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The Corrosion Behavior of Chromel and Alumel
in the Hydrogen Base Gas Mixture of 80 % H,+
159,CO+5%CO, at Elevated Temperatures

By Tatsuo Shikama*, Tatsuhiko Tanabe*, Masakazu Fujitsuka**,
Hiroshi Araki*, Heitaro Yoshida*, and Ryoji Watanabe*

The corrosion behavior of Chromel and Alumel was studied in a hydrogen base gas mixture
of 80 %H,+15%CO+5%CO, at elevated temperatures. The gas simulated that used for the direct
reduction of iron ores in the steelmaking process which is now being developed in Japan. Chromel
and Alumel were selectively oxidized at elevated temperatures. Chromel was also found to be carburized
at about 923 K, where the present gas mixture had the maximum carbon potential and severe carbon
deposition (sooting) occurred. These results agreed with those expected from thermodynamic
analysis of the present gas mixture.

The severe internal oxidation occurred at about 873-1073 K in Chromel, showing a strong
correlation with the free carbon deposition having also occurred in the same temperature range.

The corrosion also affected the magnetic properties of Chromel with changing from paramag-
netic to ferromagnetic, whilst Alumel shows an increasing magnetic susceptibility. It is considered
that magnetic susceptibility measurements could be a useful non-destructive test for corrosion of
Chromel and Alumel.

(Received June 16, 1980)

I. Imtroduction

Deterioration of the electro-motive force
(emf) of thermocouples has been noticed during
long-term measurements of temperature in
corrosive environments®), In the course!®
of research on the properties of nickel-base
heat resistant superalloys at high temperatures
in the hydrogen base gas mixture of 809 H, +
15%CO+5%CO,, which simulates the reduc-
ing gas used in the direct steel making system
now being developed in Japan®, the present
authors perceived that the emf of Chromel-
Alumel (CA) thermocouples deteriorated dras-
tically.

This deterioration of the emf of CA thermo-
couples was found to be caused by the cor-
rosion of Chromel and Alumel by the hydrogen
base gas mixture at elevated temperatures. The
corrosion of Chromel by the selective oxidation
of chromium, causing a reduction of the chro-
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mium content in the alloy, was particularly
evident.

The present study was intended to investigate
the corrosion behavior of Chromel and Alumel
in the hydrogen base gas mixture, which has
a low concentration of oxidizing gases and has
a high carbon potential, as this is the first
step to improve the stability of the emf of CA
thermocouples in those atmospheres. Further-
more, (as Chromel is a Ni-10 wt%Cr alloy)
it would be instructive for the understanding
of the corrosion behavior of nickel base heat
resistant superalloys, most of which contain
some amount of chromium as an alloying
element for the improvement of their corrosion
resistance at high temperatures. In addition to
the usual study of corrosion behavior, meas-
urements of magnetic moment (susceptibility)
were carried out and were proved to be very
useful for evaluating the corrosion rates of
Chromel. This technique would be applicable
to nickel-base heat resistant superalloys.

II. Experimental Procedures
The chemical composition, microstructure

and magnetic susceptibility of a Chromel-
Alumel® thermocouple were examined after
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about 7.2Ms exposure to the hydrogen-base
gas mixture at elevated temperatures.

The chemical composition of the Chromel
and Alumel are given in Table 1 along with
that of the hydrogen-base gas mixture used
in the present study. The Chromel-Alumel
thermocouple was made by Chino Manufac.
Co. Ltd, and the detailed chemical analysis of
the present gas mixture was already reported
elsewhere®.

Chromel and Alumel wires 0.5 mm in diame-
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ter were cut into 2-3 cm lengths, weighed, and
the magnetic susceptibility was determined for
each piece at room temperature. The specimen
numbers and their configurational positions
are depicted in Fig. 1 with the temperature to
which they were exposed.

