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Abstract

The corrosion behaviour of Y2O3 (yttria) at 900°C in ¯owing UF6 (uranium hexa¯uoride) was investigated under a

pressure of 1.33 ´ 10ÿ3 Pa. A test loop was used to study the chemical reaction of sintered and hot-pressed yttria

samples with ¯owing UF6 gas in an alumina reaction tube installed in an electrically heated horizontal 1200°C type

furnace. A weight increase was observed after each exposure testing. Scanning electron microscopy (SEM) examination

of the exposed samples identi®ed two layers of reaction products. Signi®cant cracking and porosity were observed in the

outer layer after the experiment while the inner layer thickness decreased with increasing the exposure time. Ther-

modynamical analysis using Facility for the Analysis of Chemical Thermodynamics (FACT) software packages has

been performed and relevant interface reactions have been suggested. Pilling±Bedworth Ratios for both layers were

calculated and found to be in agreement with the morphology of the layers. Electron microprobe (EMP) and X-ray

di�raction analysis (XRD) revealed the formation of UO2 and YF3 in the outer layer and a possible formation of YOF

in the inner layer. The formation of the outer layer was primarily due to oxygen±¯uorine exchange reactions between

yttria and uranium ¯uorides while the inner layer was a direct consequence of the ¯uorine inward di�usion and reaction

with yttria. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Gas core nuclear reactors fuelled by uranium ¯uoride

gases (UFn, n� 4, 6) are considered for a variety of

space, power and propulsion applications. The highly

corrosive nature of UF6 and UF4 at elevated tempera-

tures (700±3700°C) and the high neutron ¯uxes consti-

tute a major material problem for the inner walls and the

nozzle portion of gas core reactors and magnetohydro-

dynamic (MHD) system. In order to overcome the de-

structive e�ects of the gas at high temperatures, special

materials have to be developed which possess high

melting points, low neutron absorption cross-sections

and high stability (large negative Gibbs energy of for-

mation). If any reaction occurs, it is desirable that a

protective layer forms on the surface, which can stop the

corrosion from extending further through the material.

Yttria (Y2O3) is a high melting point (Tmelt� 2410°C),

very stable oxide ceramic with relatively low thermal

neutron absorption cross-section (1.4 barns). Fig. 1

compares the free energy of formation for yttria, alu-

mina (Al2O3), beryllia (BeO), thoria (ThO2) and zirconia

(ZrO2). The higher negative free energy of yttria com-

bined with the high melting point of yttrium ¯uoride

(YF3, 1387°C) suggest the compatibility of this ceramic

with a ¯uorine rich environment. Holcombe et al. [1]

conducted the exposure testing of yttria and several

other oxide ceramics to a mixture of hydrogen and ¯u-

orine ¯ame (1H2/2F2) at temperatures above 800°C.

Formation of a protective layer of yttrium ¯uoride on

yttria samples was reported below the failing point of

the YF3 ®lm at 1147°C. The corrosion rate of other

oxide ceramics in ¯uorine rich environments was also

attributed to the failing point of their metal ¯uoride

®lms. Whitney et al. [2] tested yttria, alumina, magnesia,

pyrophyllite which were exposed to stagnant uranium

hexa¯uoride (UF6) at 700°C and 11.60 kPa pressure for

1 h. None of the exposed ceramics showed any sign of
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corrosion by UF6 gas below 700°C. Collins [3] reported

another UF6 corrosion study involving ZrO2 in which

UF6 reacted completely with zirconia at 800°C, forming

uranium oxides, zirconium ¯uorides and zirconium

oxy¯uorides. A more recent study of UF6 reaction with

alumina (A12O3) at higher temperatures was conducted

by Wang et al. [4]. Sapphire and polycrystal alpha alu-

mina were tested and the maximum service temperature

of alumina was found to be 1000°C.

This paper presents the results of yttria reaction with

UF6 and its possible reaction mechanism at high tem-

peratures.

2. Experimental procedure

Sample preparation: The yttria powder used in this

experiment was approximately 1 lm in average size and

98% purity (Morton Thiokol, Alfa Products, Danvers,

MA). In order to increase the density, sintering and hot

pressing were performed to obtain disk shape samples

from powder.

