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The reaction of lanthanum nitrate with metallic oxides that can be present in the oxide scales 
formed at elevated temperatures on the surface of stainless steel has been investigated as 
model systems of the processes occurring during the oxidation of lanthanum coated 
stainless steel. X-ray diffraction (XRD) experiments have shown that LaCrO3 and LaFeO3 are 
the most stable compounds. XRD, chemical analysis and thermogravimetric experiments 
have demonstrated that in the case of Cr203, nitrate anions are able to oxidize Cr(lll) to Cr(VI) 
resulting in a precursor phase of perovskite structure that influences the corrosion inhibition 
of stainless steel at high temperatures. 

1. Introduction 
Heat-resisting alloys depend on the formation of 
a protective oxide on the metal surface to limit section 
loss by oxidation. Generally, this protective oxide is 
chromia, Cr203 [1]. Approximately 50 years ago, it 
was discovered that minor amounts of reactive ele- 
ments, added as a cerium mischmetall deoxidizer to 
the melt before the development of vacuum melting, 
greatly affected the lifetime of heater alloys [2]. This 
effect is called nowadays the "reactive element effect" 
(REE) [3 I. 

The full manifestation of the effect can be produced 
by many elements, and by fine dispersions of the 
oxides of the reactive elements in the alloy [4, 5]. At 
least part of the effects can be produced by implanting 
the reactive element into the surface of the alloy [6-8], 
or by coating the surface with a thin layer of the 
reactive element oxide [9-13]. 

Despite the numerous efforts devoted to under- 
standing the effect of rare-earth elements in the 
oxidation mechanism within the oxide scale, no 
clear conclusions have yet been drawn. The modi- 
fication of the diffusivity in grain boundaries 
or of oxide scale morphology and grain size and 
change in the protective scale transport properties, 
might justify the beneficial effect of rare-earth 
cations [3]. 

In a recent report we postulated the formation of 
a perovskite compound, LaCrO3, as responsible for 
the modification of the transport properties within the 
oxide scale [13]. This hypothesis slightly modifies 
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previous data in which, although considering the pres- 
ence of the perovskite phase, it is concluded that 
LaCrO3 phases do not affect the corrosion behaviour 
[7, 8]. More recently, Roy et al. [14] observe a X-ray 
diffraction differences in the phases formed on oxidiz- 
ing a CeO2-coated stainless steel. 

In the present report we present a systematic study 
of the phases formed on heating lanthanum nitrate 
with mixtures of oxides that can be present in the 
oxide scale of an oxidized stainless steel 

2. Experimental procedure 
Cr203 and Fe203 of 99% and 95% purity, NiO of 
70% Ni content from Merck, MnO and MnCr204 
99% pure from Alpha products, were used as starting 
materials. A 1 M solution of La(NO3)3- 6H20 (Merck, 
99% pure) in ethanol was prepared and mixed in 
adequate amounts with the pure oxides, simulating in 
this way the deposition process followed in the prep- 
aration of the coated steels [13]. The reacted speci- 
mens were obtained by the ceramic method by heating 
in an electric furnace up to 500, 900 or 1100~ and 
keeping an isothermal step of 10 rain at every temper- 
ature. 

X-ray diffraction experiments were carried out on 
powdered samples in a Siemens Kristalloflex D5000 
using CuKc~ radiation and graphite as mono- 
chromator. Thermogravimetric measurements were 
performed in a Setaram TAG 24S16 device in syn- 
thetic air at/3 = 10 K rain- 1. 
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3. Results and discussion 
The oxide scale of an AISI304 stainless steel after 
time-controlled oxidation at 900 ~ under synthetic 
air is formed by Cr203 and MnCr204 [13, 15]. After 
depositing lanthanum, the presence of LaCrO3 is also 
observed. A series of mixed oxides containing iron, 
chromium and manganese can be present depending 
on the degree of lanthanum coverage and the oxida- 

t -  

< 

> .  

t - -  

Cr203 + La ( NO3 )3 

1 1 0 0  ~  

900 ~ 

I ] I I I I I [ 

MnO + La ( NO~ )3 

900 ~  

500 ~ 

i I I i , i i i 

NiO+ La(N%)3 

1100 ~ 

9 0 0  ~  

I I I I 1 I I I 

I M n O  o 

5oooc  
I I I I I I I '1 

, C r = %  + M n O  

i i i i i i i i 

25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60 

20 ( deg ) 

Figure 1 X-ray diffraction patterns of the resulting products after 
heating chromium, manganese and nickel oxide with lanthanum 
nitrate at the indicated temperatures. For the sake of comparison, 
the XRD patterns of the products resulting from heating MnO and 
Cr203 and MnO mixtures are also included 

tion temperature [13]. By mixing the pure oxides with 
lanthanum nitrate we have attempted to understand 
the differences in the crystalline phases formed during 
oxidation on the surface of stainless steel. 

