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Abstract

Corrosion Behaviors of Structural Materials in Liquid Gallium and Gallium
Alloy Environment for Nuclear Application

Sang Hun Shin

Interdisciplinary School of Green Energy
The Graduate School
Ulsan National Institute of Science and Technology

Liquid Metal Fast Breeder Reactor (LMFBR) is one of promising candidates among
Gen IV nuclear energy systems. Among liquid metal, sodium is a spotlighted coolant
material for designing fast breeder reactor. However, high activity of sodium with
water and air is the major disadvantage that forces to search for alternatives. On the
other aspects, the liquid metal including gallium generally interacts with structural
materials, and it may cause Liquid-Metal-Embrittlement (LME) to materials in certain
condition.

The purpose of this work is to examine the interaction between steels and liquid
gallium or gallium alloys to evaluate the potential application of gallium for fast
reactor coolants. In fact, gallium could be a good candidate for use as a liquid metal in
the field of GEN IV nuclear system since it has low melting point (29°C), high boiling
point (2204°C) and high safety against explosion. However, gallium has a high
affinity for many metals and alloys, especially steels. For the prevention of liquid
gallium corrosion with stainless steels, an active control of oxygen partial pressure
which has been extensively studied for lead-bismuth corrosion could be adopted in
this gallium environment.

The liquidus of gallium alloy (Ga-14Sn-6Zn and Ga-8Sn-6Zn) is 26°C and 19.5°C,
respectively. Simultaneously, neutron absorption cross-section is reduced by these
alloy process.

In this study, SS 316L and pre-oxidized specimens were exposed to static gallium and
gallium alloys (Ga-14Sn-6zn and Ga-8Sn-6Zn) at 500°C for time up to 700 hr both in
air and vacuum conditions (5x10° torr). The results have shown that the corrosion
resistance of pre-oxidized specimens was improved compared to bare specimens in
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metal loss data. The weight change and metal loss were generally reduced in vacuum
condition and also in gallium alloy environments. General behavior of developing
reaction layer within the effect of pre-oxidation was that pre-oxidized specimens, in
any conditions, had developed as thick as reaction layers on bare specimens.
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1. Introduction

1.1 Background

For recycling spent fuels from operating nuclear power plant, liquid metal fast breeder reactor
(LMFBR) is one of promising candidates among GEN IV nuclear energy system. Among liquid
metals, sodium is a spotlighted coolant for designing fast breeder reactor. However the disadvantage
of sodium, high activity with water and air, is the factor that searches for alternatives. This study
suggests gallium as potential coolant for the next generation reactor. The element gallium possesses
some of the requisites properties. It is a unique material, having a very low melting point, and a very
high boiling point. It melts at 29°C, and suitable alloying might be capable of lowering the melting
point to below room temperature. The boiling point is high, 2204°C. Being a liquid metal, the heat
transfer characteristics would be good, though not so good as those some other liquid metals such as
sodium [1]. However gallium has a high affinity for many metals and alloys, especially steels [1] and
the absorption cross section of gallium is rather high, 2.2 barns per atom. This is a severe handicap,
but since the cross section might be reduced by proper alloying.

The corrosion of structural metals and alloys in liquid gallium is for the most part due to the
dissolution of various constituents of the metals or alloys by the liquid gallium. The unusual operating
conditions of nuclear power reactors necessitate the use of unusual coolants. Thus, one desires a
coolant which possesses a low cross section for absorbing neutrons, good heat-transfer efficiency, a
low melting point and a high boiling point. Furthermore, a material which can contain the coolant, at
the desire temperature, with insignificant rates of corrosion, is needed.

Since gallium had some promise as a reactor coolant, owing to its unique properties, research on the
subject was merited. The research had as its objectives, determining the effect of alloying on melting
point and on cross section, and studying the corrosion of possible container materials by gallium.

1.2 Objectives

For increasing power output of nuclear reactor, coolants need to be operated at higher temperature.
Based on literature review, the number of published paper about gallium corrosion is not sufficient to
know general corrosion behaviors of gallium at high temperatures. To investigate general gallium
corrosion behavior with structural materials at higher temperature comparing to previously published
papers [1, 2], corrosion tests are conducted in this thesis work.

The major issues of uses of gallium are listed below:

1) Relatively high neutron absorption cross-section
2) Relatively low thermal conductivity
3) Highly corrosive to some metals and alloys

The last one is primary issue to use gallium as a coolant.

The principal objective of this thesis is to develop protective oxide scale on the surface of specimens
in gallium environment to prevent corrosion in widely used and commercially available structural
alloys including stainless steels. For potential uses of gallium as a coolant, the corrosion issue has to
be overcome.



REFERENCES

1. Jaftee, RI 1949, ‘Gallium in nuclear reactors: considerations for use as a primary coolant’, Battelle
memorial institute,

2. Barier, F, ‘Corrosion of martensitic and austenitic steels in liquid gallium’,

3. Carre, F 2008, ‘Outlook on generation IV nuclear systems and related materials R&D challenges’,
in V Ghetta(eds), Materials issues for generation [V systems, Springer



I1. Literature Review

There are various requirements for nuclear structural materials, regardless of the exact reactor design
or purpose of applications. The materials must be available and compatible. They must have good
fabrication and joining properties. Good neutron transparency (low neutron absorption) is an
important factor, especially for core applications such as fuel cladding and internal structures. The
materials must have good mechanical properties at elevated temperature, including creep resistance,
long term stability, and compatibility with the reactor coolant. Finally, since the materials will be used
in a high-energy and high-intensity neutron field, it must be resistant to irradiation-induced properties
changes (radiation hardening and Embrittlement, swelling, phase instability, creep).

In this chapter, major issues of structural materials for advanced fast reactor as well as corrosion
issues in liquid gallium and gallium alloy will be reviewed.

