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Transport Properties and Oxidation in Chromium and Fe-Cr Alloys Exposed to
Oxygen at High Temperatures*

J.-H. Park and K. Natesan

Materials and Components Technology Division 
Argonne National Laboratory, Argonne, Illinois 60439

Abstract

Alloy samples of Fe-25Cr, Fe-25Cr-0.3 and 1Y, and Fe-25Cr-lCe were subjected 
to oxidation tests in a microbalance at temperatures between 700 and 1000°C and at 
oxygen partial pressures in a range of 1 to lO'^O atm for time periods of 19 to 160 h. 
Integrity of the scales was also evaluated by quenching from the oxidation 
temperature to room temperature in ~20 minutes. During quenching, the 24-h 
oxidized samples of Fe-25Cr showed total spallation of oxide layers from the alloy 
substrate. However, the Y- and Ce-containing alloys did not show scale spallation 
during thermal quenching. To determine total spallation behavior in Fe-25Cr, the 
oxidation and quenching tests were repeated twice with the same samples. To learn 
why the scale in the second and third oxidation/quenching runs did not spall as in 
the first rim, we focused on alloy grain growth behavior during oxidation. Cation 
mixing properties obtained by electrical conductivity measurements on oxidized 
specimens were compared with the oxygen diffusivity in the corrosion product 
formed on the Fe-25Cr alloy.

Introduction

Corrosion resistance of structural alloys in high-temperature environments is 
achieved by the formation of a continuous chromium oxide (Cr203) scale. [1] This 
scale can be treated principally as a rate-determining solid-state diffusion barrier 
between the environment and the alloy substrates. High temperature oxidation 
studies have two fundamental aspects; elucidating the transport mechanisms to 
reduce oxidation kinetics and improving adhesion of the scale to the base alloy 
substrate. [2] When alloys contain so called “reactive elements” or “oxygen active 
elements”, i.e, Y, La, and Ce, etc., the growth rate of the oxide layer is reduced and
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adhesion of the oxide layer to the base alloy is enhanced. [3]
The objective of the present work is to observe the overall schemes for the 

oxidation behavior for the chromia forming alloys of Fe-25Cr with and without 
additions of reactive elements (such as Ce, and Y).

Experimental Procedure

Thermogravimetric analysis (TGA) of oxidation of Fe-25Cr

Oxidation studies were performed on samples of Fe-25Cr, Fe-25Cr-0.3Y with a 
CAHN electrobalance. The samples were suspended by a platinum wire, and a 
reaction gas was admitted from the bottom of the reaction chamber. The samples 
were heated in the reaction gas to the desired temperature, and changes in sample 
weight were monitored continuously. Oxidation temperature range was 700 - 
1000°C and oxygen partial pressures were controlled by flowing different gases, 
namely, oxygen, air, 1 vol.%CO-C02, and 18 vol.%CO-C02 . After cooling the 
oxidized samples were examined with a SEM (scanning electron microscope): Both 
the surface and the the cross section of cold-mounted samples were evaluated.

Another set of samples of Fe-25Cr (as received and enlarged grain size), Fe- 
25Cr-lY, and Fe-25Cr-lCe was oxidized at 1000°C in an oxygen-nitrogen gas 
mixture with a p02 = 10'4 atm.

Electrical resistivity of oxidized foils.

Electrical resistivity of the oxidized samples of Fe-25Cr and Fe-25Cr-lCe was 
measured by a standard four-probe method at a fixed DC current from a Keithley
Calibrator/Source Model 263 over a range of 10-100 pA.

Results and Discussion 

Oxidation of Fe-25Cr and Fe-25Cr-0.3Y

Figure 1 shows calculated equilibrium oxygen partial pressures for several gas 
mixtures and metal/metal oxides as a function of temperature. Figure 2 shows the 
TGA test data for Fe—25Cr alloy oxidized in air and Figure 3 shows weight-change 
versus time for oxidation of Fe-25Cr and Fe-25Cr-0.3Y alloysin the gas mixtures of 1 
vol.%CO-C02 and 18 vol.%CO-C02 at 1000°C. The weight change of the Fe-25Cr 
alloy exposed to 1 vol.%CO-C02 shows much higher rate than that of others. This 
behavior could be explained by the composition of the growing scale, i.e., the sample 
surface was completely covered with an Feg-gOq at outer surface and an Fei-gO 
inner scale. [4] However, in the case of 18 vol.%CO-C02gas mixture, no iron oxide 
or large grain scale was observed on the sample surface, because the p02 value was 
not sufficient to form iron oxides. At other temperatures and oxygen partial 
pressures, tests did not show any significant difference in oxidation rates were even
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though a small amount of iron was observed in the oxide scales based on the TGA 
data and visual observation of the cross sections of the oxidized scales. At high
oxygen partial pressures, the formation of hematite [Fe203-5] is expected. Hematite 
has the same crystal structure as chromium oxide, i.e., corundum structure, 
which would be expected to have diffusion properties similar to those of chromium 
oxide.

