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bstract

Haynes 230 alloy was oxidized in air at temperatures between 650 and 850 ◦C. Thermogravimetry was used to measure the kinetics of oxidation.
he formed oxides were identified by the thin film (small angle) X-ray diffraction technique. Cr2O3 and MnCr2O4 were found in the oxide scale.
ulti-stage oxidation kinetics was observed, and each stage follows Wagner’s parabolic law. The first slow oxidation stage corresponded to the

rowth of an Cr O layer, controlled by Cr ions diffusion through the dense Cr O scale. The faster second stage was a result of rapid diffusion
2 3 2 3

f Mn ions passing through the established Cr2O3 scale to form MnCr2O4 on top of the Cr2O3 layer. A duplex oxide scale is expected. The third
tage, with a rate close to that of the first stage, only appeared for oxidation in the intermediate temperature range, i.e., 750–800 ◦C, which can be
xplained by the interruption of the Mn flux that forms MnCr2O4.

2005 Elsevier B.V. All rights reserved.
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. Introduction

With the development of the reduced temperature solid oxide
uel cells (SOFCs), metallic materials have drawn extensive
ttention as the interconnect materials [1–4]. The interconnect
n a planar SOFC stack is a critical component that separates the
uel and oxidant gases and provides electric connection between
he adjacent cells. In some stack designs, the interconnect is also

structural element to sustain the mechanical stability of the
tack and to offer a mechanical connection surface for gas path
ealing.

While most of the researchers have been focusing on the
e–Cr ferritic stainless steels, Haynes 230 alloy, a Ni-based
lloy, has entertained some investigators’ interests as a poten-
ial interconnect material candidate [5–8]. Haynes 230 is an

ustenitic alloy with a coefficient of thermal expansion (CTE)
f 15.2 × 10−6 [9] between 25 and 800 ◦C, slightly higher than
hat of the ferritic stainless steels (∼12 × 10−6) and SOFC cell
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omponents (10–13 × 10−6 [10]), which has made it less pop-
lar than the Fe–Cr alloys for the interconnection applications.
owever, in most of planar SOFC stack designs, the intercon-
ect is not strongly bonded to the cells, so that the magnitude
f the CTE difference is believed to be acceptable without caus-
ng significant damage to the interconnect-cell contact. England
t al. [5,6] studied the oxidation kinetics of thin foil Haynes
30 in humidified hydrogen and air at temperatures between
00 and 1100 ◦C for up to 10,000 h. It was found that Cr2O3
nd MnCr2O4 were formed in both atmospheres following the
arabolic law, and the area-specific resistance (ASR) on the
node side was higher than that of the cathode side. At 800 ◦C
n air after 10,000 h, the ASR was ∼1.1 � cm2 which was con-
idered unsatisfactory for the interconnect application. Li et al.
7,8] investigated the oxidation behavior of Haynes 230 sheet
n simulated SOFC environments at 750 ◦C for 1000 h. Ni-
ich nodules were identified on top of the oxide scale in the
nodic atmosphere other than Cr2O3 and MnCr2O4 due to the

ow oxygen partial pressure which is not sufficient to oxidize
he Ni element in the alloy; and the estimated ASR suggested
hat Haynes 230 may be suitable as an alternative interconnect

aterial.
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Fig. 1. Weight gain as a function of oxidation time for Haynes 230 alloy oxidized
at 650 ◦C in air.
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The objective of the present study was to examine the oxi-
ation kinetics and associated oxide formation in air at temper-
tures between 650 and 850 ◦C where the reduced temperature
OFCs operate. The oxidation kinetics was obtained by weigh-

ng oxidized samples, and the formed surface oxides with time
ere tracked and identified by the small-angle X-ray diffraction

echnique.

. Experimental

Haynes 230 alloy was provided by Haynes International, its
ominal chemical composition is listed in Table 1. Coupons
f 25 mm × 25 mm × 1 mm were prepared by using an electron
ischarge machine. The sample surfaces were polished with SiC
brasive papers up to 1200-grit, and washed in an ultrasonic
leaner in distilled water and acetone.