2.1 Liquid Metal Embrittlement

Since liquid metals are considered as coolants for nuclear reactor, the Liquid Metal Embrittlement
(LME) are one of issues that it makes hard to be used. The embrittlement of otherwise ductile metals
stressed in contact with liquid metals has been known for at least sixty years. Despite its long history,
however, it is still not well understood and laboratory experiments show that it is sensitive to both
materials and testing conditions. Many materials are known to be susceptible. For example, ferrous
alloys ranging from pure iron to austenitic stainless steels are variously reported to be embrittled by
one or more of the liquid metals bismuth, gallium, mercury, indium, lithium, lead, tin and zinc [6, 7].

LME is the reduction in with elongation to failure that can be produced when normally ductile solid
metals are stressed while in contact with a liquid metal. The prerequisite for LME is direct contact on
an atomic scale between the stressed solid and the embrittler. This implies that the liquid must flow
into any crack which may form and propagate. Direct experimental observations have shown liquid
metal to penetrate to the tips of growing cracks [1]. Crack growth will stop if the supply of liquid is
exhausted, except in the case of notch brittle materials if the critical flaw size has been exceeded.
Similarly, interruption of the supply of the embrittling liquid leads to crack arrest in all but a few
circumstances which will be commented upon later.

There are suggested theories to explain the mechanisms of LME. Theories have been proposed to
explain failure by LME, suggesting mechanisms as diverse as increased air-pressure in pre-existing
cracks [2], stress assisted dissolution, the weakening of inter-atomic bonds by the presence of a liquid
metal at the crack tip, the formation of a weakly bonded alloy zone ahead of the crack tip, and
enhanced plasticity at the crack tip [3]. Not all of these mechanisms, however, lead to predictions that
compare well with experiment.

The most promising models at present are those that invoke weakening of the inter-atomic bonds in
the solid at the crack tip. Such mechanisms have been referred to as "adsorption-induced reduction in
strength”" by Kamdar as "adsorption-induced reduction in cohesion" as shown Fig. 2.1 [4]. Models
based on reductions in energy values make it possible to interpret many of the characteristic
phenomena of LME, but this approach has been contested by a thermally activated desorption of the
embrittler atoms from the crack tip. This interpretation is consistent with the extensive deformation
that precedes LME and the higher stresses needed for fracture than yielding, but it is unlikely that the
very sharp transitions observed in some systems could be explained by the desorption mechanism [1].

And the effects of zinc and tin are considered. Clear evidence of separate nucleation and propagation
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stages can be seen in the embrittlement of an AISI 4140 steel by zinc over a temperature range
spanning the zinc melting point (260-422°C). At lower temperatures, many cracks were nucleated but
propagation was slow, probably because the transport of the zinc to the crack-tip was limited to vapor
or surface diffusion. As the temperature increased, progressively fewer cracks were formed until,
above the melting point (419°C), only one crack was nucleated and propagated catastrophically in the
presence of the liquid metal. Similar behavior occurred with lead, cadmium, tin and indium [5].

The presence of zinc on the fracture surface of ruptured stainless steel pipe work following a refinery
accident in the US and the Flixborough disaster has been inter-preted as evidence of damage by LME.
In both cases the suggested mechanism was the dripping of molten zinc from galvanized structures on
to pipes which were stressed and at about 800°C due to a fire. The cost of damage that can be directly
attributed to LME is difficult to estimate but may be substantial and therefore techniques for
monitoring its onset before failure occurs and remedial action are of importance [1].

Since nuclear technology shared many materials and techniques with more conventional engineering,
it is appropriate to consider the interaction or those factors which are peculiar to nuclear applications
with the Embrittlement process.

2.2 Chemical compatibility of materials with liquid metal
2.2.1 Properties of gallium and liquid metals

Gallium is a unique material that has very wide range temperature existing as liquid state. Comparison
with other coolant candidates as shown in Table 2.1, gallium has some advantages in low melting
point, high boiling point, relatively high thermal conductivity, and chemical reactivity. However,
gallium is a high neutron absorber that can adversely affect neutron economy in reactor physics
design.

2.2.2 Solubility of elements in gallium and liquid metals

Corrosion of structural materials in contact with liquid gallium alloys occurs primarily as a simple
dissolution process related to its solubility in the gallium. The solubility and corrosion of pure metals
in gallium have been investigated [8, 9, 10]. The solubility and corrosion of pure metals are highly
soluble in liquid gallium. Solubility of pure metals in gallium is based on a saturated solution in
equilibrium with an intermetallic compound. The solubility of metal elements increases with
increasing temperature. The solubility of Ni in gallium is higher than that of Cr and Fe as shown in
Table 2.2 and Fig 2.2.

In order to direct comparison of solubility rate in contact with other liquid metal environments,
solubility data of Ni, Cr, and Fe in lead and LBE are shown in Table 2.3~4 and Fig 2.3~4. Due to
limited data, it is difficult to directly compare the results. The solubility of Ni in lead and LBE is
higher than that of Ni in gallium. On the contrary, the solubility of Cr and Fe in gallium is higher than
that of Cr and Fe in lead and LBE.

2.2.3 Corrosion behaviors of structural materials in gallium

Gallium has high affinity for many metals and alloys. The SS 316L austenitic steel specimens also
showed significant corrosion at 400°C and developed a very thick compact reaction layer with time as
shown Fig. 2.6. No preferential attack along the grain boundaries was observed [11].
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It was decided that there were only four metals which showed promise [8, 9]. These metals are
tantalum, tungsten, beryllium, and molybdenum [12]. Tungsten was found to be the most corrosion
resistant of the available container metals for gallium at elevated temperature as shown in Fig. 2.7.
When wet by gallium, tantalum shows attack at both 1000°F(538°C) and 1500°F(815°C), as may be
seen in the micrograph in Fig. 2.8. Corrosion of molybdenum by gallium is severe at 1500°F. Heavy
inter-metallic compound layers are formed, and considerable molybdenum goes into the liquid
gallium by solution and by breaking off of the brittle compound formed. In some cases of longer
exposure, intrusion of Ga-Mo compound into the molybdenum in radial directions, such as is shown
in Fig. 2.9. This radial intrusion sometimes led to disintegration of the specimen. At 1500°F, gallium
attack on beryllium was severe. The attack was inter-granular, and entire grains broke away from the
beryllium surface. This made the beryllium surface irregular and the cross section no longer round as
shown in Fig. 2.10. The general corrosion data of tungsten, tantalum, molybdenum, and beryllium are
shown in Table. 2.6.