Oxide scales on always with small amount of yttrium contained no iron oxide 
over the wide range of temperature and oxygen partial pressure of the present 
investigation. The absence of iron oxide may be explained by the predominance of 
anion transport. [1,5] However, the values of the parabolic rate constant were 
similar for alloys with and without reactive elements, and the oxidation process 
seemed to be controlled by ionization of chromium at the scale/alloy interface. At 
700°C and low oxygen partial pressures, calculated scale thickness from weight- 
change data by TGA exceeds the measured scale thickness by SEM, which indicates 
that internal oxidation or solubility of some species within the metal occurs.

Oxidation of Fe-25Cr, Fe-25Cr-lCe. and Fe-25Cr-lY at 1000°C

After 19 h oxidation and thermal quench of a Fe-25Cr specimen, the oxide scale 
separated from the substrate. At high magnifications, 1-jim edge cracks were 
apparent in the 15 - 20 |im scale near the scale/alloy interface. In addition, scale 
bending due to plasticity of the scale at elevated temperatures and scale spallation 
due to thermal expansion mismatch between the scale and substrate alloy were 
observed.[6] SEM and EDS analyses of the fracture surfaces of the spalled oxide 
scales showed that the scales were pore-free pure chromia. The presence of 
grinding/scratch marks remaining on the interface (i.e., scale/alloy interface of the 
spalled oxide) indicates that outward diffusion of cations through the oxide scale 
was dominant, similar to marker experiments. [7,8] Beneath the spalled scale the 
alloy side of the scale/metal interface showed a number of small crystals. EDS 
analysis indicated these crystals were Cr203. Crystal growth near the interface can 
be explained by;

(1) vapor phase transport of chromium at the reduced oxygen partial pressure 
at the alloy/scale interface,

(2) separation of alloy/scale interface at an earlier stage of the oxidation,
(3) gap between alloy substrate and scale could be wider than the crystal

dimension, which is in this case about 1 pm, and
(4) the possibility of inward oxygen diffusion through the scale. 

Grain-boundaries in the alloy substrate exhibited very fine grooving at the alloy 
surface, to a depth similar to the oxide grain size. This indicates good adhesion 
between scale and alloy substrate in the early stage of oxidation. No scale spallation 
was observed in the reoxidized sample after thermal quenching treatment.

For longer oxidation times, weight change versus time curves showed an 
abrupt increase in weight gain. A typical plot is shown in Fig. 2 for a Fe-25Cr 
specimenat 1000°C in high oxygen partial pressure. Initially, a chromia scale 
formed and after -100 h, the scale became covered with fast-growing iron oxide.
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From this sudden increase in weight gain, outward transport of iron and 
subsequent oxidation are dominant features in long-term oxidation.[9] Typical 
chemical compositions of the scale layer after -200 h exposure are listed in Table 1.

Table 1. Chemical compositions from EDS analysis 
of scale on Fe-25Cr.

Scale location
outer scale 
thin scale (outer) 
outer middle scale 
inner middle scale 
thin scale (inner)

Cation composition
Fe
3Fe-97Cr
50Fe-50Cr
51Fe-49Cr
lFe-99C

Visual observations were made of the scales and alloy substrates before and after 
oxidation experiment. Enlarged alloy grains were observed in Fe-25Cr alloys after 
exposure. Since substantial grain growth in alloy substrate was observed, further 
studies focused on grain growth during oxidation of alloys with and without Y 
addition. [9]

According to literature, solid solubility of yttrium in chromium is 0.71 atomic 
percent and that of chromium in yttrium is 0.70 atomic percent. However, the 
difference in the respective atomic radii of Cr and Y as well as parametric data, [10] 
suggests that the solid solubility of Y in Cr is < 0.005 atomic percent. In the Fe-Y 
phase diagram, a stable compound Y2Fei7 with an hexagonal structure has been 
identified. In previous studies on Fe-25Cr-0.87Y alloy, Y2(Fe, Cr)i7 was identified 
in alloy grain-boundary. [11]

Samples of Fe-25Cr and the Y-containing alloy were oxidized, cold mounted for 
SEM, and etched in slightly acidic solution to dissolve the alloy around the scale to 
examine the scale micro structure. The cross sections of the Fe-25Cr specimens 
showed large differences in grain size after oxidation at temperatures between 700 - 
1000°C. However, in Fe-25Cr-lY no grain-growth was observed (Fig. 4). At 
temperatures below 800°C, no significant grain growth occured in either of the 
alloys.