Sintering: Yttria powder was cold isostatically pres-

sed to 170 MPa pressure for 10±15 min. The diameter

and thickness of the processed yttria disks were 2.54 and

0.20 cm, respectively. The green yttria disks were then

mounted on a mullite plate for sintering. Yttria powder

was added between the plate and the disks to prevent

contamination of the sample by the mullite substrate.

Samples were heated in an electric furnace (Deltec

Model 31-DTS-1, Deltec, Denver, CO) to a maximum of

1700°C at a rate of 200°C/h under ambient atmosphere.

Then, they were kept for 1 h at 1700°C and subsequently

cooled to room temperature over a period of 25 h [5±7].

Archimedes' method was used to measure the density of

the samples according to ASTM C 20-80a standards [8].

Nearly 85% theoretical density samples were obtained

using the sintering process. For convenience, samples

obtained through this process are called Ytt85.

Hot pressing: A graphite die having a compression

strength of 117 MPa was used to form high-density yt-

tria disks in the hot-press. The inner wall of the die was

coated with boron nitride (BN) to prevent yttria from

being in contact with graphite. After placing the die

containing the green disk in the hot-press, the temper-

ature was slowly increased by inductive heating to about

500°C at a rate of 5±6°C/min under argon atmosphere.

The sample was held at this temperature for 1 h. Next

the temperature was raised to 1600°C and a pressure of

30 MPa was applied. Same procedure was repeated for a

second sample, this time at 1700°C and 45 MPa pres-

sure. The samples were kept at these pressure and tem-

perature ranges for 1.5 h. Finally, the furnace was

turned o� and samples were left to cool down in the

furnace. At the end of the process, the colour of the

samples had turned from white to black. This was

probably due to carbon di�usion into the sample under

high pressure and temperature. Referring to thermody-

namics [9,10] at 900°C, there was no reaction occurring

between carbon and yttria in carbon doped yttria. Both

components kept their stability at the experimental

conditions (C + Y2O3 ® C + Y2O3). Consequently, a

heat treatment on the samples was performed: yttria

disks were placed in an electric furnace and heated to a

Fig. 1. Comparison of the free energy of formation for yttria and several other highly stable oxides (after Anderson, 1971).
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maximum of 1200°C in air for 3 h. Following this pro-

cedure, the colour of yttria samples changed from black

to white as the carbon was oxidized. The Gibbs free

energies of formation were calculated to be

DG(Y2O3)�)10474 kJ and DG(CO)�)10244 kJ for

900°C and 0.365 atm pressure. Since the former is

thermodynamically more stable than the latter, there

was no oxygen lost by yttria during the heat treatment

which otherwise would have made it non-stoichiometric.

Samples with densities higher than 99% of theoretical

density were called ytt99.

Finally, samples were cut with a diamond saw and

prepared for testing. Fig. 2 shows a broken piece of the

hot pressed material (very brittle when removed from

the die) and a whole piece of a sintered sample.

Exposure of yttria to UF6: The corrosion test of yttria

by UF6 gas was carried out in a ¯owing loop test unit. A

schematic diagram of the unit is shown in Fig. 3. Ura-

nium hexa¯uoride which is a by-product of the uranium

enrichment process was supplied by the Oak Ridge

National Laboratory. The reaction chamber was made

of 98% pure alumina tube 61-cm long and 1.27-cm inner

diameter. A12O3 was chosen for its relative compatibil-

ity with UF6 at elevated temperatures. The reaction

chamber was connected to the loop by inserting Monel

tubes for about 2.5 cm into each end of the alumina

tube. They were then bonded together from the outside

using a high temperature ceramic adhesive. A coating of

Torr-Seal epoxy was applied to the outside of these

joints to provide a vacuum-tight seal. Two Monel cyl-

inders were installed in the system, one for UF6 supply

and the other as a cold trap. The second cylinder was

cooled in a liquid-nitrogen Dewar, thereby providing a

passive driving force for ¯owing the UF6 through the

system and also removing any condensable reaction

products. Uranium hexa¯uoride with a purity of 99.99%

and with a depletion level of less than 0.3% of uranium-

235 was supplied in solid±vapor form. Based on the

energy balance and di�erential pressure measurement,

the UF6 throughput during the experiment was esti-

mated to be on the order of 5 g/s. After the weight and

the surface area of the samples were measured, they were

laid on an alumina boat and inserted in the alumina

reaction tube which was placed then at the center of a

1200°C horizontal furnace. The test system was evacu-

ated to a 10ÿ3 Pa (10ÿ5 Torr) using a di�usion pump.