A magnetic field, H, with a gradient of
dH/dx is applied to the specimen in a quartz
holder, which generates a force, F, on the speci-
men. The generated force, F, can be related to
the mass susceptibility, o, of the specimen,

Table 1 Chemical composition of Chromel and Alumel (in wt %), with composition of the
present gas mixture (in vol %).

Ni Cr
Chromel 90 10
Ni Al Si Mn
Alumel 94 3 1 2
H, co CO, CH, 0, N, Dew point
Gas mixture Bal. 14.8 4.8 0.12 n.d. n.d. below 253 K
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Fig. 1 The specimen configuration and identifying numbers showing the temperature dis-
tribution as a function of the distance from the hot junction of the CA thermocouple.
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(C)

Photo. 1 Characteristic X-ray images (S.E.; Secondary Electron image, O; OK, image, Cr;
CrK, image, and Mn; MnK, image) from cross sections of specimens corroded at about
1173 K ((A), specimen No. 1), just below 1173 K ((B), specimen No. 2), and 973 K ((C),
specimen No. 9).
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whose mass is m, as follows®,

F=M-dH]dx, M

M=mcH. ()]

The value of H-dH/dx was estimated by
measuring the force generated on a nickel
wire whose susceptibility is well-known.

The surface morphology of the specimen was
examined with a scanning electron microscope
(SEM). The specimen was then mounted in
resin and was lapped with fine alumina par-
ticles. After lapping, the specimen was ultra-
sonically cleaned in ethyl alcohol and was
examined in cross section with an optical
microscope and an electron probe X-ray
micro analyzer (EPMA).

III. Results

Chromel was oxidized in the hydrogen-base
gas mixture at elevated temperatures. The
surface oxide scale formed at about 1173 K.
With decreasing temperature, the corrosion
behavior changed from external oxidation to
internal oxidation.

(A) (B)

(C)
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The characteristic X-ray images of O, Cr,
and Mn are shown in Photo. 1(A), (B), (C),
from the cross section of Chromel exposed to
the gas mixture at about 1173 K (specimen
No. 1), just below 1173 K (specimen No. 2),
and 973 K (specimen No. 9), respectively.
Chromium was found to be the main oxidized
element, and a trace of manganese was con-
tained. The morphology of the internal oxida-
tion layer changed with the temperature as
shown in Photo. 2(A)—~(E). The internal oxida-
tion proceeded most severely over the tem-
perature range 873-1073 K, and the whole
cross section became internally oxidized as
shown in Photo. 2(C) and (D).

The internal oxidation of the chromium
developed as dispersed particles at higher
temperatures as shown in Photo. 2(B) and (C).
At lower temperatures, the internal oxidation
layer seemed to be finer in morphology than
those formed in the higher temperature regions
(Photo. 2(C)~(E)).

At about 923 K, the free carbon deposition
on the surface of Chromel and the exfoliation
of the surface layer was particularly apparent
(Photo. 3).

100um

(D) (E)

Photo. 2 Microstructures of cross sections of Chromel corroded at just below 1173 K ((A),
specimen No. 3), about 1153 K ((B), specimen No. 4), about 973 K ((C), specimen No. 8)
and about 923 K ((D), specimen No. 10), and about 873 K ((E), specimen No. 12).
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Photo. 3 SEM observation on Chromel corroded at about 923 K.

The EPMA line analysis for C, O, and Cr
was conducted in the cross section of the cor-
roded specimens. The results have a good
correspondence with the metallographic obser-
vations mentioned above. At about 1173 K,
a distinct surface oxide scale containing
chromium was noticed, while no internal oxida-
tion layer was observed, which can be seen
also in Photo. 1(A). Under the surface scale,
some diffusion zone, or the depleted zone of
chromium was observed. At 1173-1073 K,
the internal oxidation layer of chromium
extended to the inner region (as shown in
Photo. 1(B)) and at about 973 K, most of the
cross section changed into the internal oxida-
tion layer (as in Photo. 1(C)). At a temperature
of around 923 K, there was some evidence of
carburization. (Fig. 2)

The depth of the internal oxidation layer,
as obtained from the EPMA line analysis, is
plotted as a function of the distance from the
hot junction of the thermocouple (Fig. 3).