The weight of the cleaned and dried samples was recorded
rior to the oxidation test. Thermogravimetry was employed to
tudy the oxidation kinetics. The samples were heated in air with
box furnace at 650, 750 and 850 ◦C, respectively, and held for
p to 500 h. The weight gain with oxidation time was obtained
y weighing different samples every 100 h using a Sartorius BS
24S electronic balance (accuracy of 10−4 g).

Since the thickness of the oxide scale formed on the alloy
urface is in the order of microns, the thin film (small angle) X-
ay diffraction technique was employed to identify the surface
xides. The angle between the incident beam and the oxidized
urface was fixed at in the range between 0.5 and 1.2◦, while the
etector rotated continuously along the goniometer to receive
he diffraction signals. A PANalytical X’Pert PRO X-ray diffrac-
ometer was used for this purpose under the conditions of 40 mA
nd 40 kV; the scanning speed was 10◦ min−1, and the 2θ angle
anged from 20 to 80◦.

. Results and discussions

Figs. 1–3 illustrate the dependence of the weight gain of the

amples on the oxidation time in stagnant air (atm.) at 650, 750
nd 850 ◦C, respectively. The (weight gain/area)2 is plotted as
function of the time. At all three oxidation temperatures, at

east two linear relationships were observed within 500 h of oxi-

able 1
hemical composition of Haynes 230 alloy

lement wt.%
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ig. 2. Weight gain as a function of oxidation time for Haynes 230 alloy oxidized
t 750 ◦C in air.

ation, which suggests a multi-stage oxidation and each stage
beys parabolic kinetics. The oxidation stage transfer occurred
fter 200 h of oxidation and it was delayed with decrease of the
xidation temperature. The slope of each straight line represents
he experimentally obtained parabolic rate constant kW in terms
f the weight change:

W2 = kWt (1)

nd is listed in Table 2, where�W is the specific area weight
ain (mg cm−2) of the sample and t is the oxidation time. For the

◦ 2
xidation at 750 C, it is also noted that the (weight gain/area)
oxidation time curve tends to bend away from the second stage

fter 400 h of oxidation, the oxidation rate is slowed down to
he magnitude of the first stage. A similar phenomenon was

ig. 3. Weight gain as a function of oxidation time for Haynes 230 alloy oxidized
t 850 ◦C in air.
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Table 2
Experimentally obtained parabolic rate constant kw (g2 cm−4 s−1) for each oxi-
dation stage at various temperatures, and the determined activation energy Q
(kJ/mol)

Parabolic rate
constants

650 ◦C 750 ◦C 850 ◦C Q

k

k

o
s
a
s
A
o
2
r

k

w
e
a

l

k
a
d
T

r
6
o
H
t
t
i
i
s
k

F
a

Fig. 5. Dependence of parabolic rate constant on temperature for Haynes 230
alloy oxidized at temperatures between 650 and 850 ◦C. The rate constant for
each stage is plotted separately.

Fig. 6. Small angle X-ray diffraction patterns for Haynes 230 alloy oxidized in
air at 650 ◦C for different time.
(1)
w 3.05 × 10−16 1.22 × 10−15 6.68 × 10−14 252
(2)
w 9.14 × 10−16 2.03 × 10−14 1.89 × 10−13 216

bserved in the previous study [11] where Haynes 230 alloy
heet (1 mm thick) was oxidized in air at 800 ◦C for up to 1000 h,
s shown in Fig. 4, three straight lines were obtained and the
lope of the first and the third lines has almost the same value.
ll in all, these results have confirmed that multi-stage oxidation
ccurs with prolonged oxidation at high temperature for Haynes
30 alloy, and each stage is a diffusion controlled process. The
ate constant can be expressed by the Arrhenius equation

W = kW0 exp

(
− Q

RT

)
(2)

here kW0 is the pre-exponential factor, Q is the activation
nergy, R is the gas constant and T is the absolute temperature,
nd further more,

n kW = −Q

R

(
1

T

)
+ ln kW0 (3)

Fig. 5 illustrates the experimental relationship between ln
W and 1/T for oxidations at various temperatures in each stage,
linear relation is demonstrated and Eq. (3) is satisfied. The

erived activation energy Q for each stage are also listed in
able 2.