Oxidation of Fe-25Cr after vacuum anneal at 1000°C for 24 h

In order to investigate the scale spallation in the Fe-25Cr alloy and the causes 
for the grain-growth during oxidation, alloy samples of Fe-25Cr were annealed in 
vacuo at 1000°C for 24 h 40 min and then were oxidized for 20 h. Weight change 
versus time behavior was compared with the oxidation behavior of an as-received 
sample (1st run) and a spalled sample (2nd run). The oxidation behavior of the 
annealed sample, which had an enlarged grain size was, similiar to that the 
spalled sample (2nd run). No spallation was observed after the thermal quenching 
of the annealed sample.
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Electrical resistivity of oxidized foils

Figure 5 shows the log ohmic resistance versus reciprocal temperature for the 
oxide Fe-25Cr and Fe-25Cr-lCe alloys. The ohmic resistance of the oxide scales 
formed on the Ce-containing alloy was higher than that of the scale on the Fe-25Cr 
alloy. These results can be analyzed by the defect incorporation scheme described 
below. In the high-p02 region, the most stable valence state of cerium is +4. When 
cerium is incorporated into the cation sublattices at either Cr (+3) or Fe (+3) site,

Ce02 = Ce’Cr (or Fe) + 1/2 02 (g) + 3/2 Ox0 + e\ (1)

Similarly, when we consider the cation interstitial as a point defect, 
incorporation of the cerium ion may be written as

Ce02 = Ce’{ + 1/2 02 (g) + 3/2 Oxo + e'. (2)

In either case, electrons are produced as a charge-compensating defect. The 
electron holes are annihilated by recombination with electrons, i.e.,

nil = e' + h*. (3)

Consquently, the ohmic resistance increases, i.e., electrical conductivity 
decreases. Our studies indicate that Cr203 is predominantly a p-type 
semiconductor, [12] as is the oxide developed on Fe-25Cr.

In order to observe the cation mixing kinetics for Fe/Cr in the alloy oxide, the 
ohmic value was monitored as a function of time to obtain diffusion information. In 
the diffusion analysis, a thin-plate model was introduced with the condition of no 
oxygen chemical potential gradient accross the sample. Results for the apparent 
and bulk diffusivity are plotted in Fig. 6. The apparent diffusivity is based on the 
overall thickness of the specimen, whereas the oxide grain size was considered in 
calculating the bulk diffusivity. Oxygen diffusion data, obtained from literature, are 
also plotted.[13,14] The data indicate that at high temperatures, anion inward 
diffusion becomes a possibility during the oxidation of Fe-25Cr when iron becomes 
mixed in the scale. However, at lower temperatures, cation outward diffusion is 
expected, based on the data in Fig. 6.

Conclusions

1) The major role of reactive elements in oxidation is to suppress iron diffusion 
through the scale.
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2) Reactive elements also inhibit grain growth in the alloy. Consquently, no 
spallation of thermally grown scale was observed even under thermal quenching 
conditions

3) In alloys without reactive elements scale spallation was minimized by a large 
alloy grain size. However, outward diffusion of iron occurred similar to that in 
alloy with normal grain size.

4) Alloy grain growth in decreasing order is as follows:
Fe-25Cr » Fe-25Cr-lCe > Fe-25Cr-lY.
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FIGURES

Figure 1. Log p02 versus inverse temperature for various gas mixtures 
and metal/oxide equilibria.

Figure 2. Weight change versus time during oxidation of Fe-25Cr and Fe- 
25Cr-0.3Y alloys at low oxygen partial pressures.

Figure 3. Weight change versus time during oxidation of Fe-25Cr at high 
oxygen partial pressures.
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Figure 4

Figure 5. 

Figure 6.

Grain size of Fe-25Cr and Fe-25Cr-lY alloys after oxidation at 
temperatures between 700 and 1000°C for time period of 90 to 135 
h.

Log (R, ohmic resistance) versus inverse temperature for 
oxidized foil samples of Fe-25Cr and Fe-25Cr-lCe.

Temperature dependence of cation and oxygen diffusion in 
thermally growing scales on chromium and Fe-25Cr alloys.
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