2.2.4 Comparison of protective oxide layer

The formation of protective oxide layer is one of the primary considerations that determine the
durability of structural materials in liquid gallium. The key to good corrosion resistance is to establish
an external, protective, and thermodynamically stable oxide phase. For high temperature applications,
Cr,05, Al,O; and SiO; are the principal oxides used for the protection of metallic alloys. These oxides
offer the potential for protection because the rates of metal and oxygen diffusion in the oxides are
sufficiently low that they grow at an acceptably slow rate [13].

In J. Lim’s work [19], thin Al,O; layers were formed on the surface of all tested materials (Kanthal-
AF°®, MA956, PM2000) and there was no dissolution attack by lead bismuth eutectic (LBE). In the G.
Muller’s work [20], oxide layers on steels can effectively prevent the steel from leaching of alloy
components by dissolution in liquid lead.

2.3 Principles of active control of oxygen in lead and LBE

Active oxygen control is an effective procedure to control the corrosion of structural materials in lead
alloys. The role of oxygen is to form and maintain a self-healing protective oxide layer on the surface
of structural materials [14]. The oxygen concentration in lead alloys should be maintained within a
range between the dissociation limit of the oxide film (typically that of Fe;0,) and the saturation limit
of Pb.

The low concentration of oxygen needed for the control technique makes it nearly impossible to
supply oxygen at the right level directly. Such low level of oxygen can be achieved in certain reaction
systems, e.g. hydrogen and water, or CO and CO, mixtures [15]. For versatility and safety reasons,
hydrogen and water system is used for practical applications. The corresponding oxygen partial
pressure can be calculated as following equation

_ Pﬁzo exp ZAfGI(-)IZO
Pf, RT

Po,

with po2, pmo, and py being the oxygen, water, and hydrogen partial pressure in the gas phase,
AfG(})IZO as the standard Gibbs free energy of formation of water.

The Russian experience suggests that to avoid excess slagging in the process of using to passivate the
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structural materials, a solid mass exchange device should be used. The mass exchanger consists of
solid lead oxide (PbO) and liquid lead or LBE is controlled to have desired oxygen concentration.
Oxygen concentration becomes equilibrium through dissolution of oxygen from solid lead oxide into
liquid lead or LBE or oxide precipitates from liquid lead or LBE on the solid lead oxide and inner
surface of the mass exchanger vessel [16, 17].



Table 2.1 Properties of liquid metal

Liquid Metal Ga Na Pb LBE

Atomic Weight 69.72 23.0 207.2 ~208
(amu)

Boiling Point 2204 883 1750 1670
O

Thermal 40 76 16 11
Conductivity
(W/m-K)

Chemical Reactivity Inert Highly reactive Inert Inert
(with air and water)

* Density and thermal conductivity are evaluated at 300°C.



Table 2.2 Solubility data in binary Ga-M systems [13].

Pure Metal Coefficients of Equation Solid Phase Phase Stability
Range
(K)
Cr 2.74 3.13 CrGa4 <298 -973

Ni 2.52 1.85 NiGa4 -

w 4.90 8.75 WGa4 <298 - 3683




Table 2.3 Solubility data in binary Pb-M system [18]

Pure Metal Coefficients of Equation Phase Stability Range (K)

Ni 2.78 1 <298 -973

Fe 2.52 1.85 -




Table 2.4 Solubility data in LBE system [18]

Pure Metal Coefficients of Equation Phase Stability Range (K)

Ni 2.74 3.13 <298 -973

Fe 2.52 1.85 -
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TEELE 1. GOMMART OF DATA OF CORROSICN OF METALS BY GALLIUM

FEFYS
W B

Matal Plakup Final Dinm, Thizkmaaz Thicknaan
Length by Gallium, Inreacted Cuter Ra- Imnner Ae-
Dismater Welght, of Tesk, Temp. , % Hetal, action Layer, action Layer,

in. £ hre. oF, Watbed (Epectro, dmal,) ta, in. in, Coments

0.080 0,3 12 1500 Yan < 0,05 oo 00004 - lio winible reaction

0.080 0,329 2L 1500 ] < 0,05 0,078 0.0006 - lio visible resction; apecimen appeared Jirty

0,080 0, 3460 L8 1500 Yas e 1.0 0,077 0.0008 = Lppears to hawve reacted sliphtly

0,080 0, 3230 96 1500 Tea ea 0,5 0.07F 0.0002 - o wizible reaction

0.080 0, 3468 26 1000 Yaz ot shooked 0.000 0.0001 = le vinible smastion

Q.080 0, 3311 J4:] 1500 Yoz Mot choaked 0,07E 0.0004 - Z14ght renetion anmurent (Ca-Sn-?n alley rather than mre Ca)
0,080 - 0, M85 24 1500 Yea 1-5 0,068 0,0052 0, 0022 Anpecrs to have reacted

0.0ro Yot walghed 48 1500 Partially 1-5 - 00400 - Grpears te have reacted; duplex alley thrsughsut

0.080 00,2053 =1 1500 Taa 1-5 - - - Anpeays alnest somolataly reastad

0.080 0,210% i o 150 Yen . 1-5 0,030 0.0035 L0017 Appears to have reacted; duplex slley dxcept for =light éore
0.080 0,210 96 150 Yoa 1-5 007 Zee somrenk See corment  Appeare to hove reacted; dupléx alley thrsighout

0.080 0,2096 34 1000 Fas Hot checked - - - Apzears almesh completely reacked §

™

0.080 0.0919 24 1500 Yaa 0. 5=2.0 0.080 0.0024 0. 0014 Fartdally reacted
0.080 0.0856 e 1510 Yoa 0.5 0 a.0645 0.0052 00014 Anpesrs to have roacted

