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CORROSION OF EXPERIMENTAL
THORIUM-BASE ALLOYS

by

Jame s Y.N.   Wang

ABSTRACT

Some 50 high-purity, binary and ternary, thorium-

base alloys were prepared.and corrosion-tested in-distilled
water between 120 and 2600C.

During the relatively brief investigation, preliminary
data indicated that the addition of titanium improved the cor-
rosion  life  of Th- lw/oC  and Th-0.5w/oC binary alloys at
260°C. Additions of aluminum from 3 to.7 w/0 appeared to
be beneficial.  At 200°C, a Th-1 Ow/oY alloy exhibited a low
corrosion rate during a short period of exposure.

The corrosion resistance of all thorium-uranium
alloys in increments of 5 w/0 uranium,  to the maximum
40 w/0 uranium, was poor. The addition of 4 w/0 zirconium
to Th- 15w/oU caused an improvement at 200'C.

I. INTRODUCTION

Thorium is more plentiful than uranium and has long been considered
a potentially valuable source of secondary nuclear fuel for nuclear power
reactors. Neutron irradiation of thorium produces uranium-233 and thereby
increases the supply of fissionable material as atomic fuel. Since the cor-
rosion resistance of thorium to distilled water is poor, the effective use of
thorium in water-cooled reactors would probably require the development of
corrosion-resistant thorium alloys.  Even then, the use of such metallic
fuels would require evaluation with respect to thorium-uranium mixed
oxide.

The primary objective of this work was to develop thorium alloys
with good resistance to corrosion by distilled water at elevated temperatures.
Because of the increasing importance of thorium-uranium alloys as possi-
ble reactor fuel, some investigation of thorium·-uranium alloys was included
in   thi s    s tudy.

· Data(1,2,3) released by various investigators on the aqueous cor-
rosion of thorium are in considerable disagreement. Those results that

.



5

exist are questionable as to purity of the metal tested. Little information
is available on the corrosion resistance of thoriuni alloys in water at

ternperatures above 2000C-

Results presented here are preliminary. No detailed study was
made. These initial results may be useful in possible future work on
this subject.

II. EXPERIMENTAL PROCEDURE

Pure thorium (iodide crystal bar) and high-grade alloying elements
were used in the preparation of thorium alloys. Impure thorium (calcium-
reduced) was included only for comparison purposes. Analyses of these
materials (thorium) are included in Table I.

Table I

ANALYSES OF THORIUM

Composition (ppm)        
Material

C N 0 Zr Fe Ni W Al Cr Cu Si Ca Other

Crystal-bar Faint
36  10   35   50 40 0.8 1   40 5 4   50   5

Thorium,  MH- 2 traces

Calciunn-reduced Fairit
95  46 1205 3 400 200  20  60  85  40 50 100

Thorium, NLC-2 traces

No analysis was obtained for the alloys; therefore all listed compositions
are nominal.

Alloy buttons were made in an argon atmosphere by nonconsumable

arc-melting on a water-cooled copper hearth. The buttons, weighing
approximately 20 to 25 g, were melted at least three times. Pure thorium
and most of its alloys were reduced to a thickness of about 3.2 mm

(1/8  in.)  by cold rolling.

Alloys were annealed for 2 hr in vacuum at 850°C and furnace-
cooled. Impure thorium was used as received in plate form.

The corrosion tests were run in stainless-steel autoclaves, with
the specimens supported by sapphire rods in a stainless-steel rack. These

specimens were prepared and examined before and after each test, follow-
ing the laboratory practice for high-temperature water-corrosion tests.

The corrosion products formed from water-corroded thorium were removed
ultrasonically in concentrated nitric acid at room temperature. However,
corrosion products from the alloys were mechanically removed with a

nylon toothbrush.
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In general, the new alloys were given a 24-hr test in 1500C water.
If the alloy did not disintegrate or show signs of early failure in this ex-
posure, a longer exposure period or higher testing temperature was used.

