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Abstract

The thermally-induced gallium removal (TIGR) process is capable of removing gallium from oxide powders through

the sublimation of Ga2O at elevated temperatures in a reducing atmosphere. Heat-resistant structural materials typi-

cally used in the construction of furnaces and reaction chambers may be susceptible to embrittlement and corrosion in

the gallium-rich environment of the TIGR process. The susceptibilities of several heat-resistant structural materials to

corrosion in Ga2O-rich atmospheres are experimentally evaluated. Tungsten and SiC are found to be highly resistant to

corrosive attack by Ga2O at elevated temperatures. Superalloys containing chromium and cobalt as well as a tungsten

alloy containing nickel and copper are found susceptible to corrosive attack by gallium. � 2002 Elsevier Science B.V.

All rights reserved.

1. Introduction

The thermally-induced gallium removal (TIGR) pro-

cess was developed at the Los Alamos National Labo-

ratory for application to the production of mixed-oxide

fuel (MOX) for light water reactors. The Ga content of

MOX must be very low to prevent potential embrittle-

ment of the zirconium alloy (Zircaloy) cladding mate-

rials used for reactor fuel rods [1,2]. TIGR offers a

practical method by which Ga can be removed from the

oxide powders used to produce MOX while creating

significantly less waste material than competing pro-

cesses. TIGR takes advantage of the sublimation of

Ga2O from Ga2O3, which readily occurs in a reducing

atmosphere at temperatures above 500 �C [3,4]. Labo-

ratory experiments have demonstrated that Ga concen-

trations in MOX can be reduced to 1 ppm by using the

TIGR process [5]. In these experiments an atmosphere

of Ar–6%H2 was used at a temperature of 1200 �C.
Vapor-phase Ga2O was removed by gas flow past the

oxide powders. For high rates of Ga removal by the

TIGR process, temperatures in the range of 1000–1200

�C are desirable. Unfortunately, many of the heat-

resistant structural materials typically used for the con-

struction of furnaces and reaction chambers at these

temperatures are potentially susceptible to embrittle-

ment and corrosion in a Ga-rich environment. Although

Ga is present as Ga2O3 and Ga2O for the TIGR pro-

cess, the deposition of Ga metal on furnace parts is

possible [4].

Many metallic materials are susceptible to corrosive

attack by Ga through a variety of corrosion processes

and reactions. These include uniform corrosion, liquid

metal embrittlement, and solid metal induced embrit-

tlement [2,6]. Unfortunately, data on the susceptibility

of structural materials to corrosion by Ga at elevated

temperatures are scarce [7–9]. Among metals, tungsten

and tantalum exhibit the greatest resistance to Ga at-

tack, while solid platinum and platinum group elements

are attacked at elevated temperatures [7]. Little infor-

mation is available on the resistance of ceramics to Ga
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attack, although Ga is known to dissolve readily in

Al2O3, creating solid solution GaAlO3 [11]. Several heat-

resistant structural materials were chosen for evaluation

of their susceptibilities to corrosion in a Ga-rich envi-

ronment similar to that seen in the TIGR process.

Five commercially-available materials were selected

for study: two superalloys, a refractory metal alloy, a

pure refractory metal, and a structural ceramic. The two

superalloys include one Ni-based material, Alloy 625,

and one Co-based material, Stellite 6. The refractory

metal, high-purity W, and refractory alloy, W–Cu–Ni,

were included because of their high melting tempera-

tures and the known resistance of W to Ga attack at

lower temperatures. High-purity W was in the form of

foils, while other metals were in bulk form. The struc-

tural ceramic SiC was included in this study because of

its strength at elevated temperatures, expected stability

in a Ga2O-rich reducing atmosphere, and ability to be

applied as a coating. The composition of each material is

shown in Table 1 as wt%.