0.080 0.0850 ak 1000 Yag Mot checked - - - Corpletely Twacted

0,020 0, 4079 0 1510 Ton 0.001-0.,005 .083 lane = Ho wisibtle reacilonm

0.080 0.4083 96 1500 Yen 00030 008 0.0%0 e - Ko wigible reaction

0,080 00,4081 6 1000 Yes Het gheaked 0,070 lone - - Ho wisdbls =caction

D.088 ¢. 2538 24 150 Ho Mo £.001; 54 present 0.080 Honas - No silsdble rodction

0.088 0. 2432 % 1000 He ot checked 0.080 Jens - Mo visible reactlon

0,080 00378 1= 1500 T Hot checkad B.061 0.0025 - Appears to have reasted; copsule brown-black lnaide

0.079 0, 0359 25 1500 Yoa Ditito .81 0.0033 - Appeira to have reasted; capsule brown-tlack Llnside

0.07a 0, 0330 48 1500 Tas n 0.055 0.0050 - Fescted; cnipsula brown=oinck inside

0.080 0, 0380 96 1500 Yaz " 0.038 0,0083 - Reacted; capsule brownm=black inside

0,080 0,0359 ok 1000 b CT] " 0.0746 Jona - No visible reaction

Table 2.5 Summary of data on corrosion of metals by gallium [12]
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Solubility data in Lead
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Solubility data in LBE
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Fig. 2.5 Periodicity of corrosion rate of metals in liquid gallium at 400°C [13]
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Fig. 2.6 Cross section of 316 L austenitic steel specimen exposed to gallium at 400°C for 307 hr [11]
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250% Unetched - 63935

Fig. 2.7 Micrograph of tungsten rod after immersion in gallium for 48 hours at 1500°F (Crack shown
were formed during sectioning, and are not evidence of corrosion attack) [12]
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Fig. 2.8 Micrograph of tantalum rods after immersion in gallium for 96 hours at 1500°F and 1000°F

[12]
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Fig. 2.9 Micrograph of molybdenum rod after immersion in gallium for 48 hours at 1500°F [12]
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Fig. 2.10 Micrograph of beryllium after immersion in gallium for 96 hours at 1500°F, etched with
dilute HNOs-HF [12]
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IT1. Rationale and Approach
3.1 Problem definition

Since 1950s, researchers studied the use of gallium as coolants and expected that it is unique material
for this application. But the significant corrosion at elevated temperature in some metals and alloys
were observed. The most compatible materials interacted with gallium at high temperature were
known as refractory metals such as tungsten. But the difficulty of manufacturing process of refractory
metals was one of issues to use them in gallium environment.

Meanwhile, austenitic stainless steels have good mechanical properties as structural materials.
However, as reviewed in Chapter II, SS 316L also severely corrodes by gallium at 400°C. To increase
thermal efficiency it is necessary to increase operating temperature. So, it is necessary to conduct
corrosion tests of gallium at higher temperature. In this thesis, all corrosion tests have been conducted
at 500°C.

If the corrosion resistance of SS 316L in gallium is guaranteed for designed life of system, it can be
adopted as a good structural material in gallium environment. For the prevention of liquid gallium
attack to stainless steels, an active control of oxygen partial pressure which has been extensively
studied for preventing lead-bismuth corrosion with structural materials can be adopted in gallium
environment.

3.2 Goal

Based on fast reactor structural material requirements, the principal goal of this thesis is to develop
protective oxide scale on the surface of SS 316L in gallium environments at high temperature for
nuclear application.

Detail objectives of this thesis work are defined as follows:

® To investigate general corrosion behavior of structural materials such as SS 316L in gallium
and gallium alloy environments at 500°C

- Corrosion behavior of bare metal in gallium and gallium alloy environments at 500°C

- Corrosion behavior of pre-oxidized (surface oxidation) sample in gallium and gallium
alloy environments at 500°C

- Corrosion behavior of SS 316L and pre-oxidized 316 L in actively oxygen controlled
environment

3.3 Approach

To see the corrosion behavior of SS 316L in gallium and gallium alloys, a interface between base
metal and inter-metallic compound formed on the surface was investigated and analyzed as shown in
Fig. 3. 1 and considered as blow:
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Corrosion behavior of SS 316L in liquid gallium at 500°C tested in air and vacuum

Effects of pre-oxidation on corrosion behavior

Quantitative analysis (Electron probe micro-analyzer : EPMA) and line-profiling analysis
(Energy dispersive spectrometry : EDS and EPMA)
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Compound Base Mo .
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(a) ) o

Fig. 3.1 Experimental approach to investigate corrosion behaviors in interesting region of SS 316L, (a)
optical image (low magnitude), (b) optical image (high magnitude), and (c) SEM image
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IV. Experimental
4.1 Specimen preparation

In this study, SS 316L was exposed to static gallium and gallium alloy at 500°C for up to 700 hrs. All
specimens for corrosion test with dimensions of 30 mm in length, 10 mm in width and 3 mm in
thickness were cut by high pressure water jet process to avoid thermal stress. Prior to exposure in
gallium, each specimen was mechanically polished by SiC papers, diamond suspension(6um, 3um,
and 1pm), and finally alumina paste down to 0.04pm, then ultrasonically cleaned with water for 30
min. Some specimens were pre-oxidized with three different conditions. Specimens were pre-oxidized
at 500°C air for 24 and 100 hr, and at controlled O, for 24 hr, respectively. Each specimen was put
into alumina crucible for avoiding precipitate from container. Tests were conducted at air and high
vacuum furnace shown in Figs. 4.1~2.