III.  RESULTS AND DISCUSSION

In the preliminary evaluation of unalloyed thorium, iodide thorium
exhibited a uniform corrosion in distilled water at 1250C, whereas, calcium-
reduced thorium showed an early, catastrophic, corrosion failure.  At
1500C, both materials were disintegrated within 96 hr. Since the calcium-
reduced thorium contains impurities of oxygen, iron, nickel, calcium, and
carbon as high as 1200 ppm, the influence of these impurities on its cor-
rosion resistance in high-temperature water was apparent. The maximum

impurity of each of the above elements in iodide thorium was less than

50 ppm.  As a result of these initial tests, iodide thorium was chosen for
base stock in the preparation of thorium alloys.

The investigation of thorium alloys covered all potential alloying
elements that showed good results in available literature. The alloying
elements were also chosen on their possibility of forming ihsoluble inter-
metallic compounds. Nuclear properties, reactivity, and volatility were also
considered.

A. Thorium-Carbon Alloys

Carbon is one of the main impurities found in thorium, the extent of
contamination varying with the method of preparation. Thorium and carbon
form two compounds,  ThC  and  ThC2· The solid- solubility limit of carbon
in thorium is temperature-dependent. The maximum solubility at 12150C
has been reported to be 0.91 w/o carbon..(4) The effect of carbon content on
the corrosion behavior of thorium in high-temperature water is uncertain.
Short-term corrosion tests indicated that the presence of carbon in a small
amount seems desirable. Longer periods of observation up to 12 days in
high-temperature water (150 to 2000C) revealed that thorium-carbon alloy
often suffered intergranular penetration attacks. At 260°C, all the thorium-
carbon binary alloys up to 1 w/0 carbon suffe:tied catastrophic corrosion
failure within 6 days. The beta-to-alpha transformation.in thorium appears
to be lowered by niobium. (5) The transformation temperature is lowered
because of the solubility of the metal in body-centered thorium, or because
of the removal of impurities. Since carbon is one of the main impurities in
thorium, the addition of niobium in thorium (in a small amount) may remove
carbon from solid solution to form niobium carbides. A similar effect is

expected with small additions of titanium and possibly iron.  It was hoped
that the addition of niobium, titanium, or iron would produce a continuous
corrosion-resistant phase to protect thorium from high-temperature
water attack.
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A series of thorium-carben ternary alloys was arc-melted and
tested in distilledwater at 260°C (500°F). Alloy Th-0.5w/oC-0.2w/oTi
showed the lowest corrosion rate. However, this alloy suffered an inter-

granular penetration attack after  12 days of exposure. Alloy Th- lw/oC-
lw oTi exhibited no apparent intergranular penetration after 3 and 6 days
of exposure. The sample was split into two pieces after 12 days. Micro-
scopic intergranular penetration attack was observed on the split areas,
The results of this series of tests is summarized in Table II.  It is
apparent that the addition of titanium improved the corrosion life of
Th- lw/oC and Th- 0.5w/oC binary alloys. No favorable result was found
with the addition of either niobium or iron.

Table II

CORROSION OF THORIUM-CARBON BASE ALLOYS IN WATER AT 260°C

Alloy Test Average Rate of Weight
Composition, Time, Change for Total Period, Comments

w/0 (nominal) days mg/cmz/day*

Th-0.5 C            1 -12.73 Severe intergranular attack.

Th-1.0 C           1 +0.95 Adherent gray tarnish, inter-

granular attack.

Th-0.5 C-1 Fe       3 -78.03 Adherent, light-gray coating.  One
small area oxidized.

6 -71.4 Sample split into three pieces.
12                         -                       Disintegrated.

Th-0.5 C-2 Fe      3 -13.12 Adherent, dark-gray coating.
6 -35.5 Many cracks.

12                         -                       Disintegrated.

Th-0.5 C-0.5 Nb 3 -10.46 Partially intergranular attacked.

6 -72.45 Partially disintegrated.

12                         -                       Disintegrated.

