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OXIDATION BEHAVIOR OF IRON-CHROMIUM
ALLOYS AT ELEVATED TEMPERATURES:

A REACTIVE-ELEMENT EFFECT

by

J.-H. Park and K. Natesan

ABSTRACT

Oxidation tests were conducted on samples of Fe-25Cr, Fe-25Cr-0.3-1.0Y, and Fe-25Cr-1Ce atI

-- temperatures of 700 to 1000°C and oxygen partial pressures of 1 to 20 atm for time periods of 19 to
| 160 h. In some tests, oxidized samples were quenched from test temperature to room temperature

i in _20 min to examine characteristics of the spallation scales. The results showed that the scales,even though of the same compo,ition, spalled totally when developed on Fe-25Cr alloy, while those

Ce- and exhibited scale adherence and After removal of
on Y-containing alloys good no spallation.

•_ the spalled scales, specimens of Fe-25Cr alloy were reoxidized to gain insight into development
al_d morphology of thermally grown scales and their spallation characteristics. The reoxidized

i samples formed complex scale layers that had iron oxide phase at the gas side of the interface; the

ii scale layer was adherent and no spallation was noted. Experiments were conducted to evaluate

the roles of alloy grain size and grain growth rate in development and spallation of oxide scales.
Results showed that excessive alloy grain growth is the primary cause of spallation of thermally
grown scales. Additions of reactive elements such as Y and Ce minimize alloy grain growth and
thus improve the adhesion of scales to the substrate and virtually eliminate spallation.

i INTRODUCTION

Corrosion resistance of a number of structural alloys in high-temperature environments is
achieved by the formation of a continuous chromium oxide (Cr203) scale, i,2 Th_ scale can be

- treated principally as a rate-determining solid-state diffusion barrier between the environment

i and the alloy substrates. Research on high-temperature oxidation of structural alloys has two

basic objectives: determining alloying additions to reduce the rate of oxidation, and improving
adhesion of the oxide scale to the substrate alloy, a It is generally recognized that when alloys
contain so-cailed reactive elements (sometimes known as oxygen-active elements), i.e, yttrium,

! lanthanum, cerium, etc., they exhibit a lower growth rate of the oxide and enhanced adhesion of
the oxide layer to the base alloy. 4 Research on reactive-element additions has two main objectives:
slowing the ionic transport, rate through the scale, and increasing the degree of scale adhesion to

| the base alloy.
|
| The objective of the study described here is to evaluate the oxidation behavior of chromia-

forming alloys of Fe-25Cr base composition with and without additions of reactive elements.
_,m Alloys with Y and Ce additions in a range of 0.1-1.0 wt.% were used to determine the nature ortho

__ reactive-element effect on high-temperature oxidation. Thermogravimetric analysis (TGA) and
postexposure microscopic examinations were conducted on samples prepared by thermal

.- oxidation of chromium and Fe-25Cr alloys with and without additions of reactive elements The
i evaluation of oxidation kinetics included detailed analyses of scale-spalling characteristics and

:11 the substrate alloy grain growth that occurs during oxidation.

!
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EXPERIMENTAL PROCEDURE

Thermogravimetric Measurements

The oxidation experiments were perfbrmed with an electrobalance (made by CAHN
Instruments, Inc.) that had a sample capacity of 2.5 g and a sensitivity of 0.1 _tg. The weighing

mechanism was enclosed in glass assemblies that isolated the reaction gas mixture ft'ore the
balance mechanism. The reaction chamber was connected to the balance assembly by a quartz

tube. The furnace consisted of three-zone ][_nthal heating elements with a temperature capability

of 1200°C in continuous operation.

The test specimens were suspended from the balance with an =200-_m-diameter platinum

wire. The tests were started by setting up the specimen at room temperaLure and purging the
system with the appropriate reaction gas mixture. The specimen was heated in the reacticm g,_s to

the desired test temperature, and changes in sample weight were monitored continvoasly. Upon
completion of the test, the furnace was opened and the specimen was cooled rapidly in the reaction
gas environment. Oxidation tests were conducted at temperatures between 700 and 1000°C in

oxygen, air, 1 vo]% CO-CO2, and 18 vol.% CO-CO2 environments. Table 1 lists the specimens tested
under various conditions, along with exposure times. A majority of the tests were conducted with

Fe-25Cr and Fe-25Cr-0.3Y alloys. However, some tests were conducted in O2-N2 gas mixtures

(with an oxygen partial pressure [pO2] of 10-4 atm) at 1000°C on Fe-25Cr alloys containing1.0 wt.%
Y or Ce.

Alloy Grain-Growth Tests

Specimens of Fe-25Cr, Fe-25Cr-lY, and Fe-25Cr-lCe alloys were used in tests to evaluate the
role of alloy grain growth on the adhesion properties of thermally formed scales with substrate
alloys. The specimens were tested at 1000°C for <1 to 24 h. The specimens were wrapped in
tantalum foil (which served as an oxygen getter) and enclosed in quartz capsules under vacuum.
The microstructures of the annealed specimen.' were examined by optical microscopy and

scanning electron microscopy (SEM). In addition, large-grain specimens of Fe-25Cr (annealed
at 1000°C for -_25 h) were oxidized in TGA tests similar to those described earlier.

ElecU'ical R_istivity Measurements

Foil samples of Fe-25Cr and Fe-25Cr-lCe alloys were used to evaluate the role of reactive
elements and oxidation in the electrical conductivity of the oxide scales. Foil samples or the two

alloys were prepared by arc melting in an inert atmosphere. The alloys were rolled into sheets,
wrapped in Ta foil, and vacuum-annealed at a pressure of <10 -5 torr; they were then heated to
1050°C, held at that temperat.ure fbr 15 rain, and furnace-cooled. The alloys were then individually
cold-rolled to a thickness of 0.375 mm. After each foil sample was reduced to a thickness of 25 _m

by repeated heat treatment and cold-rolling, it was given a final anneal.

