectra were m easured in a trans- 
mission geometry with an ELRON M oessbauer Spec- 
trom eter in a constant acceleration mode with an Ar/CO; 
filled Reuter Stokes R.S.G.-6I-M 2 proportional counter. 
Spectra were displayed in a m ultichannel analyzer 
operated in the time mode. The source used was '” Co in 
Pd matrix, and the sam pies, in the form of powder, were 
weighcd out to give an iron content of approxim ately 
8 m g cm “’ and were encapsulated betw een thin acrylic 
disks. M easurem ents were carried out with the source 
and absorbers at room tem perature.

Spectra were least-squares fitted'*’ employing a puré 
Lorentzian shape and constraining the corresponding 
peaks. The quality of the Computer fit was checked by a 

test and oniy those of lower valué were accepted.
Counting statistic (N ) ranged from 3 x  I0‘ to 9 x  10* 

counts per channel; the corresponding statistical and 
percentage statistical errors lay betw een 1.7 x  lO’-3  x 10̂  
and C.06%-0.03% respectively.

R ESU L TS A N D  D ISC U SSIO N
The M oessbauer spectra are shown in Figs 1-7. 

Their parameters are shown in Tabie 1. The in- 
tensity rallos, Table 2, were obtained from the 
corresponding arca ratios.

The M oessbauer parameters (Tables I and 2) o f  
sample 1 indicate the presence o f a magnetite (see 
Fig. !).">

Sample 2 parameters (Table 1) indicate the 
presence of a magnetite and a ferric oxide (Fig. 
2) (8.9) -pfig could not be distinguished

V e l o c i t y ,  m m / s

- I I  - 1 0  - 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0  I 2  3  4  5  6  7  8  9  10  M

F ig .  1. M o e s s b a u e r  s p e c t r u m  o f  s a m p l e  1 a t  r o o m  t e m p e r a t u r e .  O: e x p e r i m e n t a l  po in ts ; -H :  f it ted  p o in t s ;
A: c o in c id e n !  p o in ts ) .

V e l o c i t y ,  m m / s

- I I  - 1 0  - 9  ~ 8  - 7  “ 6  - 5  - 4  - 3  - 2  - I  O  I 2  3  4  5  6  7  6  9  10

O ........

F i g . 2. M oessbauer spectrum  of sample 2 at room tem perature. For key, see legend to Fig. I.
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Vetocity, mm/s
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FiC. 3. M oessbauer spectrum  of sample 3 at room tem perature. For key, see legend to Fig. I.

Veloci+y, mm/s

-n - 1 0  - 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 0  t 2 3 4 5 6 7 8 9 10

F ig. 4. M oessbauer spectrum  of sample 4 at room tem perature. For key, see legend to Fig, I.

V e lo c ity , mm/$
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F ig . 5. M oessbauer spectrum  of sample 5 at room tem perature. For key, see legend to Fig. I. ,
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Ve l oc  I t y  , mm / s
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Fio. 6. M oessbauer spectrum  of sample 6 at room tem perature. For key, see legend to Fig. 1.

Ve l o c i t y ,  m m / $
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FlG. 7, M oessbauer spectrum  of sample 7 at room tem perature. For key, see legend to Fig. 1.

between a maghemite and an hematíte. The in- 
tensity ratio for the magnetite (Table 2) is greater 
than the one corresponding to a stoichiom etric 
magnetite, pointing out the existen ce o f Fe3-,04. In 
a non-stoichiom etric Fe3-;c04 there is an excess o f 
non-paired Fe^* giving rise to a sextuplet which 
overlaps that due to the A-site F e’* ions; for this 
reason the relative intensity o f the A-pattern is 
increased.*"”

For sample 3, the M oessbauer parameters 
(Table 1) are similar to those o f sample 2, except 
for the intensity ratios (Table 2), w hich show  a 
different number o f vacancies (Fig. 3). In this case 
it could be concluded from the spectrum at liquid 
nitrogen temperature, that the iron oxide is a -  
Fê Oa.

The parameters and intensity ratios for sample 4 
(Tables 1 and 2) show  the presence o f non-stoi- 
chiom etric F c3-,04 and a-FezO s (Fig. 4). The 
goodness o f the fit assures the presence of the a  
phase iron oxide.

The parameters of sample 5 (Table 1) indicate 
the presence o f a -F eiO s (Fig. 5). This conclusión  
is strengthened by the fact that the sextuplet has a 
line width of the sam e order as the natural one, 
excluding the possibility o f another overlapping 
sextet being present.

From the M oessbauer spectrum corresponding 
to sample 6 (Fig. 6) it can be concluded that the 
main phase is 7 -F e203, although small quantities 
of a-F ejO s might also be present.