Fig. 1 presents the XRD patterns of binary mixtures 
of chromium, nickel and manganese oxides heated in 
air in the presence of lanthanum nitrate at 500, 900 
and 1100 ~ all the crystalline phases observed are 
shown in Table I. For the sake of comparison, in the 
case of manganese oxide, MnO, the thermal evolution 
of the XRD pattern is also shown. In general, on 
heating these binary mixtures to the higher temper- 
ature used, mixed oxides of lanthanum and the 
transition metal are observed, although sometimes the 
observed phase is not the stoichiometric one. In par- 
ticular, La-Ni compounds show a high compositional 
variability at high temperature, as can be expected 
because the following processes occur at 1100~ 
LaNiO3 ~ La4Ni3Olo ~ La3Ni207. 

Ternary mixtures have been also investigated. 
Fig. 2 shows the XRD patterns of these mixtures as 
a function of temperature, the observed phases being 
described in Table II. The reaction of Cr203 with NiO 
and La(NO3)a results at high temperatures in LaCrO3 
and La2NiO4, although this latter compound can 
only be observed in minute amounts. Besides this, the 
enormous variability of La-Ni-O phases observed on 
heating the binary mixtures was not observed in the 
presence of chromium, indicating a higher stability of 
the La-Cr-O phases with respect to those containing 
nickel. If MnCr204 is mixed with lanthanum the final 
product is again the chromium lanthanum perovskite 
which results in displacing the manganese from the 
spinel structure. The reaction between chromium and 
iron oxides with La(NO3)3 results in a mixture of 
LaCrO3 and LaFeO3 although the presence of iron 
oxide in the final product may indicate a higher stabil- 
ity of the chromium perovskite. 

TABLE I Observed phases in binary mixtures as a function of the reaction temperature. (tr) = trace 

Binary Mixture 500 ~ 900 ~ 1100 ~ 

0 2 0 3  + La(NO3)3'6H20 

NiO + La(NO3)y6H20 

MnO + La(NO3)3.6H20 

Cr203 Cr203 Cr203 
La2CrO6 LaCrO3 LaCrOa 

La2CrO6(tr) 

NiO NiO (tr) 
La203 La203 (tr) 
LaNiO 3 LaNiO 3 
La2NiO, La2NiO4 

La4Ni3Oi0 
La3Ni2Ov 

Mn30~ 
La203 (tr) 
LaMnO3.15 

MnO 
Mn203 (tr) 
LaMnOa (tr) 

MnO MnO 
Mn203 (tr) 
Mn304 (tr) 

Cr203 + MnO MnO 
Cr203 

MnO (tr) 
Mn203 
LaeO3 
Mn304 (tr) 
LaMnO3 (tr) 

Mn2Oa 
Mn304 (tr) 

Cr203 
Mn203 
Mn304(t 0 
MnCr~O4 

Mn304 

CrzOa 
Mn2Os(tr) 
MnCr204 
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Finally, the diffractograms obtained after reacting 
La(NO3)3 with Cr203, Fe203 and MnO are shown in 
Fig. 3. The behaviour is quite similar to that found in 
the ternary mixtures the presence of chromium perov- 
skite and manganese and iron oxides being detectable. 
Fig. 3 also shows the diffractograms obtained after 
reaction of MnCr204, Fe203 and La(NO3)3-6H20. 
In this case, both iron and chromium perovskites are 
formed. The observed phases for both reactions are 
shown in Table III. This behaviour again confirms the 
higher stability of the LaCrO3 compound with respect 
to the other possible lanthanum mixed oxides. 