Foil samples of Fe-25Cr and Fe-25Cr-lCe alloys were mechanically polished and cut into a
rectangular shape (8.9 x 16.5 x 0.05 mm) for use in a four-probe electrical..conductivity measure-
reent. Details on the conductivity cell have been described elsewhere. 5,6 The electrical leads were

125-_tm-thick Pt wires wrapped around the foil and spot-welded. The alloy samples were oxidized
in a flowing gas mixture or N2 and 02 by connecting the samples in series and passing an elec-

trical current through them. The samples were oxidized at 1083°C in a gas mixture of pO2 = 10.4
atm: and the temperature was subsequently lowered to 714°C by flow of inert gas. TGA tests were
also conducted on the foil samples of the alloys for comparison with data on thicker specimens.

,11_lllL Iir ........................ II I , .... q..... '_r'm,l,''_f_l....._lllml ....... I_........ Ill 'lq_(I'll][_l_l_l_Jl' _'_IIl_l "_ll"' _'"_l'"II,I



Electrical conductivity 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 ttA. We observed no appre-
ciable differences that could be attributed to polarization in the DC measurement at the temper-

atures of this study. Sample surfaces and fracture edges were examined by SEM.

RESULTS AND DISCUSSION

Oxidation of Fe-25Cr and Fe-25Cr_Y Alloys

Fe-25Cr

Figure 1 shows the calculated values for equilibrium pO2 for several of the gas mixtures used
in this study. Also Shown in the figure ar_ the pO2 values for Fe/FeO and Cr/Cr203 equilibria,

calculated from thermodynamic data on metal oxides. Figure 2 shows the thermodynamic sta-
bility regions for various iron oxides as a function of temperature and pO2. 7 Table 1 lists specimen
numbers and _xposure times (which were 40-160 h) used in the oxidation tests. Figure 3 shows
the sample surface oxidized at 1000°C in 1 vol.% CO-CO2 for 70 hr. Convoluted oxide irl (a), iron

oxide in the edge region of the sample (b), and an area of spalled oxide in (c) are evident. Based on

the thermodynamic stability data shown in Fig. 2, formation of any of the three iron oxides is
possible in the exposure environment. The formation of only iron oxides iri the edge regions of the
sample (see Fig. 3b) indicates that Fe diffusivity is much faster in the stressed areas of the sample.
Once the iron oxide forms, by virtue of the higher diffusivity of Fe (than of Cr) in iron oxide, 8"13
chromium oxide rarely forms in those regions. The ratio of Fe to Cr diffusivity can be estimated to

be I x 104 to 4.5 x 104, based on a comparison of observed grain sizes of the oxides of Fe and Ct.
The flat regions of the sample showed predominantly chromium oxide, even though it was prone
to spallation.

1000 900 800 °C
_'_'t__ , _ , • • , I " " ' " • , , Jt, , , i_ • , , '," • --T--, ','_

0 :`_.__..._.__._._..__:..._.___.::.___.__..__._:._.._.._.._._--.-__._.._:_..-`..::.:..____................:=":".='-:'=.......................

l Oxygen
"_ 1C0/CO2 18C0/C02 Air

E

o

o
7 8 9 10

104/'r (K)

Fig. 1. Temperature dependence of oxygen partial pressure for

several gas mixtures and metal/metal oxide systems
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Table 1. Sample identification and exposure times (h) for various TGA tests a

Alloy and

Environment 1000°C 900 °C 800°C 700°C

Fe-25Cr

Oxygen FC-2 (94) FC-1 (92) FC-11 (135) FC-51 (160)

Air FC-5 (40) FC-22 (90) FC-16 (90) FC-3 (130)

1%CO-CO2 FC-4 (70) FC-8 (90) FC-14 (140) FC-12 (110)

18%CO-CO2 FC-88 (120) FC-2 (138) FC-10 (115) FC-17 (67)

Fe-25Cr-O.3Y

Oxygen FCY-3 (120) FCY-7 (98) FCY-0 (90) FCY-1 (90)

Air FCY-8 (74) FCY-26 (84) FCY-2 (90) FCY-11 (115)

1%CO-CO2 FCY-22 (70) FCY-6 (86) FCY-4 (120) FCY-33 (110)

18%CO..CO2 FCY-21(119) FCY-77 (138) FCY-24 (115) FCY-66 (67)

aFC-# and FCY-# indicate Fe-25Cr and Fe-25Cr-0.3Y alloys, and numbers in

parentheses indicate exposure times in hours.

Figure 4 shows SEM photomicrographs of Fe-25Cr alloy specimens exposed at 900°C to
different oxidizing environments. The specimen developed coarse-grain oxide in 02, somewhat

smaller-grain oxide in air and 1 vol.% CO-CO2 gas, and a fine-grain oxide in 18 vol.% CO-CO2

gas. The oxide scales that developed in air and 1 vol.% CO-CO2 gas mixture were prone to spal-
lation that can be attributed to the presence of Fe in the scale; this indicates that Fe transport (a

dominant feature at higher oxygen pressures) is a primary cause of scale spallation. The scale

that developed in 18 vol.% CO-CO2 gas did not contain Fe, and virtually no spallation of scale was

noted. Figures 5 and 6 show SEM photomicrographs of surfaces of Fe.25Cr alloy specimens



oxi(tize(l at ,_()0 and 70()':'C, respectively, in several environments. (ienerally, no oxi(le spallatio_

was obs(.'rved in any of the exposed specimens. Whiskers were obs(::rw_.,din the specimen tested at
70()'"( _,in the lg_ vol.% (..()-(.,(. '2 gas mixture. A number of"investigators have discussed possible
me(:hanisms fbr the formation of whiskers during oxidation at high temperatt_res. _'11_; Figur(:7

shows SEM photomicrographs of typical oxide/alloy interfaces in specimens oxidized at several
temp(waturesand in different environments. At 1000°C, scale/alloy adhesion is poor, as evi(teneed
by ma(:rovoids at the interface, rI'able21ists parabolic rate constants calculated fi'on_ (a) T(lAand
(b) measurements of oxide thicknesses by SEM.