Figs. 6–8 are the thin film (small angle) X-ray diffraction
esults from the surfaces of Haynes 230 samples oxidized at
50, 750 and 850 ◦C for different times, respectively. All the
xide scales contain Cr2O3 and spinel-type MnCr2O4 phases.
owever, the relative amount of each oxide within the penetra-

ion depth of the small angle X-ray changes with the oxidation
ime, the intensity of diffraction peaks from MnCr2O4 gradually

ncreases while those from Cr2O3 gradually decrease, suggest-
ng the growth of MnCr2O4 on top of Cr2O3 and a duplex oxide
cale. With the growth of MnCr2O4 intensified, the oxidation
inetics switches from the first stage to the second, as seen in

ig. 4. Weight gain as a function of oxidation time for Haynes 230 alloy oxidized
t 800 ◦C in air.

Fig. 7. Small angle X-ray diffraction patterns for Haynes 230 alloy oxidized in
air at 750 ◦C for up to 500 h.
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ig. 8. Small angle X-ray diffraction patterns for Haynes 230 alloy oxidized in
ir at 850 ◦C for up to 500 h.

igs. 1–3. This phenomenon can be seen in the case of oxi-
ation at 750 and 850 ◦C. For oxidation at 650 ◦C, the oxide
cale is extremely thin; the signal from the substrate is signifi-
antly strong so that the small amount of MnCr2O4 can be barely
etected even after 400 h of oxidation.

Multi-stage oxidation has not been previously reported in
aynes 230 alloy, however, it has been observed in other alloys

12–15]. Marasco and Young [12] described the oxidation of
e–Cr–Mn alloys at 900 ◦C in air, and up to three stages of
xidation were found. They attributed the multi-stage oxidation
o the formation of M3O4-type (M: Fe, Cr or Mn) and M2O3-
ype oxides. The formation of M3O4 oxide is preceded by the
rowth of M2O3 oxide, and the growth rate of M3O4 is con-
idered an order of magnitude greater than that of M2O3. Cox
13] proposed a similar mechanism for the oxidation of Fe–Cr
lloys to explain the transition from the initial slow oxidation to
he faster rate characteristic of the formation of thicker duplex
xide scales. It was observed that the number of M3O4 spinel
uclei remains essentially constant after the initial period but
hey increase in size relatively quickly to cover the entire surface.
his observation is consistent with what Caplan [14] concluded.

n Fe–Cr–Mn alloys, the Mn rapidly diffuses from the alloy
o the surface to form Mn-rich oxide, causing severe local Mn
epletion. The underlying alloy adjacent to the Mn-rich oxide
cale has a transient composition approximating to the Fe–Cr
lloy unit: the Mn flux is re-established, resulting in formation
f Cr2O3. Fig. 9 [15] shows the dependence of standard Gibbs
ree energy of formation of Cr2O3, MnO and MnCr2O4 phases
n temperature. MnCr2O4 is thermodynamically a more favor-
ble phase than Cr2O3 and MnO, a few tenths of a percent of Mn
dded to a binary Fe–Cr alloy, which is not avoidable in most of
he Fe–Cr alloys, lead to the formation of MnCr2O4 phase.

In Haynes 230 alloy, the Mn content is around 0.5 wt.% which

s much lower than that of the Cr 22 wt.% At the very beginning
f the oxidation, the Mn and Cr on the surface forms MnCr2O4,
nd a Mn depletion zone as well, while the remaining Cr forms
dense layer of Cr2O3 in the first stage, Cr ions diffusion pass-

t
a
t
t

ig. 9. Dependence of standard Gibbs free energy of formation on temperature
or Cr2O3, MnO and MnCr2O4 phases.

ng this dense Cr2O3 layer controls the oxidation kinetics, with
nsignificant growth of MnCr2O4. The experimentally obtained
ctivation energy for the first stage is around 252 kJ mol−1,
hich is in good agreement with the reported activation energies