2. Experimental procedures

A sample of each material in its as-received condition

was prepared for microstructural observations using

standard metallographic preparation techniques. Pol-

ished and etched surfaces of each material were observed

under optical and scanning-electron microscopes. Sam-

ples of the metallic alloys were etched for microstruc-

tural examination. Stellite 6 was etched with a mixture

of HCl and H2O2 in water, Alloy 625 was etched with

Marble’s reagent (CuSO4 and HCl in water), and the W

alloy was etched with glyceria (HCl and HNO3 in

glycerol). Samples of each material were prepared for

exposure experiments and exposed to a controlled, Ga-

rich environment in vacuum-sealed ampoules of fused

silica held in a furnace at 1000 �C for various times.

Samples of each material were cut to size with a low-

speed diamond saw. Sample masses varied from 2 to 10 g,

except for the SiC and pure W samples, which had

masses from 0.22 to 0.41 g. One surface of each metal

alloy sample was prepared for exposure experiments

by grinding and polishing procedures typical of metal-

lographic preparation. The chosen surface was first

ground with progressively finer SiC papers, followed by

polishing with progressively finer diamond pastes to a

final polish with a 1 lm diamond compound. One corner

of each sample was ground at an angle to allow easy

identification of the polished surface after exposure ex-

periments. The SiC sample surfaces were prepared by

grinding only with diamond abrasives. Each sample was

thoroughly cleaned using an ultrasonic cleaner, rinsed

in deionized water, dried, and weighed on a precision

balance prior to inclusion in an ampoule.

Two types of ampoules were used, each containing

only one sample per ampoule. The first ampoule type,

shown in Fig. 1(a), contained one sample, Ga2O3 pow-

der, and a pipette with one end open containing liquid

Ga; the liquid Ga in the pipette was open to the atmo-

sphere in the ampoule but separated from the Ga2O3

powder and sample. The second ampoule type, shown in

Fig. 1(b), contained one sample and a permeable plug of

fused silica wool separating the sample from Ga2O3

powder and a small amount of liquid Ga. The presence

of liquid Ga stabilizes the partial pressure of O2 during

the experiments, according to the following reactions:

Ga2O3ðsÞ ! Ga2OðgÞ þO2ðgÞ; ð1Þ

4GaðlÞ þ 3O2ðgÞ ! 2Ga2O3ðsÞ; ð2Þ

4GaðlÞ þO2ðgÞ ! 2Ga2OðgÞ: ð3Þ

The Ga2O3 powder and liquid Ga used each have a

minimum purity of 99.99%. Each ampoule was evacu-

ated under high vacuum for an extended period, with

moderate heating early in the process to release water

vapor from the Ga2O3 powder, which is hygroscopic. A

minimum vacuum of 10�4 Torr was achieved in each

ampoule. Following evacuation, each fused silica am-

poule was sealed.

Exposure experiments were conducted using sealed

ampoules individually heated in a furnace for from 2 to

20 h. A resistance tube furnace was used to heat each

ampoule, and temperature was measured with a type K

thermocouple placed next to the ampoule. The furnace

was preheated to 1000 �C prior to insertion of the am-

poule. The choice for exposure times of up to 20 h was

established based on several preliminary experiments to

Table 1

Nominal compositions of the materials tested are given as wt%

Material C Al Si P S Ti Cr Mn Fe Co Ni Cu Mo W

Alloy 625 0.01 0.26 0.09 0.007 0.001 0.26 21.94 0.06 0.46 0.1 60.14 – 9.06 –

Stellite 6 1.2 – 0.1 0.01 <0.01 – 30.7 0.5 2 58.1 2.7 – 0.5 4.2

W–Cu–Ni – – – – – – – – – – <5 <5 – 95

W – – – – – – – – – – – – – 99.95

SiC 30 – 70 – – – – – – – – – – –
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determine times at which measurable effects occurred for

several of the materials. After an experiment, the am-

poule was removed from the furnace and air cooled

to room temperature. At this point, the ampoule was

opened and the sample was weighed and placed in an

evacuated storage container with desiccant until fur-

ther analysis could be conducted. Exposed samples were

examined using optical microscopy, scanning-electron

microscopy (SEM), energy-dispersive spectroscopy (EDS),

X-ray diffraction (XRD), and X-ray photoelectron spec-

troscopy (XPS). The surfaces prepared by polishing were

directly examined after exposure, and cross-sections of

the exposed samples were then cut, polished, and also

examined.