Th-0.5  C-0.2.Nb 3 -0.12 Very slight intergranular attack.
6 -6.57 Severe intergranular attack.

12 -22.20 Partially disintegrated.

Th-0.5 C-0.2 Ti 3 -0.36 One small pit.

6' -0.15 Slight intergranular attack.

12 -1.07 Intergranular attack all over.

Th-1 C-1 Nb        3 +121.6 Cracked.
6              +14.4 · Split into several pieces.

12                         -                        Disintegrated.

Th-1 C-1 Ti        3 -0.36 Light-gray coating.
6 -1.17 Light-gray coating.

12 -4.40 Split into two pieces.

*11+11 refers  to weight gain; " - " refers to weight loss.

B. Thorium-Uranium Alloys

The solid solubility of uranium in thorium at room temperature is
limited. (6) No intermetallic compound has been reported in this system,

-
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It is not anticipated that the addition of uranium to thorium would result in
any significant improvement of the corrosionresistance of thorium. However,
because of the importance of thoriurri-uranium alloys as possible reactor
fuels, the corrosion behavior of these alloys was investigated.

A series of thorium-uranium alloys was arc-melted in increments of

5 w/0 uranium in thorium up to the maximum of 40 w/0 uranium. These alloys
were exposed in distilled water at 1500C at different time intervals.  Test
results are recorded in Table III.

Table III

CORROSION OF THORIUM-URANIUM ALLOYS EXPOSED
IN 1500C WATER

Average Rate of Loss for
Alloy Composition, Total Period, mg/cm*/day

w o (nominal)
2 Days 4 Days 7 Days 12 Days

Unalloyed Thorium 1 113.0

2     111.0

Th- 5 U 25.8 77.6

Th-10 U 18.2 63.5       -

Th-15 U 47.1 64.0 67.8 74.6

Th-20 U 98.3

Th- 2 5 U 118.0 123.0

Th-30 U 115.0

Th- 3 5 U 434.0 234.0

Th-40 U 312.0 218.0

The thorium-uranium alloys exposed to 1500C water were charac-

terized by an uneven and laminar attack. Corrosion products underneath
the flakes could not be removed effectively.  In most cases, corrosion rates
could not be determined because of disintegration. However, after 7 days
of exposure, thorium- 15 w/0 uranium alloy was  the only survivor among
the tested alloys.  The rate of this alloy during 12 days' corrosion was
74.6  mg/cmz/day.

On the basis of these test results, the ternary additions were in-
vestigated. Zirconium was chosen as the additive because of its good
performance as a binary alloying element and because of its solubility in
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both  thorium and uranium. The arc-melted thorium-15 w/0 uranium alloy
was prepared with the addition of  1,  2,  and 4 w/0 zirconium. All these
alloys were annealed at 1000'C  in an inert atmosphere for  24 hr  and then
quenched in Wood' s metal.   It was hoped that this heat treatment would help
to stabilize the gamma uranium-phase and consequently increase the cor-
rosion resistance of these alloys.

The results of corrosion-testing in 2000C water are listed ih
Table  IV. The addition of 4 w/0 zirconium to thorium-15 w/0 uranium
apparently exhibited a beneficial effect. The sample was free from
localized attack, while the 1 and 2 w/0 zirconium alloys showed cata-
strophic corrosion failure within 24 hr.

Table IV

CORROSION OF THORIUM-URANIUM (BASE) ALLOYS
EXPOSED IN 200°C WATER

Test Average Rate of Loss
Alloy Composition,

Tinle, for Total Period, Remarks
w/0 (nominal) days mg/cmz/day

Th-15 U            2 47.10 At 150°C (data unavailable for  200°C).

Th-15 U-1 Zr 1 Disintegrated.

Th-15 U-2 Zr        1 - Disintegrated.

Th- 15  U- 4  Zr                 1 45.00 Specimen surface uniformly penetrated,
covered by a uniform powdery coating.