I c-25(,r4)_3_

Figure 8 shows SEM photomicrographs of'Fe-25Cr-0,3Y alloy oxidized at 1000'_(] in I a_d

18vo1.% (JO-CO2gas mixtures. The scale is convoluted and irregular, especially in the sl)(,cimen
exposed l,o 1 vol.% ('.()-CO2 gas mixture. Itowever, the oxide scales were fairly adherent and no
cracking or spallation was noted even after thermal quenching of either of the oxidized specimens.

Figures 9-11 show SEM photomicrographs of alloy surfaces after oxidation at 900, 800, and 700':'C,
respectively, in several environments. The oxide grain size was the smallest in the specimen
exposed to the lowest-pO2 atmosphere (i.e., the 18 vol.% CO..CO2 gas) at all temt)eratures of the

present study. In general, the Y-containing alloy developed adherent oxide scales, in contrast
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Fig. 4. SEM photomicrographs or Ye-25Cr alloy specimens oxidized at, 900°C in several
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Table 2. Parabolic rate constants derived from TGA data and scale thickness

measurements (cm2/s) fbr Fe-25Cr alloy a

Environment and

Rate Constant 1000°C 900°C 800°C 700°C

Oxygen FC-2 (94) FC-1 (92) FC-11 (135) FC-5{ (160)

Kp(TGA) 7.6 x 10-12 2.2 x 10-13 2.0 x 10-13 1.0 x 10-15

Kp(SEM) - 2.3 x 10-12 - 6.3 x 10-15

Air FC-5 (40) FC-22 (90) FC-16 (90) FC-3 (130)

Kp(TGA) 1.2 x 10-11 7.1 x 10-13 2.3 x 10-13 9.5 x 10-15

Kp(SEM) - - 5.2 x 10-13 1.4 x 10-14

1%CO-CO2 FC-4 (70) FC-8 (90) FC-14 (140) 1,-Y_-12(110)

Kp(TGA) 5.1 x 10-10 3.1 x 10-12 3.5 x 10-1:t 4.9 x 10-14

Kp(SEM) 1.1 x 10-11 5.8 x 10-13 - 5.6 x 10-14

18%CO-CO2 FC-88 (120) 1_-2 (138) FC-10 (115) FC-17 (67)

Kp(TGA) 6.5 x 10-12 1.4 x 10-12 2.0 x 10-1:] 1.4 x 10-1.3

Kp(SEM) - 1.5 x 10-12 1.3 x 10-13 9.3 x 10-14

aFC-# indicate Fe-25Cr alloy, and numbers in parentheses indicate exposure
times in hours; Kp(TGA) and Kp(SEM) are in cm2/s.

with those developed on the Y-free alloy, which exhibited a propensity to spal] on thermal
quenching. Figure 12 shows SEM photomicrographs of typical oxide-alloy interfaces in Fe-25Cr-
0.3Y specimens oxidized aL several temperatures and in different environments. Occasionally, a
void of the type shown in Fig. 12(b) is observed at the alloy/scale interface of the oxidized specimen.
Yttrium oxide was found in the void region, and a similar obse_wation had been made earlier. 17
The presence of yttrium oxide at the scale/metal interface can result in local blocking of cations
from the alloy to the external scale. Further, cation mixing in chromium oxide-yttrium oxide can
lead to formation of'YCrO3 with a pervoskite structure. 18"21 At temperatures below 800°C, no
significant difference in the oxidation rate and in scale morphologies was noted between the alloys
with and without Y. Table 3 lists the parabolic rate constants derived from an analysis of TGA
data and determined from oxide thickness measurements by SEM.

The parabolic rate constants (Kp) obtained from TGA and SEM data for Fe-25Cr alloy are
plotted in Figs. 13 and 14, at high and low pO2, respectively. At high pO2, the Kp values
determined from SEM measurements were somewhat higher than those calculated from TGA
data, probably because of increased porosity of the scales developed in high-pfd2 environments.
At low pO2s, the rate constants determined by both approaches agree fairly well except for one
specimen exposed at 1000°C in 1 vol.% C0-CO2 gas. In this specimen (FC-4), a copious amount of
iron oxide formed on the edges of the specimen (as shown in Fig. 3). Figures 15 and 16 show Kp
values (obtained by TGA and SEM) for Fe-25Cr.0.3Y alloy in high- and low-pO2 environments.
In general, the values obtained fi_omTGA data were higher than those determined by SEM.
This trend could be explained by the presence of Y in the alloy as yttrium oxide particles because

yttrium oxide is thermodynamically more stable than both chromium oxide and iron oxide. 22
This would contribute to weight gain but not to scale thickness. The presence of Y also slows the
transport of cations such as Cr and Fe, as evidenced by the absence of iron oxide in the scales
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Fig. 8.

SEM photomicrographs of"Fe-25Cr-0.3Y alloy

specimens after oxidation at 1000°C: (a) FCY-22,
(b), and (c) FCY-21

m
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F_g. 10. SI,M photomicrographsof'le-:Z,._Cr-0.3 alloy specimenso×idized at
. _ "Y FCY-2, " Y80()'"(', in several environments: (a) [ C -0, (b) (c) I C -4, and
.._ ¢

Cd) FCY-24
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(d)

Fig. i1. SEM photomicrographs of Fe-25Cr-O.3Y alloy specimens oxidized at
700°C in several environments: (a) FCY-1, (b)FCY-11, (c) FCY-33, and
(d) FCY-66
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Fig. 12. SEM photomicrographs of cross sections
of several oxidized Fe-25Cr-0.3Y speci-
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(c) FCY-0
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Fig. 13. Temperature dependence of parabolic rate constant fbr oxidation of Fe-
25Cr alloy in a high-pO2 environment

-9.0 r--_-_-A+_-________ = =
: ._. __ _ 1C0 (fc-sem)

e -1 0.0 _- I [] 18CO (lc-sem)

;= "lE "11.0 - °x I A 1 CO(fc-cal)

o _ _ _cal)_. -12.0 o -

m -13.0
0
- -14.0

-15.0

-16.0 -+-
0.70 0.80 0.90 1.00 1.10

1 03lT (K)

Fig. 14. Temperature dependence of parabolic rate constant for oxidation of'Fe-25Cr
alloy in a low-pO2 environment

I

'1



17

-9.0 =--_ : :-r :_ =-= = _-_-+-_ t__ i = ! 0
!

