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ABSTRACT

In the framework of the development of an incineration process for high chlorinated wastes,
commercial alloys have been investigated by means of parametric laboratory tests in HCl containing gas
mixtures and also in field tests. Recommendations may be formulated for the three main components i.e.
pyrolyser, calciner and cooler. In very low oxygen-potential atmospheres, the alloys Hastelloy C276 and
lnconel 625 present the best behaviours. For the calciner, alloy Inconel 601 is more satisfactory than AISI
310 steel. As for the cooler, only the alloy Haynes 214 appears acceptable at 11000C. Because of the very low
stress level affecting the components, thermomechanical properties do not modify these recommendations
based on corrosion behaviour.

INTRODUCTION

The CEA has developed an incineration process based on oxidizing pyrolysis (air factor = 0.25), for
giove-boxes wastes contaminated with alpha emitters; a pilot facility (IRIS) is running with non radioactive
wastes [I]. After the combustion stage which is splitted up in two steps, pyrolysis and calcination, evolved
gases are burned in a postcombustion chamber and finally cooled. The nominal temperatures are: 55O0C for
the pyrolyser, 900°C for the calciner and 1100°C at the cooler inlet. Except for the postcombustion chamber,
the components are metallic. Because of the high chlorine content in the wastes (4S.5wt% PVC,
M.OvnTc Neoprene, i.e. 22wt% Cl) and of the limited incoming gas flow in the pyrolyser, the process
generates high HCl-content gases (> =5 vol.%) in this apparatus. On the other hand, the HCI-content is less
than 1 vol.% in the calciner and the cooler where air is in excess. Materials in such environments often
corrode at accelerated rates at high temperatures because the corrosion products consist of chlorides which
generally have low melting points and high volatility compared to the oxides [2].

The aim of this study was to propose a choice of alloys for each component, taking into account
corrosion behaviour and thermomechanical properties, including shaping and welding abilities. Commercial
alloys have been investigated by means of parametric laboratory tests and also of field tests in the pyrolyser
of IRIS facility.

THERMODWAMIC CONSIDERATIONS

In order to study the influence of pCU, and pOo on the nature of corrosion products, phase stability
diagrams for metal-oxygen-chlorine have been established at 900 K from thermochemical data [3. 4] for iron,
nickel, chromium, cobalt, aluminum, molybdenum and silicon, assuming unit activities of oxides and
equilibrium partial pressures of one atmosphere for chlorides (Fig. 1). The positions of the equilibrium
partial pressures of oxygen and chlorine corresponding to the experimental atmospheres are also
represented. According to [2], volatilization is significant only at a vapour pressure higher than 10"̂
atmosphere and the corresponding temperatures for FeCU, FeCU, NiCU, CoCl7, CrCU and CrCI7 are
respectively (0C): 167, 536, 607, 587, 611 and 741.

These diagram show that oxychlorinating atmospheres (points 1, 2, and 3) favour the formation of
high volatility chlorides (FeCU1, CrCU, CoCU which sublimates) [5, 6] whose partial vapour pressures are
proportionnai to the reverse of the distance between the atmosphere point and the chloride/oxide
equilibrium boundaries [7]; consequently, for resisting to such atmospheres, the alloys have to develop a
protective oxide layer that may be constituted of alumina [8] or silica, molybdenum oxides and oxychlorides
being too volatile [9]. But CrCIj, the chlorides FeCU,, CrCU, CoCU, formed in chlorinating atmospheres
(points 5, 6 and 7), are less volatile but the lack of oxygen does not permit to constitute a protective oxide
layer; in this case, a molybdenum addition may have a favourable influence owing to the very low
equilibrium partial pressure of MoCl and MoCl [10].
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In H2-containing reducing environment (point 8), the HCl-dissociation equilibrium is shifted toward;

HCI stability and, as a result, a sharp decrease of pCI2 is observed, leading to an important reduction of
chlorides partial pressures. Consequently, the presence of hydrogen would lower the atmosphere
aggressiveness [10, 11].

Those considerations are in good agreement with a recent review of high-temperature corrosion
mechanism and kinetics, thermodynamic and effect of gaseous components on the corrosion in Cl-> and/or
HCI-containing atmospheres (oxygen, air, water vapour, sulfur dioxide and nitrogen) [6].