To primarily prevent corrosion, specimens were pre-oxidized under three conditions as shown in Fig.
4.5. First was that specimen was exposed to 500°C air for 24 hrs, second was the same condition but
longer time (100 hrs). The last condition was that specimen was exposed to primarily high vacuum
condition and then the furnace was filled with 500°C controlled O, for 24 hrs for the formation of
Cr,0; only on the surface of specimen described in Table. 4.2 and specific Hy/H,O ratio was
controlled to 135,000 corresponding to 1.356*10~ atm of oxygen partial pressure(po,).

4.2 Experimental system description

Experimental system for actively controlling oxygen partial pressure, mass flow controller (MFC),
liquid flow meter (LFM), and control evaporation mixer (CEM) were equipped as shown in Fig. 4.3.
The two MFCs are for mass control of argon and hydrogen gas, respectively. To obtain optimized
oxygen partial pressure in this work, 0.2 cc/hr of water was controlled by LFM. Then, this controlled
water come in CEM to be evaporated and mixed with two gases from MFCs. The heating temperature
in CEM was set into 200°C. And SS 316L tube lines are connected from CEM outlet to gallium cells
inlet. These tube lines also are heated by heating wire to keep temperature up to 200°C. It is important
for water vapor among the fluids flowing in tubes not to be condensed.

The standard Gibbs free energy change data for the oxidation of selected solid metals are listed in
Table. 4.2, along with their equilibrium oxygen partial pressure values. As a way to set oxygen partial
pressure at a desired level, the well established method of controlling the ratio of the partial pressure
of gaseous hydrogen with to moisture content is applicable for liquid gallium systems. Fig. 4.4 shows
an Ellingham diagram for selected materials, depicting the domain of thermodynamic stability of their
oxides in terms of temperature and oxygen partial pressure. Lines indicating constant p(H,)/p(H,O)
ratios are superimposed for comparison purposes. This type of diagram offers a useful way to estimate
the equilibrium condition of a metal/metal oxide. With the assumption of thermodynamic equilibrium,
one can use this diagram to determine the required partial pressure ratio of hydrogen and moisture to
oxidize certain metal-oxide/metal systems.

The condition to form chromium oxide is to set the oxygen partial pressure between 1.483%107* and
3.71*10™* atm in the static gallium cells by oxygen control system as described above. As discussed
in the previous chapter, controlling the oxygen potential is critical to development of a fundamental
understanding on the corrosion phenomena of structural materials in contact with liquid gallium or
gallium alloys.
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An alumina crucible was used as the gallium container in each oxygen-controlled cell.
4.3 Testing and analysis procedures

Basically, austenitic stainless steel specimens were tested in liquid gallium and gallium alloy
environments at 500°C. After testing, the tested specimens were removed from alumina crucible and
were washed in warm water at about 50°C to primarily residual gallium, then ultrasonically cleaned
with water at 50°C for one hour. Then the specimens were cold-mounted using mixture of epoxy resin
and hardener. To examine cross-section of mounted specimens, they were cut using low speed saw,
then cross-section area were polished with SiC paper with water down to 1200 grit, and with 6, 3, and
1 pm diamond suspension. Final surface preparation was polished with 0.04 pm alumina pastes.
Specimens proceed with this surface finish were examined using scanning electron microscopy (SEM)
after carbon coating.
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Table 4.1 Chemical composition of SS 316L

Element Fe Cr Ni Mo Mn Si Other
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Table 4.2 Thermodynamic conditions for the formation of Cr,O5 only on the surface of specimen

Oxides AG (J/mol) H,/H,0 ratio Poz(atm)
Ga,0; -840,000 1.2818%10° 1.483*%108
Cr;0; -987,502 2.6863*10° 3.71%10™*
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Fig. 4.1 Photograph of air furnace for corrosion test
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Fig. 4.2 Photograph of high vacuum furnace for corrosion test
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Fig. 4.3 Schematics of oxygen control system
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Fig. 4.3 Ellingham diagram for selected metal-metal oxide systems [4].
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(a) (b)

Element Wit% ; Element Wit% :
OK 02.94 09.54 OK 03.59 11.28
Fel 62.46 58.02 Fel 51.24 46.13
NiL 18.23 16.11 NiL 09.76 08.36
Crk 16.37 16.33 Crk 3541 3423
Matrix Corection | ZAF Matrix Corection | ZAF

Fig. 4.3 SEM images of surfaces on the specimens (a) pre-oxidized at 500°C air for 24 hr and (b) pre-

oxidized at 500°C controlled O, for 24 hr, and EDS analysis of small rectangle regions.
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V. Results

5.1 Morphology and composition of reaction layer

After exposure to gallium and gallium alloy, the specimens were mounted, sectioned, and polished for
metallographic examination. As increasing with exposure time to gallium, the volume of specimens
were smaller, thickness of reaction layer was thicker, and weight loss was higher. Generally for all
specimens shown in Figs. 4.1~5, the thickness of reaction layer was not the same for all sides of the
specimens because reaction layer dominantly formed to width direction with time.

5.2 Corrosion behavior

The weight change, metal loss, and reaction layer of specimens found after exposure to gallium and
gallium alloys are plotted as a function of times up to 700 hr. All, bare metal, pre-oxidized at 500°C
air for 24hr, pre-oxidized at 500°C air for 100hr, and pre-oxidized at 500°C controlled O,, specimens
were showing different metal loss, weight change, and reaction layer data. Also, corrosion
environments (pure gallium and gallium alloy) have an effect on corrosion behaviors.

5.2.1 Weight change
The definition of weight change is as below:

Aweight (after — before exposure) mg

surface area cm?

Before exposed to gallium, the weight of all specimens was measured. After testing, the specimens
were first washed in a 50°C water to remove gallium adhering to the surface, and then ultrasonically
cleaned in DI water to ensure complete removal of gallium. After drying, the specimen weight was
measured.