Monel tubing and joints were wrapped with heating

tapes and heated to about 145°C to keep UF6 in the gas

phase so that a quasi-steady ¯ow of UF6 was through

the test chamber. The furnace temperature was increased

to 900°C at a rate of 150°C/h before releasing UF6.

During the experiment, two pressure transducers were

Fig. 2. View of a broken piece of hot-pressed and sintered

sample.

Fig. 3. Schematic diagram of the ¯owing UF6 test system.
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used to monitor gas ¯ow through the system. Typical

pressures measured during the test were 3.76 ´ 104 Pa

(282 Torr), 3.65 ´ 104 Pa (274 Torr) for reaction tube

inlet and outlet, respectively. After completion of the

exposure test and system cool-down, the alumina reac-

tion tube was removed and the samples were taken out.

Residual weights of the exposed samples were measured

using an ultra-high-precision electronic balance.

Preliminary exposure of yttria was done at 800°C for

90 min. At the end of the exposure, no visible reaction

was observed on the surface of the yttria sample.

However, a test conducted for 90 min at 900°C resulted

in complete decomposition to the point that no solid

piece was left in the reaction chamber. Hence, in order to

study the reaction of yttria with UF6 at 900°C, the ex-

posure time was reduced to a maximum of 25 min. In

Fig. 4, reaction products on the samples can be seen as a

black layer surrounding the white yttria substrate.

3. Post-test analysis

Weight change analysis: The weight of the samples

was measured before and after the test using a digital

microbalance with an accuracy of 5 decimal points. This

was a discontinuous process for di�erent exposure times

due to the highly corrosive nature of the experiment

which prevented us from using TG instrument. In gen-

eral, a weight increase was observed for Ytt85 and Ytt99

samples after exposure at 900°C. Results are shown in

Table 1. For exposure times less than 15 min, samples

maintained their shape and a relatively thin black layer

of reaction products formed on their surfaces. After

exposure for 20±25 min, both Ytt85 and Ytt99 samples

were found to be cracked and decomposed. Reaction

products formed a low-density porous layer with an ir-

regular shape on the surface of the samples.

SEM/EMP analysis: For scanning electron micros-

copy (SEM) analysis, the reacted Ytt85 samples were

cut, and the cross-section area was polished down to 1

lm using diamond powder. Samples were then coated

with a thin layer of carbon for the analysis. Basically,

two layers of reaction products were observed under the

SEM on the sample surface tested in UF6 at 900°C for 5,

10, 15, 20 min. The external porous layer (outer layer)

and the internal layer (inner layer) are shown in Fig. 5.

Electron microprobe (EMP) analysis was performed

to study the elemental concentration pro®les in these

reaction zones. Results of post-test analysis of Ytt85

samples after exposure for 5, 10 and 20 min are given in

Figs. 6±8, respectively. Figs. 6(a),7(a) and 8(a) show the

micrographs of the polished cross-sectional area of the

samples where the EMP analyses were conducted. This

was performed by scanning the sample for a total of 100

lm. The relative concentration pro®les for reacting ele-

ments are plotted with reference to their micrographs in

Figs. 6(b), 7(b) and 8(b).

The elemental analysis by EMP established the for-

mation of two layers of reaction products with di�erent

chemical constituents. The outer layer consisted of yt-

trium, ¯uorine and uranium atoms where the inner layer

included yttrium and ¯uorine atoms. It should be noted

that due to the limitation in calibration, the oxygen

Fig. 4. Reaction product layers of yttria samples after UF6

exposure.