The intensities of the chromium charac-
teristic X-ray and those of oxygen were obtained
at the positions indicated by a-g in Photo.
2(A)-(E). The results and the calculated
compositions are tabulated in Table 2. The
standard of intensity of the characteristic X-ray
of chromium was obtained from pure chro-

Illlrl—rlll

C KaXray

0 Kq Xray

INTENSITY OF CHARACTERISTIC X RAY { arbitrary unit)

i

Cr KeXray
I [ | B I | l 1 | IJJ
0 100 200 300
DISTANCE/)Am

Fig. 2 Intensities of characteristic X-ray of CK,,
OK,, and CrK, of specimen No. 10 as a function
of distance from the exposed surface. (Chromel
corroded at 923 K)
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Fig. 3 Depth of internal oxidation in Chromel as a function of distance from the hot junction
of the CA thermocouple, obtained by EPMA line analysis.
Table 2 Results of point count of intensities of characteristic X-ray for oxygen and chromium
and calculated composition of Cr,O,.

Point Count (Cr) Count (O) Count (O)/Count (Cr) O (wt)/Cr (wt) O (at)/Cr (at) Cr,O,
@) 28840 1170 0.041 0.51 1.65 Cr;0s.5
®) 22760 890 0.040 0.50 1.60 Crz0;.,
© 17910 660 0.037 0.47 1.52 Cr,03
@ 24300 990 0.040 0.50 1.62 Cr,0;.,
] 18240 730 0.040 0.50 1.62 Cr;0s.,
® 26790 1090 0.041 0.52 1.68 Cr;0s:.4
(g) 17490 710 0.040 0.50 1.62 Cr;0;.,

note; Intensities were counted for ten and five times at each point and averaged. The standard for Cr X-ray was
Cr metal and the intensity of Cr X-ray from it was 51800. As for oxygen Al,O; was used and the count
was 1180. Points a-g are indicated in Photo. 2(A) ~ (E).

mium metal, and that of oxygen from Al,O;.
The correction procedures of Springer(®®)
and Philibert-Duncumb-Shield”® were fol-
lowed. All the internal oxidation layers ex-
amined were shown to have the composition
of Cr,0;. The chromium concentration in the
solid solution of the specimen matrix was also
estimated by the same procedure of charac-
teristic X-ray analysis. As for the specimens
No. 7-10, the spot size of the electronprobe

was too large to exclude any influence of the
internal oxide. So it was assumed that the
concentration of chromium would be nearly
zero, because the whole cross section became
internally oxidized as mentioned above.
Alumel was also oxidized internally at high
temperatures as shown in Photo. 4, and these
oxidation layers were found to consist of
oxides of aluminum, manganese and silicon®.
As the temperature decreased, the depth of
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Photo. 4 Microstructure of a cross section of Alumel corroded at about 1173 K.

the internal oxidation decreased and, below
1073 K, a distinct internal oxidation layer was
not observed. On the Alumel surface, no free
carbon deposition was noticed within the
temperature range of room temperature-1173 K
with the exception of a small amount of
sooting at about 923 K. No exfoliation of the
surface layer was noticed.

The force, F, generated in the specimen by
the magnetic field, H-dH/dx, which would be
proportional to the susceptibility of the
specimen, is shown as a function of the distance
from the hot junction of the thermocouple on
Chromel and Alumel in Fig. 4. The force
measured was divided by the mass of the
specimen used. Before the corrosion, Chromel
is paramagnetic and Alumel is ferromagnetic
at room temperature. In the case of Chromel,
the magnetic susceptibility increased at above
823 K and Chromel changed from paramagnetic
to ferromagnetic after exposure to the hot
hydrogen-base gas mixture. The susceptibility
had a maximum value at 873-973 K. Alumel
kept its ferromagnetic property with some
increase of magnetic susceptibility at above