'-" - 1 0 0 J
o 02(fcy-sem)

m ' I [] Air (fcy-sem)

"E "1 1.0 j t_ 02 (fcy-cal)
o x ix Air (fcy,cal)Zk

-12.0 x
I

v A
m -13.0
0 [] X
-- -14.0 o

-15.0

-16.0 .....: -I = _ _ _ = _ : e _ _ I _ I _ _ _'

0.70 0.80 0.90 1.00 1.10

1 03/T (K)

Fig. 15. Temperature dependence of parabolic rate constant for oxidation of Fe-25Cr-
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Table 3. Parabolic rate constants derived from TGA data and scale thickness

measurements (cm2/s) for Fe-25Cr-0.3Y alloy a

Environment and

Rate Constant ltvJ0°C 900°C 800°C 700°C

Oxygen FC-3 (120j FC-7 (98) FC-0 (90) FC-1 (90)

Kp(TGA) 1.7 x 10-12 2.3 x 10--13 1.6 x 10-13 2.9 x 10-14

Kp(SEM) - - 1.2 x 1.0-13 1.4 x 10-14

Air FC-8 (74) FC-26 (84) FC-2 (90) FC-11 (115)

Kp(TGA) 3.2 x 10-12 7.8 x 10-13 2.4 x 10-13 1.3 x 10--45

Kp(SEM) - - 2.9 x 10-14 -

1%CO-CO2 FC-22 (70) FC-6 (86) FC-4 (120) FC-33 (110)

Kp(TGA) 6,3 x 10-12 1.2 x 10--12 6.2 x 10-14 4.9 x 10-14

Kp(SEM) 8.9 x 10-12 1.6 x 10-12 7.8 x 10-14 9.1 x 10-15

18%CO-CO2 FC-21 (119) FC-77 (138) FC-24 (115) FC-66 (67)

Kp(TGA) 1.3 x 10-11 7.8 x 10-13 1.1 x 1.0-13 1.4 x 10-13

Kp(SEM) - 6.5 x 10-13 9.5 x 10-14 5.1 x 10-15

aFCY-# indicate Fe-25Cr-0.3Y alloy, and numbers in parentheses indicate exposure

times in hours; Kp(TGA) and Kp(SES_) are in cm2/s.

developed in Y-containing alloys exposed to the wide range of oxidizing environments and
temperatures used in this study. At 700°C and in low-pO2 environments (see Fig. 16), Kp
values obtained by TGA are substantially higher than those measured by SEM analysis,

- indicating the dominance of internal oxidation as the mo_ of oxidation at lower
temperatures.

Oxidation of Fe-25Cr, Fe.25Cr-lCe, and Fe-25Cr-1Y Alloys at 1.000°C

Figure 17 shows a cross-sectional view of scales spalled from Fe-25Cr alloy oxidized for 24 h
and quenched to room temperature. The spalled scales were convoluted and totally separated

from the substrate without any transverse cracks. Figure 18 shows details of different regions of

the scale illustrated in Fig. 17. Most edge cracks in the 15-20 gm scale were 1-2 _tm from the
scale/alloy interface. Such cracks are caused by a release of stored energy along the scale plane
direction near the scale/alloy interface region. 23 Figure 19 shows the fracture sur/ace of the

spailed scale, which was predominantly high-density chromia, based on SEM and energy-
dispersive X-ray (EDX) analysis. The composition of both sides of the spalled scale was pure
chromium oxide, as can be seen from the EDX spectra shown in Fig. 20. Figure 21 shows different

areas of the alloy surface after the removal of' spalled scale. These photomicrographs show tiny

particles of chromium oxide (based on an EDX analyais) on the alloy surface. The presence of
these particles on the alloy side of the scale/alloy interface indicates that (a) Cr vaporization and its
subsequent oxidation occurred at the reduced pO2 level prevalent at the interface, (b) separation of

scale ft-ore alloy occurred at an earlier stage before spallation, and (c) the separation gap between

the alloy and scale should be wider than the average diraension (1 _m) of particles at the interface.
Further, the presence of very fine grooves on the alloy surface (see Fig. 21) may be evidence for

good adhesion between scale and alloy in the early stage of oxidation.

i



19
i

i

i

t
I

I

I

1

spalled

I

I
I

' 100 I.Lm.,,!
i

Fig. 17. Cross-sectional view of totally spalled scale from an Fe-25Cr

alloy specimen after 24-h oxidation

Figure 22 shows SEM photomicrographs of surfhces of a sample that was reoxidized afl, er the
original oxide hadspalled. There wasno spallation of oxide scale even though the reoxidized

sample was thermally quenched in a manner similar to that for the original oxide. For short-
time oxidation (50 h or less at 1000°C), the oxide scale was pure chromium oxide and no Fewas
detected either in the grain boundaries or in the interior of the grains. Over longer periods of
oxidation, the sample showed abrupt increase in weight, as shown in Fig. 23 for Fe-25Cr alloy

oxidized at 1000°C in a high-pO2 atmosphere. Detailed SEM and EDX analysis oi"the specimen
showed copious growth of iron oxide on the scale surface, as seen in Figs. 24-26. The smooth and
rough areas in Fig. 25 are chromium oxide and iron oxide, respectively, Analysis also showed

enhanced transport along grain boundaries, as evidenced by the relief of these boundaries in the
SEM photomicrographs. Details are presented in Fig. 26 on the, formation of' iron oxide on the gas
side of the scale. The aggressiv, extrusion of iron oxide shows that Fe transports through

preferred channels (e.g., grain boundaries, open pores) and subsequently oxidizes on the gas side
of the interface. Figure 27 shows pyramid-shaped iron oxide; the open pyramid tops indicate that
oxide growth is probably controlled by surface diffusion. Further, the oxide protrusions are spaced

at regular intervals of =0.2 _tm. Figure 28 shows the oxidation process in cross section, together
with details of the oxide morphologies and thicknesses of different layers. Table 4 lists the

chemical compositions of different scale layels observed during oxidation of an Fe-25Cr alloy.

