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OBJECTIVE

The objective of these experiments was to examine the long-term, high temperature (700°-
1100°C) oxidation behavior of oxide dispersion strengthened (ODS) Fe-(12-13)wt%Cr alloys.
These alloys are being considered for both fusion and fossil energy applications.  By adding an
oxide dispersion, the creep strength of ferritic alloys is significantly increased, allowing increased
reactor operating temperature.  However, the corrosion resistance of these materials have not
been studied in fusion-relavent environments such as He and water-containing gases.  The initial
testing has focused on oxidation in air and air with 10% water vapor to obtain baseline reaction
rates.

SUMMARY

Four ODS ferritic compositions were tested for up to 10,000h at 700°-1100°C.  At 700°-800°C in
air, the reaction rates were very low for all of the alloys.  At 900°C, the addition of Y2O3, compared
to Al2O3, showed a distinct benefit in improving the oxidation resistance, due to a reactive element
effect.  The absence of Ti and W in one alloy appeared to result in a thinner reaction product after
oxidation at 800°C.  One composition was tested in 10% water vapor at 900°C and at 1000°C and
1100°C in air.  Under these higher temperature conditions, there was a significant increase in the
rates of oxidation.  With only 13-14at%Cr in these alloys, their corrosion-limited operating
temperature is less than 1000°C.

PROGRESS AND STATUS

Experimental Procedure

The chemical compositions of the four test materials are given in Table I.  Alloys FCW-Y and FCW-
Al were supplied by Sumitomo Corp. and contain dispersions of Y2O3 and Al2O3 respectively.
Alloys FC-Y and FCW-YT were supplied by Kobe Steel and contained dispersions of Y2O3 and
Y2O3-TiO2 respectively.  Coupons with 3-5cm2 of surface area were made of each composition
and polished to a 0.3µm finish.  Prior to oxidation, the specimens were cleaned in acetone and
methanol.  Oxidation experiments in air were conducted with specimens in individual annealed
alumina crucibles with lids.  This allows any spalled or evaporated oxide to be collected in the
crucible in order to measure a total mass change.[1]  Oxidation kinetic data in air were generated
by weighing every 100h (1000°-1100°C) or 500h (700°-900°C) to totals of 1000-10000h using a
Mettler model AG245 balance.  Oxidation exposures in air with 10%H2O were conducted by
flowing the gas through a closed alumina tube that was inside a resistively-heated horizontal tube
furnace.  Distilled water was atomized into the flowing gas stream above its condensation
temperature and heated to the reaction temperature within the alumina tube.  Water was collected
and measured after flowing through the tube to calibrate the amount of injected water.  Specimens
were held in slots in an alumina boat in the furnace hot zone.  After these exposures, selected
specimens were examined in plan-view by SEM and/or Cu-plated and sectioned for
metallographic analysis.
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Results and Discussion

Reaction Kinetics

Figure 1 shows the mass changes for the various alloys at 700° and 800°C during 500h cycles in
air. These data were used to calculate parabolic rate constants, Table II.  At 700°C, FC-Y and

Table I.  Chemical compositions of the ferritic ODS alloys in atomic percent.  Some of the nominal
values (marked NOM)) have been confirmed experimentally (EXP) by induction coupled plasma
analysis and combustion analysis.

FCW-Y FC-Y FCW-YT FCW-Al
(EXP) (NOM) (NOM) (EXP)

Fe 83.1 86.9 85 80.6
Cr 14.2 12.8 13 14.3
W 0.9 0.9 0.9
Y 0.12 0.12 0.13 <0.01
Ti 0.37 0.47 0.01
Al 0.03 3.3
Si 0.10 <0.10
Ni 0.03 0.06
Mn 0.03 0.01
O 0.76 0.73
N 0.07 0.06
C 0.23 0.05
S (ppm) 114 129
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Figure 1.  Total mass gains measured during 500h cycles in air at 700°C (dashed lines) and 800°C
(solid lines) for the ODS ferritic alloys.



FCW-Al initially showed higher mass gains but subsequently showed similar mass gain rates as
the other alloys, Table II.  These two alloys (FC-Y and FCW-Al) also behaved differently at 800°C.
FC-Y showed a very high initial mass gain followed by little additional mass gain.  FCW-Al showed
the lowest mass gain of any of the alloys at 800°C.  This was likely due to the Al addition (3.3at%)
being able to slow the rate of Cr2O3 formation or possibly the formation of an Al2O3 protective
layer which has a slower rate of growth than Cr2O3.  Low levels of Al have previously been
reported to improve oxidation resistance in Cr2O3-forming alloys.[2]  However, it was reported that
higher Al levels (>4at%) were required to form a continuos Al2O3 layer on Fe-Cr-Al alloys.[3]
Nevertheless, ODS alloys contain numerous dislocations and sub-grain boundaries which could
allow faster Al diffusion along defect pathways and result in a stronger Al effect than that observed
in wrought alloys.

Both the total and specimen mass gains for FCW-Y at 800°C are shown in Figure 1.  The
difference between the two numbers is attributed to the evaporation of CrO3 from the specimen
as the inside of the crucible turned green but no spalled oxide was found in the bottom of the
crucible.  The other alloys did not exhibit as much evaporation and thus showed somewhat lower
total mass gains.  When the oxide scale evaporates, higher rates are expected as the diffusion
distance through the oxide does not increase as it would for a more stable oxide.