773 K.

The susceptibility of nickel-chromium alloys
and of nickel-aluminum alloys could be
expressed as follows®(19),

M(pg)=0.6—0.06C,,
MA(”‘B) = 0.6 - 0.028CA,

(€)
@

where M, and M, denote the susceptibility
of nickel-chromium alloys (containing C¢ at%,
chromium) and of nickel-aluminum alloys
(containing C, at %, aluminum), respectively in
Bohr magneton units (ug). The oxide formed
in Chromel was found to be approximately
Cr,0; as mentioned above. Cr,O3, MnCr,0,
or aluminum oxide are not ferromag-
neticY~U3) Thus, these oxide would not
have a large contribution to the magnetic
interaction. Therefore, from the eqs. (1)-(4),
the chromium aluminum concentrations in
the solid solution can be estimated.

The present authors considered that the
magnetic measurement could be applied non-
destructively. If the mass of the specimen were
measured before and after corrosion, one



298

T. Shikama, T. Tanabe, M. Fujitsuka, H. Araki, H. Yoshida and R. Watanabe

/‘“’"

lIlT'TIFI L

PURE NICKEL

[ —1200

N
o

§,

1000

- —
o (3]

( force/ mass , arbitrary unit )
(§,]

GENERATED FORCE,F, BY THE MAGNETIC FIELD

©
o
S
TEMPERATURE /K

g

700

o
I
O |-

10

20 30

DISTANCE FROM HOT JUNCTION/cm

Fig. 4 Force generated in Chromel and Alumel by the magnetic field H-dH/dx as a function
of a distance from the hot junction of the CA thermocouple.

could have estimated the actual mass, m,
from the mass increase during exposure to the
gas mixture, which would exclude the mass
of the formed oxide. However, it was not the
case of the present study. Also, there are some
difficulties to exclude the contribution of the
formed oxide from the mass, m, by the metal-
lographic observation in the case of the
internally oxidized specimen. Thus the present
authors used the total mass as the mass, m,
in eq. (2). The estimated chromium concentra-
tion is shown in Fig. 5 compared with the
results of the EPMA analysis.

IV. Discussion

As has been shown in the previous section,
Chromel and Alumel were selectively oxidized,
and the oxidation was found to be the cause
of the deterioration of the emf of CA thermo-
couples in the present gas mixture'®. Chromel,
especially, was corroded most severely in the
middle range of temperatures of about 873—
973 K, in contrast to the corrosion behavior
of Alumel where the corrosion proceeded most
severely at the highest temperature.

The present gas atmosphere is one of the

low oxidizing atmospheres, having a relatively
high carburizing potential®®. Thermodynamic
considerations®®* showed that nickel was
stable and not oxidized, while aluminum,
silicon, chromium and manganese were oXi-
dized. Chromium is also expected to be car-
burized at elevated temperatures. These expec-
tations are consistent with the experimental
results.

As for the depth of the internal oxidation,
it is expected that the depth will be proportional
to exp (—A/kT). Here, A is a constant, k is
Boltzmann’s constant and T is the absolute
temperature. Hence, the depth of internal
oxidation is expected to decrease with decreas-
ing temperature, as is found in the case of the
internal oxidation in Alumel.

In the case of Chromel, chromium was
externally oxidized and the formation of the
protective surface scale was noticed at about
1173 K. Just below 1173 K, however, the
surface oxide scale seemed to be not so pro-
tective and internal oxidation of chromium
occurred. The depth of the internal oxidation
increased with decreasing temperature, in
contrast to the case of Alumel, and the internal
penetration depth of Cr,O; reached its maxi-



The Corrosion Behavior of Chromel and Alumel in 80%H,+15%CO+5%CO, at Elevated Temperatures 299

T T 1 T T T
T
5 .8,/
w9 »s o4
S % x
z8- FROM rS, ~
2.0 SUSCEPTIBILIT 000
< o
o =
6 =
5 oy
2 —900 2
84— =
s FROM
EPMA
2 ANALYSIS —800
\
= <\
0 /] _
Ll LT e
0 2 4 6 8 10 12 14 16 18 20 22 24

DISTANCE FROM HOT JUNCTION/cm

Fig. 5 Calculated concentration of chromium in solid solution in Chromel as a function of
distance from the hot junction of the CA thermocouple with temperatures and area of
carbon deposition, obtained by the measurement of magnetic susceptibility and by EPMA

analysis.

mum value in the temperature range of 873-
973 K and decreased with decreasing tem-
perature.