On the kinetics viewpoint in pure chlorinating atmospheres, after a short term parabolic or linear
rate law, following the temperature, the metal loss is linear because the volatilization of chlorides becomes
the rate-controlling step [6, 12, 13].

EXPERIMENTAL

Test devices
Flat specimens (thickness: 1.5 to 2 mm) of selected materials (only one alloy per test section) were

tested in a laboratory rig (CORALLINE) especially designed to be operated continuously with synthetic
simulated atmospheres. As for IRIS pilot facility, the specimens, in ring form, were slipped onto a gas
sampling pipe in the flue gas flow.

Operating conditions and materials
For each laboratory test (about 90 on the whole), the exposure duration was 500 hours and the

renewal flow rate was lOl.h 1 for the pyrolyser tests, 151.h"l for the cooler tests and 75Lh"1 for the calciner
ones (at 2O0C under atmospheric pressure). The studied parameters were (atmosphere compositions in
volume %):
- for the pyrolyser: HCl-content (5, 10 and 20%), temperature (550, 600 and 7000C), oxidizing species ( O r
content: 0 and 10 %; H-,O-content: 0 and 0.5 %), H^-content (0 and 3 %) and H^S-content (0 and 0. l%)7in
an argon base gas,
- for the calciner, only one experimental condition was considered: 0.2 % HCl in air at 9000C,
- for the cooler, only one basic atmosphere was chosen: 1 % HCI in air; and the studied parameters were the
SOvcontent (0 and 0.1 %) and the temperature (1000 and HOO0C).

As for the field tests, two campaigns were carried out at about 600-6500C, during 630 hours (test n°l )
and 690 hours (test n°2), whith standard simulated non radioactive wastes; the gas flow rate was about
2.5Nm3.^1 and the composition at the outlet was roughly: 5% HCl, 0.5% H2O>73% H9, 0.02% SO7 and
much less than 1% O7 ; at the inlet, the 0?-content was 10% but this element is very fast consumecl.

The nominal compositions of the materials are given in Table I.

RESULTS

As shown in Fig. 2 to 5, the corrosion morphology is very different following the materials and
experimental conditions. Very often, the interface is not regular and intergranular corrosion occurs.
Consequently, the thickness measurements were generally used for the sound metal loss determination
(Fig. 6 to 11).

DISCUSSION OF LABORATORY TESTS FOR THE PYROLYSER

Influence of HCl-content in pure chlorinating atmospheres
At 6000C (Fig. 6), the corrosion rates of all the alloys vary a little up to 10% HCI. On the other hand,

they sharply increase when the HCI-content is raised from 10 to 20%, except for Hastelloy C276 and HR160
alloys. The better behaviour of these two latter alloys can be explained by respectively their high Mo and Cr-
contents. At 7000C (Fig. 7), the corrosion rates of all the alloys do not practically vary from 10 to 20% HCI-
contents.

Influence or HCl-content in oxychlorinating atmospheres
At 600°C (Fig. 8), in HCl + O 2 gas mixtures, the corrosion rate of the alloys, except Hastelloy C276.

vary a little from 5 to 20% HCl-content whereas a sharp increase is observed at 7000C (Fig. 7) when the
HCI-content changes from 5 to 10%. At 7000C, the transport of HCI to the interface seems to be the limiting
step of the corrosion mechanism, may be in relation with the rise in chloride volatility at this temperature
(factor about 30; for instance 0.078 to 2.14 mbar for NiCl2).
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Influence of oxidizing species in chlorinating gases

At 600°C (Fig. 6 and 8), the presence of oxygen has a detrimental effect on the Hastelloy C276
behaviour, in relation with its molybdenum content. On the other hand, the resistance of the 214 alloy seems
less dependent on HCl-content when oxygen is present. At 700°C (Fig. 7), the influence of oxygen on the
behaviour of all the tested alloys appears less significant.

An important degradation (factor of about 3) of the corrosion resistance at 6000C is observed for all
the tested alloys (C276, 600, 601 and 214) when 0.5% r^O is added to the 5% HCl atmosphere. This feature
could be explained by the formation of porous spinel oxides, less protective than chromia or alumina and
often observed with water vapour [6. 14].