Table 1

Weight change results of yttria reacting with UF6 at 900°C

Sample Test time (min) Weight change (%)

Ytt85 5 25.5

Ytt85 10 6.9

Ytt85 15 9.3

Ytt85 20 29.2

Ytt85 25 31.8

Ytt99 20 47.6

Ytt99 25 47.2

Fig. 5. Cross-section micrograph of Ytt85 sample after expo-

sure to UF6 at 900°C for 10 min.
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atom was not detected by EMP. The thickness of the

inner layer was determined to lie between the end points

of uranium concentration at the outer interface (the in-

terface of the inner and outer layer) and ¯uorine con-

centration at the inner interface (the interface of

substrate and the inner layer). It was found that the

thickness of the inner layer decreased from 90 to 55 lm

as exposure time increased from 5 to 20 min (Figs. 6±8).

XRD analysis: X-ray analysis which was performed

on the ground samples, identi®ed YF3, UO2, UO3, YOF

as the reaction products. Similar X-ray di�raction

analysis (XRD) results were obtained for di�erent ex-

posure times. In Fig. 9, a typical di�raction pattern for a

20-min exposure is presented. The standard patterns of

the identi®ed components (YF3,UO3 and YOF) taken

from JCPDS reference cards are also shown in Fig. 9 for

comparison with the sample pattern. The intensities

between the experimental pattern and the standard

patterns were not exactly matched due to the overlap-

ping of di�erent compounds.

Thermodynamic analysis: The prediction of possible

chemical reactions and end products at speci®c combi-

nations of temperature and pressure was performed

using the Facility for the Analysis of Chemical Ther-

modynamics (FACT) computer database and computer

code package [10]. In this package, the equilibrium

program (EQUILIBR) was used to analyse the reactions

of UF6, UF4, and F2 with yttria at 900°C and 0.365 atm

(278 Torr) pressure. This program determines the molar

concentrations of product species when speci®ed ele-

ments or compounds react to reach chemical equilibri-

um. The calculation of the equilibrium concentration is

based on the minimisation of the total free energy of the

system.

4. Discussion

In this work, the results of yttria (Y2O3) exposure to

UF6 at 900°C and 37 KPa (278 Torr) showed a di�erent

Fig. 6. Result of EMP analysis for ytt85 sample after exposure to UF6 at 900°C for 5 min. (a) Micrograph of the exposed sample cross-

section. (b) Elemental concentration pro®les.
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trend than the results obtained by Holcombe et al. [1]

and Whitney et al. [2]. Formation of a protective YF3

layer was not observed in our experiments, contrary to

what was reported by Holcombe et al. who noted a high

¯uoride ®lm failure temperature (1150°C) in their ex-

posure of yttria to a H2/F2 ¯ame. For the ¯uoride layer

to be of a protective nature, certain criteria must be

considered, these can be summarized as follows: the scale

should have good adherence, a high melting point and

low vapour pressure to resist evaporation. In addition,

the ¯uoride ®lm and substrate should have nearly the

same thermal expansion coe�cients to accommodate

di�erences in their speci®c volumes and thermal expan-

sions. The properties of relatively thin ®lms are di�cult

to measure or predict in situ. Therefore, only a qualita-

tive treatment of the scales has been given in this study.

The dissociation of UF6 to form F2 and other lower

uranium ¯uoride compounds at temperatures above

700°C [2] suggested that the extensive corrosion was due

to the reaction of a mixture of UF6 and its dissociation

products. The sharp weight increase at 20 and 25 min

exposure time and the complete decomposition of the

sample for testing times more than 1 h indicated that the

®lm failure temperature of YF3 in UF6 gas was below

1150°C for the experimental conditions. The presence of

uranium, yttrium and ¯uorine detected by EMP in the

outer layer suggest that the outer layer was mainly

composed of UO2 and YF3 in accordance with the XRD

results and the intact substrate remains Y2O3.

The product phases obtained after the experiments

agree with the thermodynamic calculation [10] given as

reactions I, II and III. The melting temperatures of YF3

and UO2 are 1387°C and 2878°C, respectively which

were well above the test temperature.