Figure 29 shows weight change data as a function of exposure time fbr oxidation of Fe-25Cr

and Fe-25Cr-0.3Y alloys at 1000*C in low-pO2 environments. The data clearly show that the
formation of iron oxide in the scale, which was observed during oxidation 3f Fe-25Cr alloy in
1 vo].% CO-CO2 gas mixture, leads to a substantial increase in oxidation rate. Yttrium-

containing alloys developed only chromium oxide scales and exhit)iLed low rates of' oxidation.
Figures 30-32 show cross sections of Fe-25Cr, Fe-25Cr-lCe, and Fe-25Cr-iY alloy samples,

respectively, after oxidation for 24 hr at 1000°C. Whereas the scale on the Fe-25Cr alloy was prone
to spallation, the scales developed on Ce- and Y-containing alloys were adherent to the substrate
alloy. In the Ce-containing alloy, iron oxide did not form even after oxidation for 120 hr. Some

segregation of Ce to the grain boundaries in the scale and in the substrate alloy was observed.
According to the phase diagram, Ce fbrms no compound with Cr, but only with Fe (4.5Fe-95.5Ce,
which melts at 640°C). 24

'" ' .... rill'...... lr ..... a_ ' ........ _n_l' ,_n ,,'q,' ' , ....... _' 'nrnlMr_ "" " I'r'ilIll'ql/l'r''_'"'" ' ,i ,', 'r'_r ,q_Fll'ITpl rl _11ill,I _,l,m,q'lr ..... ?l_lll vn', 'ql,'r,n' Pn'_ 'lr ¢' '" rn r,,rp_, 'qnr,
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100 Hm

, _,_ ' Cr

Fig.20. SEM photomicro_'ap}_sand F.,DXanalysisofdifferentre_ons
ofFig.17"(a)scale/gasinterfaceand (c)alloy/scaleinterface;

_i (b) and (d) represent magnified views of (a) and (c)
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• , 2 _f'_Fig. 21. (a)-(c): Fe- ,_,._..alloy surf'ace of'spall_,d oxide scale', (d): scale side, _f
alloy/scale in terrace

occurred in the base alloy and a muc:h smaile)" growth r(,sulted during the second exposure.

The alloy grain growth in the dopecl-alloys was small cturit_gboth exposur,,s, Figure 35
shows the cross sections of I_'e-25('r alloy st)( cimet_s oxidiz_+,d at t(,mp(,'att_r('s of 70() to
1000':'C. Figure. 36 shows the cross sections of Y-containing alloys oxidiz_'d at. tiift'_,r'ent

temperatures. Figure 37 shows variation in/:,,rain size for an alloy with and without. 5' as a
function of exposure temperature. It i_evident that at 7()0 (',th_,lmvest temperature of'this

i study, reactive_;lement addition has alrno._at no +.,fli,ct o;_ t, rait_ growth. Figure 38 is a plot of

I_e-2,_(,r has_+ alloy.grain-size increase as a function of reciprocal temt_('ratm't+ f(_r th_, " ,. r-,

' IiiiI..... I_ I H II 'II'I' I I r I_ i_rHpi,rl.... III'II.... _]I _ III11"''_II[I'll'II'ii H,Ir,-l,,i,-lrIll'If....lIPI ',llrllpIIlI' roll" 'IIllI_lIIlllHr
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Fig. 22_ SEM photomicrographs and EDX analysis of surface of
Fe-25Cr alloy reoxidized: (a) overall oxide surface,
(b) rough area in (a), and (c) smooth area in (a)
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Fig. 23. Weight change versus time for second oxidation of' Fe-25Cr alloy at
1000°C

Alloy Grain Growth

To evaluate the role of reactive-element addition in the grain-growth process in t'he absence
of oxidation, samples of Fe-25Cr, Fe-25Cr-lCe, and Fe-25Cr-lY alloys were wrapped in Ta foil,

vacuum-sealed in quartz capsules, and annealed at 1000°C for 44 rain, 2 h 52 rain, 8 h 20 rain, and
24 h 40 min. Microstrlzctures of the annealed samples were examined by SEM and EDX analysis.

Figures 39-41 show SEM photomicrographs of Fe-25Cr, Fe-25Cr-lCe, and Fe-25Cr-lY alloys,

respectively, in as-fabricated condition and after annealing. In the initial stages of the annealing
-= treatment, grain growth in the base alloy was much greater than in the doped alloys. Figure 42

shows SEM photomicrographs and EDX spectra fbr surfaces of Ce-containing alloy after the 24 h
40 min annealing treatment. The presence of'Ce in the alloy causes the boundaries to be less

mobile, leading to smaller grain growth. Figure 43 shows the variation in grain size as a function
of annealing time for the base and doped alloys. Lack of grain growth in the substrate alloy is

probably the major reason for the better adhesion of the oxide scale to the substrate in the doped

alloys.

To examine the effect of alloy grain growth on the scale spallation behavior of Fe-25Cr alloy,

specimens of the alloy that had been annealed at 1000°C in vacuum were oxidized in the TGA test
facility. Figure 44 shows a comparison of weight change data obtained for the alloy with and
without annealing treatment. Also shown in the figure are the data for the second oxidation run

in which spalled scale was removed and the specimen was reoxidized. The results show that
during the first oxidation experiment, the alloy developed an oxide scale accompanied by substan-

tial grain growth in the substrate alloy. Upon cooling of his o×idized specimen, the scale spalled

completely. When the same specimen was reoxidized in the second run, the alloy again developed
an oxide scale of essentially the same morphology, but grain growth in the underlying alloy was

m negligible. This seems to enhance the adhesion of the scale to the substrate, and oxide spallation
i= was rarely observed. Figure 45 shows a cross section of an initially annealed Fe-25Cr alloy that

i was oxidized at 1000°C; good bonding between the scale and the substrate alloy can be seen.
!i
_!
li
-II

i



26

Eh_._|ric_fl l{t_istivity Data

Foil ._Lnlples of' Fe-25Cr and Fe-25Cr_ICe alloys were mechanically polished and cut in t,o