Influence of temperature
In pure chlorinating atmospheres, the corrosion rate increases from 6000C to 7000C (Fig. 6 and 7)

but much less than the vapour pressures of chlorides. Consequently, evaporation of metallic chlorides
formed at the interface should not be the limiting step of the corrosion process.

In 5%HCI+ 10%O, gas (Fig. 9), the sound metal loss of Hastelloy C276 and HR 160 increases with
temperature. The corrosion rate dependence on temperature is not so clear for alloys 601 and 214, probably
in connection with the competition of oxidation and chiorination reactions [15]: a temperature increase may
favour both chiorination kinetics and formation of protective oxide.

Influence of H^ and f^S presence in incoming gas mixture
In accordance with the important decrease of chiorination potential in H9-HCI gas mixtures, the loss

of sound metal of all the alloys decreases by a factor of about 3 when 3% H2 is aaded in 5% HCl-containing
atmosphere [10, H].
When added to 5% HCl-containing atmosphere, 0.1% H^S increases and levels the corrosion rates for ;\U
the tested alloys (factor 1.5 to 3). These observations are in good agreement with the bad behaviour of Ni-
base alloys as Haynes 214 in the presence of highly sulphidizing atmosphere.

DISCUSSION OFFIELD TESTS FOR THE PYROLYSER

In IRIS facility, Hastelloy C276 and Inconel 625 exhibit the best behaviours and Inconel 601 and
Haynes 214 the worst ones (Fig. 10); this confirms the very low oxidizing potential of the IRIS pyrolyser
atmosphere. The similar corrosion resistance of Inconel 625 and alloy C276 is related to their molybdenum
and niobium contents; the good behaviour of alloy 625 has already been pointed out [16, 17].

DISCUSSION OF LABORATORY TESTS FOR THE CALCINER AND THE COOLER

The tests illustrate well the superiority of Ni-base alloys on Fe-base ones in high temperature
oxidizing environment (Fig. 11). In the calciner operating conditions, Inconel 601 has an acceptable
behaviour. As for the cooler, the best resistance of Haynes 214 is confirmed in high oxygen-potential gases,
related to its high Al-content [6, 8]. This alloy is not affected by the presence of SO-, [6]. The behaviour of
Haynes 556 is not better than the Inconel 601 one, illustrating that cobalt is not a beneficial element in
oxychlorinating atmospheres.

DEPOSITS ANALYSIS

Analysis of solid deposits collected on the cold parts of the reactor leads to the following remarks:
- at 600 and 7000C, aluminum is much more transfered in pure chlorinating than in oxychlorinating
environments,
- the transfer of molybdenum and tungsten is very limited at 6000C but higher at 700°C in all the
environments,
- nickel content is always higher in deposits than in aDoys; cobalt behaves similarly faced with HCI.
- at 600 and 7000C, iron and chromium are less transfered in HCl+ O2 than in other environments.

These observations are consistent with determined phase diagrams, except for iron and chromium
whose chlorides can partly flow out of the reactor owing to their high volatility. Moreover, most of the tests
performed with oxychlorinating atmospheres, have led to the formation of aqueous solutions in the reactor,
in accordance with "oxychlorination" reaction following [6].
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CONCLUSION •

From this series of corrosion tests, recommendations may be formulated for the three main
components i.e. pyrolyser, calciner and cooler.

The pyrolyser is certainly the component which poses the most difficult compatibility problem and
the limitation of its temperature is highly desirable: as indicated by the tests, the corrosion rate is lowered
from a factor of two at least when the temperature is decreased from 600 to 55O0C. In very low oxygen-
potential atmospheres, the alloys Hastelloy C276 and Inconel 625 present the best behaviour with maximal
extrapolated sound metal loss of about 0.7 mm.yearl, for the first one, in the presence of 5% HCl at 6000C
(linear extrapolation) and 0.4 mm-year* for both alloys in the field tests.

As far as the calciner is concerned, alloy Inconel 601 is more satisfactory than AISI310 steel with
maximal sound metal losses respectively of 1.5 and 2.5 mm.year"! at 9000C.