3. Results

3.1. Mass changes and visual observations

A comparison of sample mass prior to and following

exposure to the Ga2O-rich atmosphere in an ampoule at

1000 �C provides a measure of reactivity for a given

material. A mass gain is expected when reaction prod-

ucts are deposited on the sample, while a mass loss

would indicate removal of material through gaseous

transport or the flaking off of corrosion products. Be-

cause different samples typically had different original

shapes, with different ratios of surface area to volume,

comparisons of mass change between samples has lim-

ited quantitative meaning. However, mass changes offer

a useful qualitative comparison of performance. The

mass changes of samples after exposure to Ga2O in

sealed ampoules at 1000 �C are given in Table 2. Ex-

periments of 2 h duration used the ampoule configura-

tion shown in Fig. 1(a), for which the sample was in

direct contact with Ga2O3 powder. Differentiation be-

tween corrosion products and Ga2O3 powder left on the

sample surface after exposure was difficult. For this

Fig. 1. Schematics are shown for ampoule configurations in which (a) the sample is in contact with Ga2O3 powder and (b) the sample

is isolated by a plug of fused silica.

Table 2

Mass changes are given after exposure to Ga2O at 1000 �C

Material Ampoule

type

Time

(h)
Mass (g) Change

(%)
Initial Final

Alloy 625 a 2 4.0724 4.0840 0.3

b 20 3.6430 4.0340 11.0

Stellite 6 a 2 2.2645 2.3940 5.7

b 20 5.8495 6.2272 6.5

W–Cu–Ni a 2 9.3420 9.3970 0.6

a 2 9.7150 9.7540 0.4

b 20 7.5051 7.9632 6.1

b 20 6.8290 7.3734 8.0

b 20 6.1701 6.4083 3.9

W b 20 0.2220 0.2224 <0.2

b 20 0.3630 0.3632 <0.2

b 20 0.3412 0.3415 <0.2

SiC b 20 0.4140 0.4141 <0.2
b 20 0.3265 0.3270 <0.2

Ampoule type a: Sample in contact with Ga2O3 powder; Am-

poule type b: Sample separated from Ga2O3 powder.
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reason, the ampoule configuration shown in Fig. 1(b)

was used for all experiments of 20 h duration.

Alloy 625 shows increases in mass of 0.3% after 2 h

and 11% after 20 h of exposure at 1000 �C. This material
produced, after 20 h, the highest change in mass of all

materials studied and appears to readily react with Ga2O

at 1000 �C. A comparison of as-received and exposed

surfaces shows a significant buildup of reaction products

after exposure for 20 h. This layer of silver-grey corrosion

products has a rough, uneven appearance in comparison

with the original polished surface. Stellite 6 exhibits a

similar corrosion layer after exposure for 20 h, but the

corrosion products detach from the sample as flakesmore

easily. A sample of Stellite 6 exposed for 20 h at 1000 �C is
shown in Fig. 2(a). The Stellite 6 has an anomalously high

weight gain of 5.7% after 2 h of exposure in contact with

Ga2O3 powder, but exhibits a more reasonable weight

gain of 6.5% after exposure for 20 h when separated from

Ga2O3 powders. The unexpected large weight gain of

Stellite 6 after 2 h of exposure may be the result and

Ga2O3 powder attached to the sample surface.