c_)Ul.mlls (8.9 × 16.5 x 0.05 mm)isr tlS(! irl Ii four-probe electrical-conductivity meast_rement, ih'ior
to t.h(,s_ m(,ast_rern(,nts, the foils were oxidized (aL l l00°C in oxygen)in a TGA fac}lity to achievu

conlp]_.,(_, oxidat.ion. Figllro 46 shows t.h_' weight change data, which reaches a fixc'd valu_ in
:-8Oh, il_dicating complete oxidation of the foil. Theobserwed weight change andtbecalc_lal,_,d
wei_.,,ht tbrcomplt_te oxidation were in good agreement. Figure 47 shows SEM photomicrographs

a_d an El)Xspectrum of' the oxide surface and fl'acture edge. The Cr/Fe ratio near the surfi,c_
was 0.21, whereas that at the fl'acture edge ranged ft-ore 0,37 to 0.81, indicating that the oxide was
_,nrich{,d in Cr in th_t latter regime. At the center of' thefl'acture surface, the:ratio was 1.3,
indicati_g a (:r..rich oxide, ltowever, these trends varied when reactiw', elem_,nts (Y and (;_,1 w_re

present in the alloy. 5 ()nlychromiafbrmedin Y-andCe-containingalloyswhenexi)os_dt_>the
sam(, expu, ri mental condition s.

Figur(, ,18 shows ohmic resist, a_c_:,as a function of'temperature for the oxidt, s prc,par_,d })y
complete, oxidation of Fe-25Cr alloy with and without Ce addition at 1()83"(? in a l()().---l)pm()2..N'2 tZas
mixture. Over the t._,mperature range studied, the oxideofthe Ce-containing alloy shows higher
ohmic r_,sist,ance than does rh(:, base alloy. These results can b_.,analyzed by the detitcl,.-

incorporation scheme described below.

.... Irp?l "'ll_p_ _rl " 1lP"111, ...... I'II"_llpllpHlllr',I" "" r_r,qlllIllill,_,e_, "1lP''tlP'" I_,'qp ,1.........II' ,,'l_ ......... ir,,,'lqtfirIIl"_,lle_lrll,,irl''"
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Fig. 25. Details of iron oxide formation during reoxidation of Fe-25Cr alloy: (a)-(d) macro- and
micrographs of iron oxide nucleation/growth, (e) and (f) EI)X analysis of smooth and

Ii nodule, regions, respectively
In the high-pO2 region, the most stable valence state of'C(, is +4, When Ce is incorporated into

li
the cation sublattice at either the Cr (+3) or the Fe (+3) site,

Ce02 C ," ', .= e Cr(or Fe) + 1/2 O2(g) + 3/20Xo + e (la)

Similarly, when we consider the cation interstitial as a point (l(_fl,ct, incorporat.ion of t.he C¢,
ion may be written as

CeOz=Ce .... i +202(g)+4e'" (lh)

In either case, electrons are. produ('ed as a charge-(:ornp(:nsating d(:l'('ct. 'i't_(_electron hol(;s
are annihilated by recombination with (,lectrons, i.c'.,

,,ii = e' + h'. (2)

" " ..... IIl'"_ .... lit ............ _r_, " ,' _llll, '_ .I,II ' ,1II1, ' I1_,',,',,1_11., ' _11_'1@1_" ll'l'" II '" ' I_IIH ,1(1', tWl, II1_'1'_I_' ' _1111'Illr ',l'V'"'qrl q,i ', ,',v,ii i_,q'lll[ll]_l'lt' illr_ll,,,, ',lift,II lr _li ',, ' 10q'l[
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C --;-:-

_1 II Fig. 26.

SEM photomicrographs that show growth

, of iron oxide via extrusion through

As a result, ohmic resistance increases, i.e., electrical conductivity decreases. The studies
indicate that Cr203 is predominantly a p-type semiconductor, (_as is the oxide developed on Fe-
25Cr.

To (;valuate the kinetics of mixing of cations (Fe and Cr) in the oxide, ohmic resistance was

monitored as function of time and the results are shown in Fig. 49. With the assumptions of a
thin-plate model for diffusion and rio chemical potential gradient across the oxide sample,
diffusivity values were computed. Results are plotted (see Fig. 50) in terms of apparent diffusivity
(based on overall thickness off sample) and bulk diffusivity (based on the oxide grain size). Oxygen

diffusion data obtained from the literature are also plotted in the figure. 5,2_ The results suggest
that at high temperatures anion diffusion may contribute to oxidatio:_ but at lower temperatures
cation diffusion will be the dominant rate-determining factor.

Oxidation Mechanisms

In genera], the mechanism of oxidation should incorporate both the thermodynamic and
kinetic factors to depict the morphological changes in the scale growing as a fhnction of oxidation

time. From the thermodynamic standpoint, oxidation experiments were conducted over a wide
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Fig, 31. C_,osssection of' Fe-25Cr-lCe alloy after 24-h exposure at 1000°C,
showing Ce segregation in alloy grain boundaries

3.3  .tm
etched area

| Fig. 32. Grain size and shapes of Fe-25Cr-1Y alloy substrate
and oxide scale revealed by etching
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Fig. 33. EDX analysis showing presence of Y in grain boundaries in l_e-2aCr-lYalloy
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[_{,-2,)Cr, t e-2, C_-ICe,Fig. 34. Thern|ogravimetric test data for _' '_- r , 5 •
and Fe-2aCr-lY alloys oxidized tit 1000':'C in a low pO2
environment

range of temperatures andpO2s, and morphologies of scales were determined. From the kinetic

standpoint, scale gq'owth and alloy grain growth were examined by oxidation experiments of
different times and by establishing the morphological development o£ scales.

In oxidation of the Fe-25Cr alloy, the mobile species are cations (Ct and Fe) and anion (O).

Ox;:le scale forms and grows by transport of one or more of these mobile species through the scale
and subsequent chemical reactions. The oxide growth kinetics and associated morphological
development are primarily dependent on the transporting species and their properties. However,

it is difficult to determine the transport properties of each and every species because of the influ-
ence of' scale microstructure, defects, alloy, thbrication procedure, and exposure conditions of the
oxidation experiment. In this section, oxidation mechanisms are proposed for Fe-25Cr alloys

without and with reactive-element additions, based on the results ft'ore the present study.