Spooner and Thomas® reported that
Chromel changed its oxidation form from
external to internal over the temperature range
of 1273-1323 K in their experiment, where
Chromel was corroded for about 172.8 ks
whilst being in contact with NiO films in an
evacuated quartz tube. In their experiment®,
the internal oxidation layer attained a maximum
depth at about 1273 K, just below the transi-
tion temperature from external to internal,
and the depth of the internal oxidation de-
creased rapidly with decreasing temperature.

One of the reasons why the present data
are different from the above result comes from
the fact that in general the atmosphere in this
investigation was lower in oxidizing potential
than that in their experimental conditions. The
main reason would be the present oxidizing
potential being changeable with temperature.
It will be noticed that the severe internal

oxidation and the free carbon deposition
(sooting) have a strong correlation with each
other as shown in Photo. 3.

It is assumed that the oxidizing potential
of the present gas increases over the tem-
perature range in which carbon deposition
occurs, probably because the reducing com-
ponent of the gas will decrease and the oxidiz-
ing component of the gas will increase fol-
lowing the carbon deposition. This is the
reason why the internal oxidation took place
most severely at the temperature range of the
carbon deposition. This presumption can also
be supported conversely by the fact that
Alumel was not oxidized severely over the
temperature range, 873-973 K, where the free
carbon deposited only slightly on Alumel.

It is not obvious why carbon deposits on
Chromel heavily and on Alumel very slightly
at about 873-973 K. But it was found in the
previous experiment® () that nickel, Cr,0j,
and MnCr,0, had the weakest catalytic effect
on free carbon deposition. Chromium also
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formed Cr,0; surface scale in the present
atmosphere above about 923K and was
found to be a weak catalizer. Chromel, which
is in solid solution in the nickel matrix, might
play some role in the free carbon deposition
as the unoxidized surface would be exposed to
the atmosphere through the internal oxidation
layer.

It is well known that the nickel base alloys
containing more than 10 at 9} chromium change
from paramagnetic to ferromagnetic and are
strongly magnetized when they are selectively
oxidized or carburized. In the present study,
it is recognized that the measurements of the
magnetic moment (susceptibility) is a very
sensitive method for evaluating the corrosion
rates of nickel-chromium alloys qualitatively
when one compares Fig. 4 with Fig. 3. The
results of the quantitative evaluation of the
chromium depletion from the matrix agree
well with those obtained by EPMA analysis
as shown in Fig. 5.

However, the susceptibility measurements
would tend to underestimate the degree of
corrosion. This fact would be due to the pro-
cedure in which the obtained value of the
generated force is divided by mass of the cor-
roded specimen which also contains the mass
of the chromium oxide. The agreement would
be improved, if the force is divided by the
mass excluding the mass of the produced
Cr,0;.

V. Conclusion

The corrosion behavior of Chromel and
Alumel was studied in the hydrogen-base gas
mixture of 80%H,+15%CO+5%CO, at ele-
vated temperatures. Chromel and Alumel were
selectively oxidized, which agreed with the
thermodynamic predictions of the present gas
mixture. Chromel was also carburized at
about 923 K. The severe internal oxidation,
which occurred at about 873-973 K in Chromel,
has a strong correlation with the free carbon
deposition which also occurred at about 873-
973 K.

The measurement of the magnetic sus-
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ceptibility of Chromel and Alumel is an easy
and appropriate method for evaluating the
corrosion rates.
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