After bare specimens exposed to gallium for 700 hr in air and vacuum, the weight changes are -804.32
mg/cm’ and -658.7 mg/cm’, respectively as shown in Figs. 4.6 and 4.7. The weight change of
specimens tested in controlled O, for 307 hr is -297.4 mg/cm”. For Bare specimens tested in same
conditions but under gallium alloy environment (Ga-14Sn-6Zn), the weight changes are -458.9
mg/cm’(air  condition) and -238.9 mg/cm’(vacuum condition), respectively. Under different
composition of gallium alloy (Ga-8Sn-6Zn), the weight changes of bare specimens are -324 mg/cm’
(air) and -331.7 mg/cm’ (vacuum), respectively. The tendency at here is that bare specimens tested in
air condition undergo higher weight changes compared to vacuum condition. Other pre-oxidized
specimens also clearly show this tendency as shown in Figs. 4.6~4.11.

The weight changes of bare specimen, pre-oxidized specimen with gallium, and bare specimens with
gallium alloy (Ga-14Sn-6Zn) tested in controlled O, for 307 hr are -297.4 mg/cm’, -46.5 mg/cm’, and
-166.23 mg/cm’, respectively as shown in Fig. 4.12.

5.2.2 Reaction layer

At this thesis work, 30 sections in thickness of reaction layer were measured, and then the averaged
values were recorded in each specimen. Because increasing exposure time, the reaction layer
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parabolically grew up as shown Figs. 4.1~4.5.

The mechanisms of forming reaction layer is that main constituents of stainless steel is soluble in
gallium, when they meet gallium at high temperature, the compound start to form on the surface.
These figures and graphs from Fig. 4.26 to 4.35 show SEM images and EPMA quantitative analysis at

the interface in depth with 40 um. At steel region, iron, nickel, and chromium'’s signal is dominant. At
reaction layer region, gallium, iron, chromium, and nickel iron are mixed and formed compound.

After exposure to gallium for 700 hr in air and vacuum, the thickness of reaction layer of bare
specimens is 637um, 583.2um, respectively. In gallium alloys environments, the thickness is 508um
(air), 493um (vacuum) in Ga-14Sn-6Zn and 475pm (air), 552.5pm (vacuum) in Ga-8Sn-6Zn,
respectively. For the bare metals, there is also tendency that the thickness of reaction layer is thin at
vacuum condition compared to air condition but not Ga-8Sn-6Zn environment.

Specimens that pre-oxidized at 500°C controlled O, for 24hr developed a very thick reaction layer
both air and vacuum conditions shown in Figs. 4.13~14. The specimens exposed to 500°C gallium
exhibited significant corrosion and formation of a thick, porous reaction layer. Although significant
corrosion occurred, the specimens were not preferentially attacked along the grain boundaries.

From EPMA quantitative analysis confirmed that the reaction layer on each specimens consisted
primarily of FeGa; with some CrGas and NiyGa3. It is possible that ternary and quaternary
compounds of iron, chromium, nickel, and gallium also form.

5.2.3 Metal loss
The definition of metal loss is as below:

At (initial base metal — base metal after exposure )
2

[um]

The thickness of initial base metal was measured before exposure to gallium. After testing, specimens
was mounted, and sectioned to examination the cross-section of specimens, then the thickness of base
metal remaining was measured at six region, and averaged.

Bare metal specimens showed much higher metal loss than other pre-oxidized specimens in gallium
environment shown in Figs. 4.20~21. Metal loss decreased in gallium alloy environments as shown in
Figs. 4.22~25.
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(a) (©)

(b) ®

(© (2

(d) (h)

Fig. 4.1 Optical images of specimens after exposure to static gallium for 17(a), 140(b), 307(c), and
700(d) hr in air condition and 17(e), 140(f), 307(g), and 700(h) hr in vacuum condition, respectively.
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(b) ®

(© (2

(d) (h)

Fig. 4.2 Optical images of specimens pre-oxidized at 500°C air for 24hr, after exposure to static
gallium for 17(a), 140(b), 307(c), and 700(d) hr in air condition and 17(e), 140(f), 307(g), and 700(h)
hr in vacuum condition, respectively.
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(b) ®

(© (2

(d) (h)

Fig. 4.3 Optical images of specimens pre-oxidized at 500°C controlled O, for 24 hr, after exposure to
static gallium for 17(a), 140(b), 307(c), and 700(d) hr in air condition and 17(e), 140(f), 307(g), and
700(h) hr in vacuum condition, respectively.
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(b) ®

(© (2

(d) (h)

Fig. 4.4 Optical images of specimens pre-oxidized at 500°C air for 100hr, after exposure to static
gallium for 17(a), 140(b), 307(c), and 700(d) hr in air condition and 17(e), 140(f), 307(g), and 700(h)
hr in vacuum condition, respectively.
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(b) ®

(© (2

(d) (h)

Fig. 4.5 Optical images of specimens after exposure to gallium alloy (Ga-14Sn-6Zn) for 17(a), 140(b),
307(c), and 700(d) hr in air condition and 17(e), 140(f), 307(g), and 700(h) hr in vacuum condition,
respectively.

43



—m— Base metal, tested at 5007
—&— Pre-oxidized at 500? air for 24hr, tested at 5007
400 5 —&— Pre-oxidized at 500? controlled O2 for 24hr, tested at 500?

1 —w— Pre-oxidized at 500? air for 100hr, tested at 500?
200
—_ 0 N
N
g ]
> -200
é J
% -400
c 4
©
S -600
= il
2
O -800
= ]
-1000
-1200 — T T T T T T T

T T T T T T T 1
0 100 200 300 400 500 600 700 800

Exposure time (h)

Fig. 4.6 Weight change of vary specimens exposed to static gallium at 500°C, tested in air condition

—m— Base metal, tested at 5007
—®— Pre-oxidized at 5007 air for 24hr, tested at 5007?