1
1

...... ' .......................... IIl_ll ...... II1_'"!l_'nIl"I1' " rl"rIl_l'u,'_lln,'l_" "l:r..... I,I"ll_'""llllff_",_......... _"



34

(a) IOOO°C 70 h

100  .Lm
T

(b) 900°C 90 h
!,.

_"___"_"_''-_ ' (e) 800°0 90 h' '_- '_,_. I "" '.'_"_

;__'_.; ,. _I,,_." . (f)900°0 90 h

-" _. (g) 800°0 90 h

_.,_ (h) 700°C 90 h
,.,; ,. _ . .'*_" .

i, .... • (I) 700°C 90 h

(J) 700°0 90 h

Fig. 35. SEM photomicrographs of Fe-25Cr alloy oxidized at
several temperatures and in different environments
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Fig. 37. Grain size variation for Fe.25Cr and Fe-25Cr-0.3Y alloys during oxidation
at temperatures from 700 to 1000°C
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Fig. 38. Temperature dependence of grain size increase for Fe-25Cr alloy
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(a) Fe-25Cr as received
. \I} ,_'

t.

/ ,_

(b) T = 1000<_C 44 min (d) 8 h 20 rain , _' • ,'"

(c) 2 h 52 rain (e) 24 h 40 rain .,.1
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•_ Ik,
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di' I' ",
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Pig. 39. SEM photomicrographs of Fe-25Cr alloy in (a) as-fabricated
condition and after exposure at 1000°C for (b).44 rain, (c) 2 h
52 min, (d) 8 h 20 min, and (e) 24. h 40 rain
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(a) Fe-25Cr-1Ce as received i_ _ "
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Fig. 40. SEM photomicrogn'aphs o£ Fe-25Cr-lCe alloy in (a) as-
fabricated condition and aN.er exposure at 1000°C t'or (_)

44 rain, (c) 2 h 52 rain, (d) 8 h 20 rain, and (e) 24 h 40 rain
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Fig. 42. SLM photomicrot4raphs and l_I X analysis of"F_..25(',r-lCe
alloy annealed for 2,i h 40 rain at IO00':'C
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Fig. 43. Comparison of grain-size variation in Fe:.25Cr, Pc-25Cr-1Ce,
and Fe-25Cr-1Y alloys as a function of exposure time
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Fig.44. Weightchangeversustimeat1000°Cforoxidationof
Fe-25Cralloywithdifferentinitialtreatments

i Without Reactive Element

_ First Oxidation. When a specimen of Fe-25Cr alloy was oxidized at 1000°C for 24 h and

quenched to room temperature, separation of scale from substrate alloy resulted in total spallationof the scale. The primary cause of the separation seemed to be grain growth in the underlying
i alloy during oxidation, From the beginning of oxidation, a thin chromia scale formed on the

specimen surface. Based on thermodynamics, chromia is expected to form due to its higher
stability than that of iron oxide. As the oxidation continued, chromia scales grew in a wavy and
partially folded fashion. In the early stages of oxidation, the scale was thin and completely covered
the alloy surface. The scale/alloy interface was fairly uniform, and adhesion of the scale to the
substrate was good. As oxidation continued, grain growth in the substrate alloy caused the oxide
to separate from the alloy at several locations; this separated oxide buckled and appeared wavy in
cross section (see schematic in Fig. 5la). The scale exhibited only a few points of contact with the
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(a) 3,5 (b) '

E E 2,s

E
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0 3 6 9 12 15

Time (h) Time (h)

Fig. 46. Thermogravimetric test data for Fe-25Cr foil sample oxidized at 1100°C in oxygen:
(a) oxidation in entire cross section and (b) early stage of oxidation

| su bstrate alloy and adhesion to the substrate was tenuous at best. When the sample was quenched

to room temperature., the scale spalled, primarily because of the mechanical weakness of the
buckled scale.

Thermal expansion mismatch may have also contributed to scale spallation but is not the

i primary cause of the scale failure. Lack of": :_'v!cksin _z scale also indicates that the scale had
mostly separated from the alloy during oxidation rather than on cooling from the oxidation

temperature. Separation distance between the scale and the underlying alloy was =1 pm.
Figure 51b is a schematic of the surface of the alloy side of the scale/alloy interface. The grain
structure of the base alloy is evident but the surface also exhibits a thin layer of oxide. Figure 51c
is a schematic o£ the cross section of the sample taken along a plane "O" in Fig. 51b.

Second Oxidation. After removal of the spalled oxide from the sample, the specimen (with a

thin chromia layer) was reoxidized under the same conditions as in the initial oxidation experi-
ment. The second oxidation was also conducted for 24 h at 1000°C and the sample was quenched to

room temperature. Figure 52 shows a schematic of the cross section of'the specimen after the
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f

l+'ig.47. }:;EMphot,omicrographs of surfac(,' and fl,'acture cross section of'
V(:-25(',r alloy and an BDX sp(;cgrt.tmof the oxide surfac,e

second oxidation, The t,hin layer of chromia left, behind after scale spallation (ft'ore the first oxida-
tion run) did not prevent l_'emigration outward from the alloy. In addition, Cr activity at the
surface (for the secon(1 oxidation run) is much less and the I#eactivity is high relative Lothe unex-
posed alloy. The migrated Re oxidized on the gas side of the inted'ace, while an intermediate layer
of (Fe,Cr) oxide and a chromia layer developed at the alloy/scale interface, l_]ven though Lhc
morphology of the scale layers that. developed after the second oxidation was complex and thicker
than that after the first oxidation run, scale adhesion to the substrate was extremely good. The
superior adhesion and lack of spalling can be attributed to negligible grain growth in the substrate
alloy after the second oxidation.

iI_I
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Fig. 50. Temperature dependence of diffusivity of cation and oxygen

| in thermally grown oxide scales in chromium and Fe-25Cr

| alloy
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Fig. 51. Schematic representation of oxidation of Fe-
25Cr alloy: (a) chromia scaletotally spalled (b)
alloy side of scale/alloy interface after spalla-
tion, and (c) cross section of specimenat plane
"0" shown in (b)
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Fig. 52.
Schematic representation of scale mor-
phology developed during reoxidation of