The W–Cu–Ni alloy exhibits a mass increase of up to

0.6% after 2 h and an average increase of 6.0% after 20 h

of exposure. Despite showing less weight gain after 20 h

than the Alloy 625 sample, the corrosion layer produced

on the W–Cu–Ni alloy appears the largest. The thickness

of this corrosion layer varies significantlywith location on

the sample, as shown in Fig. 2(b). In some regions, the

layer exceeds a millimeter in thickness. The corrosion

layer is compact and difficult to remove from the bulk

material. The corrosive attack of one sample ofW–Cu–Ni

alloy was so severe that the sample split open. In contrast

to W–Cu–Ni, the high-purity W exhibited almost no at-

tack. The average mass change of a high-purityW sample

exposed for 20 h at 1000 �C was measured to be less than
0.2%. The only effect noticeable by visual inspection of

high-purity W after exposure is a slight color change.

SiC has results similar to those of the tungsten foil.

Samples of SiC exposed for 20 h at 1000 �C exhibit less
than a 0.2% change in mass. Visual inspection after expo-

sure revealed no noticeable changes in the SiC material.

Fig. 2. Photographs of samples exposed to Ga2O at 1000 �C for 20 h are shown for (a) Stellite 6 and (b) the W–Cu–Ni alloy.

Fig. 3. XPS data for Cr, Ni, and Ga concentrations are shown

as at. pct. versus sputtering time for Alloy 625 after exposure to

Ga2O for 2 h at 1000 �C.

Fig. 4. XRD data are shown for Alloy 625 after exposure to

Ga2O for 2 h at 1000 �C.
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3.2. Alloy 625

XPS data taken from the surface of an Alloy 625

sample exposed to Ga2O in the first ampoule configu-

ration, Fig. 1(a), for 2 h at 1000 �C are presented in Fig.
3 as at. pct. versus sputtering time. All XPS data were

acquired using a sputtering current of 1 lA; sputtering
times have not been correlated with depth for the ma-

terials studied. The elements Ga and Cr are most

abundant in the sample surface, and the concentrations

of these vary inversely to each other. Ni concentration

in the sample surface is negligible. XRD confirms the

presence of both Ga2O3 and Cr2O3 in the sample sur-

face, as indicated by the data presented in Fig. 4. Cr2O3

exhibits stronger peaks than Ga2O3 for this sample. A

sample of Alloy 625 was sectioned for SEM and EDS

evaluation after exposure for 20 h at 1000 �C in an

ampoule with the configuration shown in Fig. 1(b). An

SEM image from the cross-section of this sample is

shown in Fig. 5, with the sample surface at the right of

the image. A layer of scale is clearly visible at the sample

Fig. 5. An SEM image of a cross-section of Alloy 625 exposed

to Ga2O for 20 h at 1000 �C is shown with EDS line-scan data

for the elements O, Cr, Fe, Ni, and Ga.

Fig. 6. XPS data for Co, Cr, Ni, and Ga concentrations are

shown as at.% versus sputtering time for Stellite 6 after expo-

sure to Ga2O for 2 h at 1000 �C.

Fig. 7. An SEM image of a cross-section of Stellite 6 exposed to

Ga2O for 20 h at 1000 �C is shown with EDS line-scan data for
the elements O, Cr, Co, Ni, W, and Ga.
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surface, and a reaction zone is evident in the sample

below this layer. This altered microstructure gives way

to a microstructure characteristic of the base material as

depth increases toward the left of the image.

EDS line-scan data are included below the SEM

image in Fig. 5; data are presented as normalized counts

for each element versus position corresponding to the

SEM image. EDS data for O, Cr, Fe, Ni, and Ga are

presented. The EDS data of Fig. 5 indicate that O

concentration closely tracks Cr concentration, both of

which are elevated in the sample surface. Peaks in Cr

and O concentration are evident at the outer surface of

the scale layer and at the interface of the scale and

sample. Cr concentration also increases at the base of

the reaction zone. Ga concentration is highest in the

scale at the sample surface and decreases through the

reaction zone. The limit of Ga diffusion into the base

material corresponds with the depth of the reaction

zone. Ni concentration is lower in the reaction zone and

scale than in the base material. The concentration of Ga

varies in an inverse fashion to the concentration of Cr.