Only the alloy Haynes 214 appears acceptable for the cooler at HOO0C, with a maximal sound metal
loss of about 1.5 mm.year'l. For comparison, the alloys Inconel 601 and Haynes 556 would lose respectively
about 4 mm and 8 mm.year'l.

Because of the very low stress level affecting the components, thermomechanical properties do not
modify these recommendations based on corrosion behaviour. No chromium carbides precipitation was
observed by optical microscopy even at 7000C for Hastelloy C276. The gamma prime phase and chromium
carbides precipitations observed for Inconel 601 after the calciner tests should not have any consequence on
the life time; the use of Inconel 601 as filler metal must be recommended for alloy 601 TIG welding. When
used at 11000C, alloy 214 is much less affected by gamma prime phase precipitation than in the 750~-90()°C
temperature range [18]. However, because of the 4.5% aluminum content, cold-working and welding of
Haynes 214 are quite difficult. Cold-working induces rapidly an increase of hardness and a solution heat
treatment at 10900C can be necessary between two operations. Moreover, the presence of aluminum
requires a special care during welding and removal of oxides by grinding between two passes is necessary.
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Hastelloy C276

Inconel 600

Inconel 601

Haynes 214

Haynes HR160

Inconel 625

AISI 310

Haynes 556

AISI 330

AISI 9O4L

C

0.02

0.08

0.05

0.04

0.05

0.05

0.10

0.1

0.15

0.02

Ni

bal.

bal.

bal.

bal.

bal.

bal.

20.0

20.0

36.0

25.0

Cr

15.5

15.5

23

16.0

28.0

21.5

25.0

22.0

18.0

20.0

Fe

5.5

8.0

14.1

2.5

4.0

2.5

bal.

bal.

bal.

bal.

Co

2.5

-

-

-

27.0

-

-

18.0

-

-

Al

_

-

1.4

4.5

-

-

-

-

-

Mo

16.0

-

-

-

-

9.0

-

3.0

-

4.0

si

_

0.2

0.2

-

2.75

0.25

1.5

0.35

2.5

0.8

W

3.8

-

-

-

-

-

-

2.5

Nb

_

-

-

-

-

3.6

-

-

-

Cu

-

<0.25

<0.5

-

-

-

-

-

-

6

Component*

P.

P.
P.,Cal.,Cool

P. ,Cool

P.

P."

Cal., Cool.

Cool.

Cool.

Cool.

1

* p. : pyrolyser
P. : pyrolyser
Cal. : calciner
Cool. : cooler

(laboratory and fie3d tests)
(field test only)
(laboratory tests only)
(laboratory tests only)
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Fig. 1: Phase stability diagrams for the M-Cl-O systems at 900K (M = Fe, Ni, Cr, Co, Mo, Al, Si)
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Fig. 2: Cross section optical micrographs after laboratory tests for the pyrolyser

50pm

Fig. 2a: Inconel 600
Atmosphere: Ar+ 10%HCl+10%0?
Temperature: 6000C

Fig.2b:HastelloyC276
Atmosphere: Ar+5%HC1+10%0?
Temperature: 550°C

50 pm

Fig. 2c: Inconel 601
Atmosphere : Ar+5 %HC1
Temperature: 6000C

Fig.2d:Haynes214
Atmosphere: Ar+5%HCI+0.5%H20
Temperature: 6000C

1

Fig. 2e: Haynes HR160
Atmosphere: Ar+5%HC1+10%02
Temperature: 700°C
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Fig. 3: Cross section optical micrographs after field tests for the pyrolyser
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Fig. 4: Cross section optical
micrograph of AISI 310 steel
after laboratory test for
the calciner

Fig. 5: Cross section optical
micrograph of Inconel 601
after laboratory test for
the cooler 5C0 um
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Fig. 6 - MAXIMAL LOSS OF SOUND METAL PER
SIDE FOR THE PYROLYSER AFTER LABORATORY

TESTS IN CHLORINATING ATMOSPHERES AT 600'C
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Fig. 9 - INFLUENCE OF TEMPERATURE ON THE
MAXIMAL LOSS OF SOUND METAL PEH SIDE,

IN OXYCHLORINATING ATMOSPHERE
(Ar + S % HCI + 10 % O2) FOR THE PYROLYSEH
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