Figure 2 shows the oxidation data obtained at 900°C.  For these alloys with relatively low Cr levels,
this is a very high test temperature.  As the reaction rate increases with temperature, the metal
can become severely depleted in Cr resulting in rapid or breakaway oxidation of the base metal
(Fe).  In air, FCW-Y and FCW-YT performed well, with similar reaction rates, Table II.  However,
FCW-Al showed a very high reaction rate during the first 500h in air and subsequently went into
breakaway oxidation during the next cycle.  This behavior was attributed to the absence of Y in
this material.  Since the specimen of FCW-Al was 1.4mm thick and thus had a larger reservoir of
Cr than the 1mm thick FCW-Y specimen, FCW-Al should have exhibited a longer life.  It is well
known that an addition of Y reduces the growth rate of Cr2O3 by a factor of 10-100 at this
temperature.[2,4-5]  The faster growing scale on FCW-Al (compare the mass gain after one cycle
to FCW-Y) consumed more Cr in this alloy and likely caused depletion near the metal-scale
interface.  No scale spallation was measured after one cycle but any cracking of the scale could
could have caused the rapid reoxidation during the next cycle, sending the alloy into breakaway
oxidation.

The addition of water vapor in 100h cycles showed a significant effect on the performance of FCW-
Y at 900°C, Figure 2.  Large mass losses were attributed to evaporation of CrO3 which is
accelerated by the presence of water vapor. This suggests that further testing will be required if
these alloys will experience exposure to water-containing environments in service, even at lower
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Table II.  Parabolic rate constants (g2/cm4s) calculated from the oxidation data in air

700°C 800°C 900°C 1000°C

FCW-Y 1.9 x 10-16 7.1 x 10-15 6.3 x 10-14 2.1 x 10-10

FC-Y 1.2 0.24
FCW-YT 2.2 8.0 4.6 x 10-14

FCW-Al 2.8 0.75 2.8 x 10-12



110

temperatures.  Accelerated pressures and higher flow rates will further increase this problem.

FCW-Y also was exposed in 100h crucible tests at 1000°C and 1100°C in air. A significant
increase in the oxidation rate between 900° and 1000°C indicated that the alloy was not forming
a protective external scale at 1000°C, Table II.  At 1100°C, the alloy was fully consumed after
100h.  Thus, the maximum operating temperature for this class of alloys in air appears to be
<1000°C.

Characterization

Metallographic cross-sections of the scales formed on FCW-Y are shown in Figure 3.  The
thicknesses of the oxide corresponded well with the mass gains in Figures 1 and 2.  At the higher
temperatures, the metal-scale interface appeared to roughen, possibly due to growth stresses in
the oxide.  Also, there appeared to be a significant increase in the amount of internal oxide with
increasing temperature.  The internal oxide was likely rich in Cr which further depletes the Cr
reservoir in the metal.  There appeared to be pores in the scale formed at 900°C (Figure 3c);
however, these could have been caused by pullouts of fine grains during polishing.

Figure 4 shows the scales formed on FC-Y and FCW-YT after exposures at 700° and 800°C.  The
scale on FC-Y after 5000h at 700°C showed some Fe-rich nodule formation, arrows in Figure 4a.
This is consistent with the high initial mass gain for this alloy, Figure 1.  The fact that the mass
gain did not increase as rapidly after the first 500h suggests that the nodules did not continue to
grow during exposure.  The reason for nodule formation may be inhomogeneities in the alloy
composition (areas of low Cr) or due to the slightly lower overall Cr content in this alloy, Table I.
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Figure 2.  Total (solid lines) and specimen (dashed lines) mass gains measured at 900°C in air
and air with 10% water vapor. The addition of water vapor to the test resulted in mass losses for
FCW-Y compared to exposure in air.
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Figure 4.  Light microscopy of polished sections of FC-Y (a,c,d) and FCW-YT (b,e) after 5000h
exposures in air at (a,b) 700°C and (c,d,e) 800°C.  Arrows in (a) mark Fe-rich oxide nodules.

Figure 3.  Light microscopy of polished sections of FCW-Y after 10,000h exposures in air at (a)
700°C, (b) 800°C and (c) 900°C.
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Similar behavior was observed at 800°C, where some very large nodules formed, Figure 4c, which
again corresponded with the high initial mass gain, Figure 1.  Away from the nodules, the scale
was very thin (Figure 4d) compared to that formed on FCW-Y (Figure 3b) and FCW-YT (Figure
4e).  The thinner scale resulted in a lower parabolic rate constant (which does not include the
transient nodule formation), Table II.  The reason for the thinner scale may be the absence of Ti
in this alloy. The incorporation of Ti in the scale may accelerate the growth of the scale as Ti has
been shown to dope the Cr2O3 grains as well as to segregate to the grain boundaries.[5]  While
Ti is added for mechanical properties,[6] it may have a slightly negative effect on the oxidation
resistance.  This alloy also does not contain W, but this refractory metal is not likely to have a
major effect on oxidation resistance.

Compared to FCW-Y, the scale on FCW-YT appeared somewhat different as the oxidation faces
were aligned differently to the extrusion direction.  The large faces of the FCW-Y coupon were
normal to the extrusion direction while those on FCW-YT was parallel to it.  The oxide particles in
the metal reflect this difference.  This may be why the scale was somewhat flatter on FCW-YT,
Figure 4e.  However, this section was after 5000h while that for FCW-Y (Figure 3b) was after
10000h.  For FCW-YT at 800°C, the interface appeared to be somewhat rough with possibly a
sub-layer (darker areas adjacent to the substrate) present.  This will be examined by microprobe
analysis.  Previous TEM work on FCW-Y showed the presence of a thin (<0.5µm) silica-layer at
the Cr2O3 -metal interface.[7]  This layer is believed to have a strong influence on the reaction
kinetics.  However, this layer is not easily observed by light microscopy or SEM.  In general, FCW-
Y and FCW-YT had similar compositions and similar oxidation behavior.
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