400 —A— Pre-oxidized at 5007 controlled O2 for 24hr, tested at 500?
] —W¥— Pre-oxidized at 500? air for 100hr, tested at 500?
200 -
N 0
€ ]
o
S -200]
£
5 ]
2 4004
[
8 ]
[$]
£ -600]
=)
o ]
E
-1000 -

T
0 100

T T T T T 1
200 300 400 500 600 700 800

Exposure time (h)

Fig. 4.7 Weight change of vary specimens exposed to static gallium at 500°C, tested in vacuum
condition
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Fig. 4.8 Weight change of vary specimens exposed to gallium alloy (Ga-14Sn-6Zn) at 500°C, tested in
air condition
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Fig. 4.9 Weight change of vary specimens exposed to gallium alloy (Ga-14Sn-6Zn) at 500°C, tested in
vacuum condition
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Fig. 4.10 Weight change of vary specimens exposed to gallium alloy (Ga-8Sn-6Zn) at 500°C, tested in
air condition
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Fig. 4.11 Weight change of vary specimens exposed to gallium alloy (Ga-8Sn-6Zn) at 500°C, tested in
vacuum condition
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Fig. 4.12 Weight change of vary specimens exposed to gallium and gallium alloy (Ga-14Sn-6Zn) at
500°C, tested in controlled O, condition
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Fig. 4.13 Thickness of reaction layer formed on the surface of specimens in gallium environment
tested in air condition
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Fig. 4.14 Thickness of reaction layer formed on the surface of specimens in gallium environment
tested in vacuum condition
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Fig. 4.15 Thickness of reaction layer formed on the surface of specimens in gallium alloy
environment (Ga-14Sn-6Zn) tested in air condition
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Fig. 4.16 Thickness of reaction layer formed on the surface of specimens in gallium alloy
environment (Ga-14Sn-6Zn) tested in vacuum condition
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Fig. 4.17 Thickness of reaction layer formed on the surface of specimens in gallium alloy
environment (Ga-8Sn-6Zn) tested in air condition
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Fig. 4.18 Thickness of reaction layer formed on the surface of specimens in gallium alloy
environment (Ga-8Sn-6Zn) tested in vacuum condition
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Fig. 4.19 Thickness of reaction layer formed on the surface of specimens in gallium and gallium alloy
environment (Ga-14Sn-6Zn) at 500°C, tested in controlled O, condition
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Fig. 4.20 Metal loss of specimens in gallium environment tested in air condition

—m— Base metal, tested at 5007

—&— Pre-oxidized at 500? air for 24hr, tested at 5007

0.40 — —&— Pre-oxidized at 500? controlled O2 for 24hr, tested at 500?
—W¥— Pre-oxidized at 5007 air for 100hr, tested at 500?

Metal loss (um)
o
S
1

— 1 ' T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800

Exposure time (h)

Fig. 4.21 Metal loss of specimens in gallium environment tested in vacuum condition
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Fig. 4.22 Metal loss of specimens in gallium alloy environment (Ga-14Sn-6Zn) tested in air condition
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Fig. 4.23 Metal loss of specimens in gallium alloy environment (Ga-14Sn-6Zn) tested in vacuum
condition
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Fig. 4.24 Metal loss of specimens in gallium alloy environment (Ga-8Sn-6Zn) tested in air condition
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Fig. 4.25 Metal loss of specimens in gallium alloy environment (Ga-8Sn-6Zn) tested in vacuum
condition
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Fig. 4.26 SEM Images of SS 316L after exposure to static gallium at 500°C in air for 17, 140, 307,
and 700 hrs, along red (steel region) and blue (gallium compound region) spots indicating analysis
positions for EPMA (left) and quantitative analysis of Fe, Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.27 SEM Images of SS 316L after exposure to static gallium at 500°C in vacuum for 17, 140,
307, and 700 hrs, along red (steel region) and blue (gallium compound region) spots indicating
analysis positions for EPMA (left) and quantitative analysis of Fe, Cr, O, Ga, and Ni obtained by
EPMA (right).
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Fig. 4.28 SEM Images of pre-oxidized SS 316L at 500°C air for 24hr, after exposure to static gallium
at 500°C in air for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium compound
region) spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe, Cr, O, Ga,
and Ni obtained by EPMA (right).
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Fig. 4.29 SEM Images of pre-oxidized SS 316L at 500°C air for 24hr, after exposure to static gallium
at 500°C in vacuum for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium
compound region) spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe,
Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.30 SEM Images of pre-oxidized SS 316L at 500°C controlled O, for 24hr, after exposure to
static gallium at 500°C in air for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium
compound region) spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe,
Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.31 SEM Images of pre-oxidized SS 316L at 500°C controlled O, for 24hr, after exposure to
static gallium at 500°C in vacuum for 17, 140, 307, and 700 hrs, along red (steel region) and blue
(gallium compound region) spots indicating analysis positions for EPMA (left) and quantitative
analysis of Fe, Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.32 SEM Images of pre-oxidized SS 316L at 500°C air for 100hr, after exposure to static
gallium at 500°C in air for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium
compound region) spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe,
Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.33 SEM Images of pre-oxidized SS 316L at 500°C air for 100hr, after exposure to static
gallium at 500°C in vacuum for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium
compound region) spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe,

Cr, O, Ga, and Ni obtained by EPMA (right).
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Fig. 4.34 SEM Images of SS 316L after exposure to static gallium alloy (Ga-14Sn-6Zn) at 500°C in
air for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium compound region) spots
indicating analysis positions for EPMA (left) and quantitative analysis of Fe, Cr, O, Ga, Ni, Sn and Zn
obtained by EPMA (right).
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Fig. 4.35 SEM Images of SS 316L after exposure to static gallium alloy (Ga-14Sn-6Zn) at 500°C in
vacuum for 17, 140, 307, and 700 hrs, along red (steel region) and blue (gallium compound region)
spots indicating analysis positions for EPMA (left) and quantitative analysis of Fe, Cr, O, Ga, Ni, Sn
and Zn obtained by EPMA (right).
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VI. Discussion
6.1 Phase of reaction layer

Depending on EPMA quantitative analysis, the reaction layers on the specimens tested in gallium
environment are mainly consisted of gallium, iron, chromium, and nickel. The possible phases in
reaction layer are mainly FeGa3 with some CrGa4 and Ni2Ga3 [1, 2, 3, 4]. It is possible that ternary
and quaternary compounds also formed.