I. 3UF4 + 2Y2O3 ® 4YF3 + 3UO2,

DG (900°C)�)117 kcal/mol,

II. 3UF6 + 3Y2O3 ® 6YF3 + U3O8 + 1
2
O2,

DG (900°C)�)308 kcal/mol,

III 3F2 + Y2O3 ® 2YF3 + 3
2
O2,

DG (900°C)�)308 kcal/mol.

Fig. 7. Result of EMP analysis for ytt85 sample after exposure to UF6 at 900°C for 10 min. (a) Micrograph of the exposed sample

cross-section. (b) Elemental concentration pro®les.
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As observed by earlier researchers [3,11,12], UO2F2

did not appear in the X-ray patterns most probably due

to the decomposition of UO2F2(s) to U3O8, UO2, UF6

and UF4 above 700°C. Similarly, an intermediate com-

pound YOF (thermodynamic data for which does not

exist in the FACT software package, JCPDS card no:

38-746) is probably formed during the reactions and

may form the inner layer. A recent study [13] carried out

on aluminium corrosion by UF6 showed that the for-

mation of uranium oxy¯uoride (UOxFy) occurred on the

surface of the corroded samples from 20°C to 200°C

which strengthens the above statement. The UOF

compound was not detected by XRD, because it was

probably hidden in the background due to the very thin

nature of the inner layer. Based on the arguments given

above, the interface reactions can be suggested as fol-

lows.

Along the interface of substrate±inner layer

IV. F2(g) + Y2O3(s) ® 2YOF(s) + 1
2O2 (g).

Along the interface of outer±inner layer

V. 3YOF + UF6 ® UO2 + 3YF3 + 1
2
O2.

VI. 2YOF + UF4 ® UO2 + 2YF3.

At the ®rst contact of UF6, and its dissociated

products F2, UF4 with yttria, the inner layer is formed

according to reaction IV by the rapid di�usion of ¯uo-

rine through the substrate. The small size of ¯uorine

molecules with respect to UF6 and UF4 (rF� 0.64 �A,

rU� 1.05 �A) [14] and its probable higher di�usion rate in

YOF caused the formation of an approximately 60 lm

thick inner layer during the ®rst 5 min (Fig. 6). After 10

min of exposure testing a substantial amount of a sec-

ondary layer has been formed (Fig. 7). In the meantime,

the di�usion of ¯uorine molecules was retarded as the

outer layer grew inward by corroding the inner layer

according to reactions V and VI. As the secondary scale

grew, it produced stresses which resulted in cracking and

spallation, allowing gaseous species to reach the inner±

outer layer interface more rapidly. After cracking and

spallation occurred, the porous structure of the outer

layer allowed for the high rate of gas transfer which

accelerated the corrosion of the inner layer. This layer

has shrunk to 35 lm after 20 min exposure testing

(Fig. 8). An illustration of layer formation is given in

Fig. 10(a).

Due to the limited amount of information available

in the literature, a physical qualitative description of the

electronic phenomena involved in these processes can

only be drawn by simulating the well-known models of

the scaling of iron (FeO, Fe3O4, Fe2O3), cobalt (CoO,

Co3O4), titanium (Ti2O3, TiO) and copper (Cu2O, CuO)

accompanied by the multiscale layers formation [15±18]

during their high temperature oxidation.

To simulate the oxidation model, some assumptions

should be made for our case. The shrinkage of the inner

layer suggests that the outer scale grows at the inner±

outer scale interface rather than the scale±gas interface.

This can happen by anion migration. In order to explain

simultaneous migration of ions and electrons, it is nec-

essary to assume that the ¯uorides, oxides that are

formed during the reaction are non-stoichiometric

compounds [15].

In addition

1. The substrate Y2O3 and inner layer YOF are n-

type anion de®cient semiconductors in which the elec-

trical charge is transferred by negative carriers according

to Oo�Vo + 2eÿ + 1
2

O2. Oo: Oxygen in oxygen site, Vo:

oxygen vacancy with two positive charges.

2. The inner ¯uoride-layer is a compact, perfectly

adherent scale.