Apart from the above, it is interesting to notice the 
existence of La2CrO6 whenever lanthanum and chro- 
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Figure 2 X-ray diffraction patterns of the resulting products after 
heating binary mixtures of metallic oxides with lanthanum nitrate at 
the indicated temperatures. For the sake of comparison, the XRD 
patterns of the products resulting from heating MnCr204 and 
FezO3 and MnO mixtures are also included 

mium are present. To ensure the presence of Cr(VI), 
chemical analysis of this phase has been performed. 
After reacting La(NO3)3 with Cr203 at 500 ~ water is 
added to the final product; after 3 h the solution is 
titrated with Fe(NH4)2(SO4)2 and the amount of 
Cr(VI) evaluated. This analysis shows 1.14% of the 
total weight corresponds to chromium (VI), which is 
consistent with the presence of the La2CrO6 phase. To 
ensure that this is not due to oxidation by air, the 
same analysis was performed on pure Cr203 heated in 
air at 500 ~ in this case only 0.033% of the weight of 
the sample can be associated with chromium (VI). By 
mixing Cr203 and LaaO3 and oxidizing in air at 
500~ only 0.01% of the total Cr(III) is present as 
Cr(VI), while if AI(NO3)3 is added to the mixture, the 
amount of Cr(VI) in the solution increases to 0.46% of 
the total chromium content. Therefore, it should be 
stated that NO3 anions must oxidize Cr(III) to 
Cr(V[). 

To understand the processes occurring in the oxide 
scale of stainless steel when La(NO3)3 is added, we 
have performed a thermogravimetric study of the re- 
action of Cr203 with La(NO3)3. Fig. 4 shows the 
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I 900 ~ 

500~ . ,~ t ~ 900~ 

25 30 35 40 45 50 55 60 25 30 35 40 45 50 55 60 
2{) ( deg ) 

Figure 3 X-ray diffraction patterns of the resulting products after 
heating CrzO3, Fe203 and MnO or MnCr204 and Fe203 with 
lanthanum nitrate at the indicated temperatures. 

TABLE II Observed phases in ternary mixtures as a function of the reaction temperature. (tr) = trace 

Ternary mixture 500 ~ 900 ~ 1100 ~ 

Cr203 + NiO + La(NO3)3" 6HzO Cr203 Cr203 NiO (tr) 
NiO (tr) LaCrO3 La203 
La2CrO6 LazCrO6 LaCrO3 

NiO (tr) La2NiO4 (tr) 
LaNiO3 

MnCr20~ + La(NO3)3" 6HzO No reaction LazO3 La203 
MnCr204 LaCrO3 

MnCr204 
MnCrzO~ + Fe203 

CrzO3 +FezOa +La(NO3)3"6H20 

MnCr204 
Fe203 
MnFe204 (tr) 

No further reaction 

LaCrO3 LaCrO3 
La2CrO6 LazO3 
LazO3 LaFeO3 
FeLaO3 
FezO3 
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TABLE III Observed phases in quaternary mixtures as a function of the reaction temperature. (tr) = trace 

Quaternary mixture 500 ~ 900 ~ 1100 ~C 

Cr~O3 + Fe203 + MrrO + La(NO3)3-6H20 Cr203 Cr203 Cr203 
Fe203 Fe203 Fe203 
MnO Mn203 Mn304 
La2CrO6 LaCrO3 LaCrO3 

MnCr204 + Fe203 + La(NO3)3" 6H20 - Fe203 LaFeO3 
LaFeO3 LaCrO3 
La203 La203 
MnCr204 MnCr204 
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Figure 4 (a) Weight losses and (b) derivative weight losses of (...) 
CrzO3 (a), (b) x 50, and ( - ) La(NO3)3 6HzO. 

thermograms corresponding to the decomposition of 
the initial products in the presence of synthetic air. 
The thermal evolution of C r 2 0  3 presents a single step 
with the maximum rate at temperatures close to 
100 ~ indicative of the elimination of surface water 
corresponding to a highly sintered oxide. 
La(NO3)a'6H20 is characterized by a more complex 
thermogram, having three main steps: between room 
temperature and 285 ~ the second one that extends up 
to 480 ~ and the last one at approximately 740 ~ 

the weight losses associated with these three steps are 
23.9%, 25.9% and 12.2%, respectively. The first step 
and the third one are complex as deduced from the 
DTG being composed of more than one step. Accord- 
ing to literature results, these steps can be associated 
with the loss of water, elimination of some of the 
nitrate groups through the formation of nitrogen ox- 
ides, resulting in the formation of oxynitrate phases as 
previously described for this and other systems [16, 
17], and a final step to the formation of LazO3. Assum- 
ing the following decomposition scheme, 
La(NO3)3"6H20 ~ La(NO3)3 --~ LaONO3 --, La203, 
the calculated weight losses for the three steps would 
be 24.9%, 25.0% and 12.5% respectively, in excellent 
agreement with the experimental results. The last 
step is clearly differentiated into two processes in the 
thermogram has weight losses that can be fitted to the 
process LaONO3 ~ La304NO3 ~ La203. 