The reaction layers of specimens exposed to gallium alloy environments (both Ga-14Sn-6Zn and Ga-
8Sn-6Zn) also consisted of gallium, iron, chromium, and nickel with 1~2 wt% of zinc only near the
interface. The amount of tin in gallium alloys is higher than that of zinc. Tin was not observed in
reaction layer. Depending on the phase diagrams of Ga-Sn [6] and Ga-Zn [7], gallium is not
compoundable with tin and zinc as shown in Figs. 6.1 and 6.2. But iron can be compounded with zinc
as shown Fig. 6.3. So, it is possible that zinc was compounded with iron.

6.2 Effect of gallium alloy on corrosion behavior of structural materials

In this thesis work, all specimens were exposed to three conditions of environments as below:
1) gallium environment
2) Ga-14Sn-6Zn environment
3) Ga-8Sn-6Zn environment

Depending on corrosion behavior data, the weight change of bare specimens exposed to gallium was -
804.32 mg/cm’ (in air condition) and -678.7 mg/cm” (in vacuum condition), respectively. At Ga-14Sn-
6Zn environment, the values are -458.9 mg/cm’ (in air condition) and -238.9 mg/cm” (in vacuum
condition) and at Ga-8Sn-6Zn, the values are -324 mg/cm’ (in air condition) and -316.7 mg/cm’ (in
vacuum condition), respectively. The weight change of bare specimens that exposed to gallium alloys
is smaller than that exposed to gallium.

The thickness of reaction layer is not affected by these environments. Specimens that exposed to
gallium alloys have 1~2 wt% of zinc in the reaction layer neat the interface.

Metal loss of bare specimens that exposed to gallium is 0.4029um (in air condition) and 0.29pum (in
vacuum condition). In Ga-14Sn-6Zn environment, the values are reduced as 0.2025um (in air
condition) and 0.1892um (in vacuum condition). The expected metal loss in Ga-8Sn-6Zn environment
is the values between gallium and Ga-14Sn-6Zn, but the values are again reduced such as 0.1517um
(in air condition) and 0.1358um (in vacuum condition).

6.3 Effect of oxide layer on corrosion behavior of structural materials
In this thesis, specimens were pre-oxidized under three conditions as below:

1) pre-oxidized at 500°C air for 24 hr
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2) pre-oxidized at 500°C air for 100 hr
3) pre-oxidized at 500°C controlled O, for 24 hr

The pre-oxidized specimens that exposed to gallium and Ga-8Sn-6Zn environments gained their
weight more than that of bare specimens. Pre-oxidized specimens that exposed to Ga-14Sn-6Zn
environment gained more in air condition and lost more in vacuum conditions compared to bare
specimens as shown in Figs. 4.8~9.

About the thickness of reaction layer, especially specimens that pre-oxidized at 500°C controlled O,
for 24 hr developed 816.7um (in air condition) and 451.3um (in vacuum condition), respectively. For
times up to 307 hr, the thickness of reaction layer of these specimens was thick twice in both air and
vacuum conditions. In air condition, this tendency was kept until times up to 700 hr, however the
specimen tested in vacuum condition for 700 hr did not show this tendency as shown in Figs. 4.13 and
14. General behavior of developing reaction layer within the effect of pre-oxidation is that pre-
oxidized specimens, in any conditions, had developed as thick as reaction layers on bare specimens.

In Figs. 4.20 and 21, the metal loss of bare specimens were 0.4029um (in air condition) and 0.29um
(in vacuum condition), respectively. But metal loss of other pre-oxidized specimens was reduced due
to pre-oxidation process as shown in Figs. 4. 20 and 21.
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VII. Summary and conclusion

After bare specimens exposed to liquid gallium at 500°C, the volume of specimens which tested in air

and vacuum condition was significantly reduced. It is due to dissolution of constituents of solid metal
into liquid gallium.

Pre-oxidation of SS 316L under three conditions in this study shows difference of corrosion behavior,
but is not effective to prevent the mass transfer of constituents of the steels, even under actively
controlled O, condition. The weight change and metal loss are generally reduced in vacuum condition
and also in gallium alloy environments, but still specimens corroded considerably.

From this thesis work, following summary and conclusions can be made.

Compound formed on specimens after corrosion tests in gallium was observed to consist of
primarily FeGa; with some CrGas and Ni,Ga3. Grain-boundary attack was not found at the
interface between gallium and specimen. It is possible that ternary and quaternary compounds
also formed.

Specimens tested in gallium alloy environments (Ga-14Sn-6Zn and Ga-8Sn-6Zn), 1~2 wt%
of zinc was observed in the reaction layer near the interface. Zinc can be compounded with
iron.

The weight change of bare specimens that exposed to gallium alloys is smaller than that
exposed to pure gallium.

The pre-oxidized specimens that exposed to gallium and Ga-8Sn-6Zn environments gained
their weight more than that of bare specimens. Pre-oxidized specimens that exposed to Ga-
14Sn-6Zn environment gained more in air condition and lost more in vacuum conditions
compared to bare specimens.

General behavior of developing reaction layer within the effect of pre-oxidation is that pre-
oxidized specimens, in any conditions, had developed as thick as reaction layers on bare
specimens.

For future work,

L.

2.

The commercial equipment for active control of oxygen partial pressure could not realize
lower oxygen partial pressure than 1.356*10°* atm. For the stable formation of protective
oxide scale, the oxygen partial pressure should be set the order of 10* ~ 10" atm. In real
time, the oxygen partial pressure can be monitored by yttrium stabilized zirconia (YSZ)
oxygen Sensor.

It is possible that other protective oxide scales can be applied to the surface of SS 316L in
gallium and gallium alloys environments. SiO, and AIL,O3 can be coated by several coating
techniques or formed on the surface of alloys that have silicon and aluminum contents and
the forming principles are the same as described in this thesis.
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