Figure 7 show s a non-stoichiom etric magnetite 
corresponding to sample 7. Parameters are listed 
in Tables 1 and 2.

The M oessbauer spectra clearly indicate that 
even small amounts o f oxygen do give rise to  
varying degrees o f oxidation, pointed out by the 
changes in the intensity ratios as well as in the 
relative proportions of the different phases present 
(c /. spectra 2 and 3).

The replacem ent o f sulphate by chloride in the 
initial preparation seem s to be related to the same
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* T a b l e  1. M o e s s b a u e r  s p e c t r a  p a r a m e t e r s  a t  roo m

T E M PE R A T U R E

Sample
H

(kg)
Q*

(mm s ')
/ S t

(mm s ')

1 495 ± 1 
462 ± 1

0.00 + 0.01 
-0.01 ±0.01

0.12 ±0.02 
0.47 ±0.01

2 489 ± 1 
467 ± 1

0.05 +  0.02 
-0 .0 9  ±0.05

0.10 ±0.02 
0,56 + 0,05

3

514± 1 
491 ±1 
466± 1

0.04 ±0.02 
0.04 ±0.02 

-0 .13 ±0.06

0,18 + 0.02 
0.11 ±0.02 
0.57 ± 0.05

515± 1 0.06 ±0.03 0.19 ±0.03

4 485 ±  1 
462 ±0.8

0.05 + 0.02 
-0 .0 6  ±0.03

0.09 + 0.02 
0.53 ±0.03

512±0.8 0.10±0.03 0,19 ±0,04

5 5 I8 ±  1 0.07 ±0.04 0,18 ±0,02

■ Hyp. 1
'492 ±  1 
.511+2

0.02 + 0.05 
0.09 ± 0.05

0,16 ±0,06 
0,19 ±0,05

6
490 ± 1 
506 ± 1

0.02 ±0.05 
0,05 ±0.03

0 .I6 ± 0 .0 6
0.17±0.04

Hyp. 2 ,517± 1 0.07 ± 0.04 0.19 ±0.04

7 490+ 1 
459 ±1

0.00 ±0.01 
-0 .02  ±0.01

0.13 ±0.02 
0.49 +  0.01

*( ■ 3 cos^ 0 ).

tR eferred to Pd matrix.

hydrolyzed Fe(III) solutions.'"’ In our case, aiso, 
the extent o f oxidation seem s to be greater when 
FeSO í ¡s em ployed instead of FeC l2- 

Rather extensive oxidation can take place 
without disruption of the basic structure 
(magnetite), as shown by spectrum 6 in which 
y-FezOs, structurally reiated to magnetite, is the 
most important iron-containing substance present. 
On the other hand, the results on sampie 5 are 
particuiarly interesting for our purposes, as the 
spectrum confirms that the short exposure to air at 
300°C was enough to produce quantitatively the 
oxidative iattice transformation from magnetite to 
hematite:

(2) 2Fe30< + 3a-Fe203.

Although water was not present in this case, the 
relevance of this result to operating conditions of 
nuclear power plants is immediate, and is in 
agreement with proposed methods for physico- 
chemical decontamination''^'^' involving fast 
transformations from magnetite to hematite and 
vice versa.

It is therefore concluded that changes in the 
oxygen content of the coolant in nuclear power 
stations will rapidly reflect itself in changes in the 
stoichiom etry of the magnetite-type solids and, if 
higher levels o f oxygen, or localizad attacks take 
place, the structure of the particles will suffer 
more drastic changes to hematite in a short time. 
M oessbauer spectroscopy could therefore yieid 
important Information on the coolant chemistry in 
nuclear power stations.

T a BLE 2. IN TEN SITY  RATIOS AT ROOM T EM PE R A T U R E

Sample íLUb). (h/h)>, (VIH { I ' l ñ

0.48 + 0.06 —
1.62 ±0.07 —
1.95 ±0.09 —
0.88 ± 0,06 —

Hyp. 1 3.2 ±0.2
H yp.2 5.9 ±0.2

0.89 ±0.07 —

0.48 ±0.06 
0.80 ±0.1 
0.35 ±0.06

0.14 ± 0 .2

A = tetrahedral site; B = octahedral site; a = 
magnetite; b =  maghemine; i = present phase different 
from magnetite.

end-products (cf. spectra 3 and 4), but the in- 
tensity ratio of the magnetite (Table 2) tends to be 
that of the stoichiometric one, and the a-FejO s 
proportion decreases. This is probably reiated to 
the well-known fact that the nature of the anión is 
relevant to the mechanism of crystal growth in
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