The thermogram of a mixture of Cr20 3 and 
La(NO3)3-6H20 is shown in Fig. 5. Most of the 
weight loss occurs in two main steps at temperatures 
below 500~ these two steps are similar to those 
corresponding to the thermal decomposition of 
La(NO3)3- 6H20 and occurs in the same temperature 
range except the last shoulder in the DTG at 500 ~ 
which appears in this case and not at all in the nitrate. 
When the amount lost up to 500 ~ is analysed, the 
total weight loss (52.1%) is higher than that corres- 
ponding to the elimination of two nitrate ions (46.5 %) 
but smaller than that corresponding to the total de- 
composition of nitrates (58.0%). It can be assumed 
that the decomposition occurs up to the formation of 
the final oxynitrate, La30#NO3, in which case, if the 
oxidation of Cr(III) to Cr(VI) occurs by the nitrate as 
stated above, resulting in the formation of the 
La2CrO6 phase, the observed weight loss has to be 
51.9%, in excellent agreement with the experimental 
data. At higher temperatures, two decomposition 
steps appear that correspond to the elimination of 
molecular oxygen and to the elimination of the re- 
maining nitrate groups with weight losses of 1.3% and 
1.6%, respectively. As can be seen in Fig. 1 at 500 ~ 
the La2CrO~ phase is formed, decomposing at higher 
temperatures, resulting in the formation of the perov- 
skite phase with the loss of the excess oxygen_ 

By depositing lanthanum nitrate over time-control- 
led preoxidized stainless steel surfaces, which consist 
of a layer of thickness between 0.1 and 0.2 ~tm of 
Cr203, the formation of LaCrO3 is observed [13, 15]. 
This latter phase controls the diffusion of cations and 
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Figure 5 ( - ) Weight loss and (...) derivative weight loss of a 1:2 M 
mixture of CrzO3 and La(NO3)3" 6H~O. 

therefore the oxidation kinetics. In a first step, the 
diffusion of anions generates a thick Cr203 layer, 
thickening towards the alloy-oxide-scale interface, 
up to the point at which the chromium diffusion from 
the alloy bulk and the thickness of the chromium 
oxide layer favours cationic diffusion. When this step 
takes place a layer of small MnCr204 crystals starts to 
grow on top of the perovskite layer. As small and 
stoichiometric as the lanthanum content is it is over 
the minimum level able to form a continous perovskite 
layer; under this lanthanum level, poorly stoichiomet- 
ric Mn-, Fe- and Ni-Cr  spinel-like structures appear. 

The absence of Ni -La  and Fe -La  mixed oxides can 
be understood because initially a C r 2 0  3 layer is for- 
med over the preoxidized stainless steel surface. This 
also occurs if in the initial oxidation layer the Mn-Cr  
spinel is present; in this case the formation of LaCrO3 
is explained either by direct reaction with the chro- 
mium oxide or by displacing manganese from the 
spinel structure�9 If, on the contrary, lanthanum nitrate 
is directly deposited over non-oxidized stainless steel, 
LaFeO3 and LazNi205 are observed in the XRD 
diffraction patterns. This can be explained by the 
combined oxidizing effect of nitrate anions and oxy- 
gen which may result in the formation from the very 
beginning of Fe(III), Ni(II) and Cr(III) species on the 
material surface. 

In conclusion, the reported data help us to under- 
stand the variability of phases encountered on analys- 
ing the oxide scale grown on stainless steel as a 
consequence of the reactivity of CrzO3 and La203 
which favours the formation of this perovskite over 
iron or nickel ones. In addition, the oxidizing behav- 
iour of nitrate anions that leads to the formation of 
La2CrO6 also helps in favouring the formation of the 
La-Cr  perovskite. 
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