5] for Cr diffusion in Cr2O3 oxide. Owing to the sluggish diffu-
ion of Cr ions in Cr2O3 scale [16], the oxidation rate is relatively
low. The second stage oxidation corresponds to the growth of

nCr2O4 after the re-establishment of the Mn flux. The con-
ent of Mn in the present alloy is quite low; the re-establishment

ay take longer time than that in the higher Mn content alloys
12]. The time needed for the Mn flux re-establishment is also
emperature dependant, and a longer time is required for lower
xidation temperature, as demonstrated in Figs. 1–3. MnCr2O4
orms at the gas-scale interface, and thickens as a result of Mn ion
iffusion through Cr2O3. As is well known, Mn ions diffusion is
rders of magnitude faster than Cr ions in Cr2O3 [16], resulting
n a rapid oxidation rate in the second stage. In order to main-
ain the growth of MnCr2O4, the Mn diffusion flux must reflect
ith the growth rate; so a continuous supply of Mn is needed.
ecause of the limitation of Mn content in Haynes 230 alloy,
fter a period of fast growth of MnCr2O4, the requirement for a
ontinuous supply of the Mn flux may not be able to be satisfied.
uch Mn depletion may interrupt the growth of MnCr2O4, and

hen the oxidation kinetics turns into a third stage, controlled by
r diffusion to form Cr2O3 on top of MnCr2O4. This explains

he second slope change in Fig. 4 to a value similar to that of
he first stage. It is noticed that this second change of oxidation
inetics with time did not happen in the present study within
00 h of oxidation. The observation in the previous study [11]
eported the second oxidation kinetic change occurred at around
00 h of oxidation. The difference may be caused by the Haynes
30 samples coming from different batches, the Mn content may
ave slightly varied.

According to Wagner’s parabolic oxidation theory, the oxida-

ion rate of alloys is governed by the diffusion of cations passing
dense oxide scale and the rate constant is a function of concen-

ration and self-diffusion coefficient of the migrating species. For
he present situation in which both Cr2O3 and MnCr2O4 form
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imultaneously with rates of k(Cr2O3) and k(MnCr2O4), respec-
ively, in terms of specific area weight gain �W(Cr2O3) and
W(MnCr2O4), then

W2
(Cr2O3) = k(Cr2O3)t (4)

W2
(MnCr2O4) = k(MnCr2O4)t (5)

or the overall weight gain �W, it has

W2 = kWt (1)

nd

W = �W(Cr2O3) + �W(MnCr2O4) (6)

ubstituting (1), (4) and (5) into (6), the relation between
(Cr2O3), k(MnCr2O4) and kW is given by

1/2
W = k

1/2
(Cr2O3) + k

1/2
(MnCr2O4) (7)

In the first stage of oxidation, k(Cr2O3) controls the overall
inetics due to the initial Mn depletion. In the second stage,
oth k(Cr2O3) and k(MnCr2O4) contribute to kW, resulting in faster
xidation kinetics with smaller activation energy. And in the
hird stage, the Cr diffusion resumes the control of the oxidation
inetics due to the interruption of the Mn flux that maintains the
nCr2O4 formation.

. Conclusions

Oxidized at temperatures between 650 and 850 ◦C, Haynes
30 alloy demonstrates multi-stage oxidation kinetics, and each
tage follows a parabolic rate law. Only two types of oxide,
r2O3 and MnCr2O4, are identified for oxidation at all temper-
tures during the period of testing time (500 h). The first slow
xidation stage corresponded to the growth of a Cr2O3 layer,
ontrolled by Cr ion diffusion through the dense Cr2O3 scale.
he oxidation rate is faster in the second stage due to the fast dif-

usion of Mn ions passing through the established Cr2O3 scale to
orm MnCr2O4 on top of the Cr2O3 layer. A duplex oxide scale
s expected. The third stage only appears after oxidation for a

ertain period of time, when the continuation of the Mn flux to
orm MnCr2O4 is interrupted due to the limited Mn supply and
r diffusion resumes the control of the oxidation kinetics in this

tage.
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