3.3. Stellite 6

XPS data taken from the surface of a Stellite 6

sample exposed to Ga2O for 2 h at 1000 �C are presented
in Fig. 6 as at. pct. versus sputtering time. Both Co and

Ni have negligible concentrations in the sample surface.

Ga and Cr are the most abundant elements in the sur-

face of the sample, and their concentrations exhibit ap-

proximately the same inverse dependence observed in

the surface of the exposed Alloy 625 sample. XRD data

from Stellite 6 exposed to Ga2O indicate the presence of

Cr2O3 and some Ga2O3 in the sample surface, as also

seen for Alloy 625.

A sample of Stellite 6 was sectioned for SEM and

EDS evaluation after exposure to Ga2O for 20 h at 1000

�C in the second ampoule configuration. An SEM image

from this cross-sectioned sample is shown in Fig. 7. The

base Stellite 6 material, in the left portion of the image,

exhibits the same two-phase microstructure character-

istic of the as-received material. One phase is Co-rich

and the other Cr-rich, as can be seen from the EDS line

scans for Co and Cr, shown at the bottom of Fig. 7. The

surface of the Stellite 6 sample in Fig. 7 exhibits a thin

oxide scale, as evident from the EDS line scan for O,

shown directly below the SEM image. EDS line-scan

data for Cr and O suggest that this scale is composed

primarily of Cr2O3. Below the oxide scale, a reaction

zone containing Ga is evident. The penetration of Ga

indicates that Stellite 6 is highly susceptible to Ga attack

under the experimental conditions. Fig. 8 contains EDS

data from this same sample, but in the form of element

maps. Fig. 8(a) contains an SEM image of the area from

which data for the element maps were obtained. Fig.

8(b)–(d) contain element maps for Co, Cr, and Ga, re-

Fig. 8. EDS element maps of a cross-section of Stellite 6 exposed to Ga2O for 20 h at 1000 �C are shown for the elements (b) Co, (c) Cr,
and (d) Ga along with (a) an SEM micrograph of the same region.
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spectively. Regions of high Ga concentration clearly fol-

low the regions of high Co concentration, which corre-

spond to the Co-rich phase in Stellite 6. This selection of

the Co-rich phase as the preferred diffusion path for Ga

penetration into Stellite 6 is consistent with the high

diffusivity and solubility of Ga in Co observed by Kol-

man et al. [8].

3.4. W–Cu–Ni alloy

A sample of the W–Cu–Ni alloy was sectioned for

SEM and EDS examination after exposure for 20 h at

1000 �C in the second ampoule configuration. An SEM

image of this sectioned sample is shown in Fig. 9. The

W–Cu–Ni alloy exhibits a relatively discrete reaction

zone at its surface, while the material to the left of the

reaction zone is characteristic of the as-received mate-

rial. EDS line-scan data are shown directly below the

SEM image in Fig. 9. The reaction zone is composed

primarily of Ni, Cu and Ga. No significant concentra-

tions of W are detected in the reaction zone. O content

in the reaction zone is no higher than in the base ma-

terial, indicating that this reaction zone is most likely

not an oxide scale. Fig. 10 contains EDS data in the

form of element maps from the same sample shown in

Fig. 9. Fig. 10(a) is an SEM image of the area from

which element maps are constructed. Fig. 10(b)–(e) are

element maps for W, Ni, Cu, and Ga, respectively. The

base material contains two phases, one which contains

primarily W and a second which is composed of a Cu–

Ni solid solution. These phases are clearly distinguish-

able in the element maps of Fig. 10. The element maps

show a reaction zone at the sample surface which is rich

in Ni, Cu, and Ga. Ga is seen to penetrate deeply be-

yond the reaction zone at the surface by means of the

Cu–Ni phase. This result is consistent with the pene-

tration of Ga into Cu interphase regions observed by

Kolman et al. in a W–Cu alloy [8]. The W phase shows

little to no reaction with or absorption of Ga. Cu and Ni

appear to have diffused from the base metal to interact

with Ga in creating the reaction zone at the sample

surface.