:(F_ Oxide" Fe-25Cr alloy at 1000°C

[_C'_';r ain- bojAn dawry

I

With Reactive Element
|

Oxidation of alloys containing reactive elements at 1000°C for 24 h exhibited negligible
difference in the rate of oxidation; however, the additions had some beneficial effect over longer
oxidation periods (>120 h at 1000°C). The composition of the scale in the reactive-element-
containing alloys wa_ pure chromia, and no trace of Fe was detected in the scale. Morphological
analysis of scale layers indicated that Fe diffusion outward is suppressed in these doped alloys.
There is some evidence, even though not conclusive in this study, that O transport inward may
also contribute to scale growth. Parabolic rate cons'_ants for oxidation of the doped alloys were
similar to those for undoped alloys. The major difference in the performance of the doped and
undoped alloys is ill scale adhesion. Adhesion was much superior in the doped alloys and
virtually no spallation of scale was observed, even under thermal quenching. The improved
adhesion can be attributed to smaller grain growth in the doped alloys than in undoped alloy.

Figures 53 and 54 show schematics of scale morphologies in Ce- and Y-containing alloys after
oxidation. These doped alloys developed pure chromia scales at high temperatures and the
dopants had a tendency to oxidize interna]ly and to segregate in grain-boundary regions of the
substrate alloy. The presence of these internally oxidized particles seems to pin the grain bound-
aries, thereby minimizing grain growth in the substrate alloy during oxidation. Lack of grain
growth in the alloy results in improved adhesion of the scale to the substrate and virtual elimina-
tion or scale spallation, even after thermal quenching. Of the two dopants used in the present
study, Y seems better than Ce because the Ce-containing alloys exhibited much higher weight
gain, primarily due to increased internal oxidation. Further, Ce can combine with Fe to form a
low-melting (640°C) eutectic that decreases oxidation resistance.

,'lr,' =, ...... _ " '- ',,"_, " llr..... ,, HIll lr, ,irl, llr,,',lll,_,_llr,rlll, 11r'Pl'_r ' "'"111 '" lqlr iIlll,l_'I'FI " II rl'l ",'_11,I' II1'1..... ii}llr I
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"Ce or CeO,

Fig. 53. Schematic representation of scale morphology
developed during oxidation of Fe-25Cr-lCe alloy
at 1000°C

100(}"( _ 900"C

// ,*
"Fe.Cr-Y or Y "

Fig. 54. Schematic representation of scale morphology
developed during reoxidation of Fe-25Cr-1Y alloy at
lO00°C

SUMMARY

Alloy samples of Fe'25Cr, Fe-25Cr-0.3 and 1.0Y, and Fe-25Cr-lCe were subjected to oxidation
tests in a microbalance at temperatures of 700 to 1000°C for time periods of 24 to 120 h in pO2
ranging from 10-4 to 1 atm. Tests were also conducted in which oxidized samples were quenched
from oxidation temperature to room temperature in _20 rain, Thermal quenching test results
showed total spallation of oxide scale from Fe-25Cr alloy while no spallation was observed in
Y- and Ce-doped alloys. After removal of the spalled oxide, the Fe-25Cr alloy specimen was
reoxidized a second and third time with the same procedure used in the first oxidation run.
Test results showed substantial improvement in adhesion of the scale to substrate after these
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runs; however, the totally spalled scale from the first run was pure chromia while that, after the
second and third runs comprised a multilayer scale with iron oxide as the dominant phase at the
gas/scale interface. Even though the scale thickness after the repeated oxidations was somewhat
thicker than during the first oxidation, the oxidation resistance of the alloy seems to have
improved.

The primary cause for scale spallation is identified as grain growth in the alloy substrate
during the oxidation process. The exte_t of grain growth during the first oxidation step was
substantially larger than in the following oxidation steps. Additions of reactive elements such as
Y and Ce seem to pin the grain boundaries in the substrate alloy, thereby minimizing grain
growth even during the first oxidation step. As a result, Y- and Ce-doped alloys developed pure
chromia scales that were resistant to spallation and exhibited superior oxidation resistance even
under thermal quenching.

To examine the effect of reactive-element additions on alloy grain growth, specimens with
and without alloying additions were annealed in an inert atmosphere (to prevent oxidation)for
different time periods. Postexposure analysis of the specimens was performed to determine the
grain-growth kinetics. After a 40-rain anneal at 1000°C, the grain size of the Fe-25Cr alloy
showed a tenfbld increase, while the grain size of the doped alloys increased by <1%. Segregation
of Y and Ce in alloy grain boundaries (more in Ce- than in Y-containing alloys) was observed.
The Ce-containing particles seemed to coalesce as a function of annealing time but prevented
grain growth in the substrate alloy. As a result, the doped alloys exhibited good adhesion between
scale and substrate and no scale spallation was observed.

4

| Additional experiments were conducted to evaluate the role of grain size and gr_in growth on

i the spallation characteristics of thermally grown oxide scales. Fe-25Cr alloy specimens wereoxidized at 1000°C and the scale, even though thin and with a composition of pure chromia,
spalled totally. The grain size of the substrate alloy increased tenfold during oxidation exposure.
The same specimen (after removal of spalled scale) was reoxidized a second and third time with
the procedure used in the first run. The scales that grew were somewhat thicker and the
morphology was complex, with pure iron oxide at the gas side of the interface; however, adherence
of the oxide scale to the substrate was very good and no scale spallation resulted. The grain size of
the substrate alloy grew tenfold between the first step and the subsequent oxidation steps. Grain-
growth rate during the first o::idation step was ten times that of the starting size in 24 h, while that
in subsequent steps was 1% in 24 h. These results suggest that starting grain size of the substrate
alloy has a negligible effect on adhesion properties and spallation characteristics of thermally
grown oxide scales, while substrate--alloy grain growth (which occurs during oxidation) has a
significant effect on scale retention and high-temperature oxidation resistance of the alloy.
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