3. Thermodynamic equilibrium is established locally

throughout the inner scale and at both the substrate±

inner layer and inner layer±outer layer interface.

During the corrosion reaction, as mentioned earlier, the

¯uorine anions will migrate through Y2O3, substituting

oxygen vacancies and forming a YOF layer which will

Fig. 8. Result of EMP analysis for ytt85 sample after exposure

to UF6 at 900°C for 20 mm. (a) Micrograph of the exposed

sample cross-section. (b) Elemental concentration pro®les.

158 Z.E. Erkmen / Journal of Nuclear Materials 257 (1998) 152±161



grow inwardly. In the meantime, to hold the electrical

neutrality, there would be a counter¯ow of anion va-

cancies and electrons towards the gas oxide interface. At

some later stage, an outer layer is formed by the con-

sumption of the inner layer according to reactions V and

VI as observed experimentally from Figs. 6(b), 7(b), and

8(b). The diminishing inner layer weakens the argument

of outward di�usion of metal cations via cation vacan-

cies and strengthens the assumption that Y2O3 and YOF

were n-type non-metal de®cient oxides, or otherwise the

scale would grow outwardly with the di�usion of posi-

tively charged Y��� cations (such in the oxidation of

iron where the growing scales FeO, Fe3O4, Fe2O3 are p-

type metal de®cient semiconductors and the di�usion of

cations controls the overall reaction rate). A physical

scheme of the electronic exchange is given in Fig. 10(b)

and (c).

The physical nature of both layers are di�erent: the

porous spongy outer scale, after 20 min exposure

cracked, ¯aked and spalled. The solid products after

reaction I and reaction II were used to estimate the scale

densities and weights. The Pilling±Bedworth ratios 1 of

the outer and inner layer were calculated to be nearly

0.65 and 1.20, respectively. The former is less than one

showing the scale is not necessarily coherent. This is

consistent with its porous character assuming that PB

treatment would also be valid for ¯uoride ®lms. The

inner layer is however coherent allowing the oxygen and

¯uorine ionic di�usion to progress through the layer.

The UO2 component alone has a PB ratio of 1.97 and

forms a non-protective scale [19].

In order to derive a complete model of this di�using

and simultaneously reacting system which essentially

possesses 4 components and 4 phases, it is necessary to

measure weight changes continuously with respect to

time at constant temperature and gas pressure, deter-

mine experimentally the dependent partial di�usion co-

e�cients for each component, and also taking into

account the gas transport occurring through the outer

layer. Our test facilities allowed us to ®x few of the pa-

rameters cited above. Therefore, the approach, which is

introduced here, is only a very simpli®ed qualitative

model rather than a complicated mathematical treat-

ment.

5. Conclusion

AT 900°C, UF6 reacts with yttria at a rapid pace. The

reaction mechanism was rather complex and character-

ised by the formation of two reaction layers: the inner

layer was formed following the reaction of ¯uorine with

substrate Y2O3 while the outer layer was formed by the

reaction of YOF with UF6 and UF4. It is proposed that

1 PB ratio volume of oxide produced/volume of metal

consumed�Wd/nDw. W: molecular weight; D: density of the

scale; w: molecular weight; d: density of the substrate; n:

number of metal atoms in the scale molecules. D is estimated to

be nearly 6.14, 4.57 g/cm3; W: 539.82, 247.79 g; n� 3 and 1 for

outer and inner layer, respectively. d� 5.01 g/cm3.

Fig. 9. X-ray di�raction pattern of Ytt85 reacted with UF6 at 900°C for 20 min and reference patterns of the YF3, YOF, UO3

compounds.
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rapid ¯uorine di�usion and its reaction with yttria

caused the formation of the inner layer at the early

stages of the exposure; however, it was found that a

secondary outer layer formed later and grew by con-

suming the inner layer. Because of the soft and spongy

character of the latter, the ¯uoride gases reached the

interfaces rapidly and the high rate of corrosion con-

tinued even after formation of the scale. It is suggested

that yttria, although a very stable oxide thermodynam-

ically, cannot be used as a protective coating material

for reactor applications in which UF6 gas is being used

as the circulating fuel at high temperatures.
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