3.5. High-purity W

A sample of the high-purity W material was sec-

tioned for SEM and EDS examination after exposure to

Ga2O for 20 h at 1000 �C in the second ampoule con-

figuration. An SEM image of this sample is shown in

Fig. 11 along with EDS line-scan data for the elements

O, W, and Ga. Neither significant scale nor a reaction

zone are observable at the surface of the sample. The

EDS line-scan for O shows an increase in O concentra-

tion just at the sample’s surface, which might indicate a

very thin (< 1 lm) oxide layer. The Ga concentration
shown by EDS is uniformly small, indicating concen-

trations no higher than might be expected from slight

contamination by surface residue during metallographic

preparation of the sectioned sample.

3.6. Silicon carbide

A sample of SiC was sectioned for SEM and EDS

examination after exposure to Ga2O for 20 h at 1000 �C
in the second ampoule configuration. An SEM image of

this sample is shown in Fig. 12 along with EDS line-scan

data for the elements C, O, Si, and Ga. Neither a scale

nor a reaction zone are observed at the surface of the

sample. The EDS line-scan data for O indicate an ele-

vated O content in a very thin region (<1 lm) at the
sample surface. This is interpreted as a thin layer of

SiO2, which is commonly expected to form on the sur-

face of SiC at elevated temperatures when O2 is present.

The high C content shown to the right of the sample in

the EDS line-scan data is an artifact from the carbon

Fig. 9. An SEM image of a cross-section of the W–Cu–Ni alloy

exposed to Ga2O for 20 h at 1000 �C is shown with EDS line-

scan data for the elements O, Ni, Cu, W, and Ga.
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tape used in mounting the sample for SEM observation.

A uniform low Ga concentration is seen in the EDS line-

scan data. The concentration of Ga is no higher than

might be expected from slight contamination during

metallographic preparation of the sectioned sample.

4. Conclusions

Among the five materials tested, Alloy 625 and Stel-

lite 6 show the highest susceptibilities to corrosive attack

under the experimental conditions studied. The poor

performance of Alloy 625 at 1000 �C is consistent with

its poor resistance to Ga at lower temperatures [9]. The

poor performance of Stellite 6 is likely associated with

both the high solubility of Ga in Co [10], which is a

primary component of this alloy, and with its high Cr

content. Cr appears to play a significant role in corrosive

attack of both these alloys by Ga2O. A possible mech-

anism for this is oxidation of Cr by Ga2O, see Ref. [10],

2CrðsÞ þ 3Ga2OðgÞ ! Cr2O3ðsÞ þ 6GaðlÞ; ð4Þ

producing liquid Ga at the sample surface, which may

then penetrate the sample by diffusion. The W–Cu–Ni

alloy was attacked aggressively at the Cu–Ni phase re-

gions, but the high-purity W shows a high resistance to

corrosive attack by Ga2O. The attack of the Cu–Ni

phase regions is consistent with the poor resistance of

both Cu and Ni to Ga [10]. The SiC material is resistant

to corrosive attack by Ga2O and exhibits no significant

Fig. 10. EDS element maps of a cross-section of the W–Cu–Ni alloy exposed to Ga2O for 20 h at 1000 �C are shown for the elements
(b) W, (c) Ni, (d) Cu, and (e) Ga along with (a) an SEM micrograph.
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corrosion products. High-purity W and SiC have the

greatest potential for constructing durable furnace parts

which will be exposed to Ga2O.
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