Th-15 U-4 Zr        4 32.75 Specimen surface uniformly pezietrated,
covered by a uniform powdery coating.

Th-15 U-4 Zr       7 43.19 Specimen surface uniformly penetrated,
covered by a uniform powdery coating.

Th-15 U-4 Zr 14 23.54 Specimen surface uniformly penetrated,
covered by a uniform powdery coating.

C. Miscellaneous Alloys

The thorium-aluminum alloys are attractive because aluminum has
a favorable neutron cross section and is available at a low cost. However,
there is little solubility of aluminum in thorium(7) at room temperature.
At elevated temperatures, several intermetallic compounds have been re-
ported.  It is expected that thorium-rich aluminum alloys would probably
be brittle owing to the presence of these compounds.

There are some indications in the literature that the addition of
aluminum to thorium results in decreased corrosion resistance of thorium
in water at 100 and 2000C. Present test results in the temperature range
between  150 and 260°C showed that alloying with aluminum between 3  and

7 w/0 in thorium seems·beneficial (Table V). However, the corrosion
behavior for a much longer period of exposure remains to be seen.
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Table V

CORROSION OF MISCELLANEOUS THORIUM-BASE BINARY ALLOYS

''rest Test. Average Rate of Change
Alloy Composition, Tirrle, Temp, for Total Period, Remarks

w o (nominal) days °C mg/crni/day*

Th-1 Al 1 200 -7.16 Gray coating.

Th-3 2 150 -0.02 Adherent, multicolor tarnish.

1 200 +0.17 Adherent, dark blue-gray tarnish.

3 200 -313.00 Partially disintegrated.

Th- 5 Al 3 200 +0.036 Gray tarnish.

1 260 +1.99 Adherent, gray translucent film.

3 260  -  Disintegrated.

TH- 7 Al 1 200 -1.13 Gray tarnish.
6     200                -               Split into two pieces.

Th- 5 Y 1 150 -0.25 Adherent, smooth, gray-black coating.

1 200 -36.4 Same type of coating as above,

except slightly rough surface.
6 200  -  Disintegrated.

TA-1·0 Y 1 200 -0.26 Light, brown-blue tarnish.

1 260 -0.23 Slightly pitted.

Th- 1 'Pd 2 150  -  Disintegrated.

Th- 3 Pt 2 150  -  Disintegrated.

Th-9 U-2 Zr 2 150 -3.93 Thin, slightly gray powder, over
adherent black coating.  Sur-
face smooth.

Th- 5 Fe 2 150 -1.09 Loose, rust-colored powder; covered,

adherent, dark-gray coating. Siir-
face sriiooth.

1 200 -89.7 .Adherent, slightly gray-green;
coating uniform.

Th-9 U-2 Zr 1 200 -582.0 Cracked and spalled.

Th- 5 Sn 1 200  -  Disintegrated.

Th- 3 Mo 1 200 -449.0 Black loose powder. Surface
' slightly rough.

Th- 3 Pb 1 200 -1.3 Adherent, gray coating.

Th- 5 Pb 3 200 -0.41 Small pits.
7 200 -66.20 Cracked.

/                           Th-- 1 Ru 1 200  -  Disintegrated.

Th-5 Ti 6     200               -              Disintegrated

Th-10 Ti 1 200 -26.20 Cracked and pitted.
6 200  -  Disintegrated·.

Th-5 Zr 6 200 -25.40 Unevenly attacked.

Th-10 Zr 1 200 -0.49 Gray tarnish.

6 200 -0.05 Adherent, smooth, gray-black coating.

Th-10 Ce 1        200                      -                     Disintegrated.

Th-10 Cr 1 200  -  Disintegrated.

Th-5 Nb 1 200  -  Disintegrated.

Th-5 Ni 1 200  -  Disintegrated.

Th-5 U 1 200  -  Disintegrated.

Th-2 V 1 200 - Disintegrated.

Th- 2 W 1 200  -  Disintegrated.

*11+1' refers to weight gain; "-11 refers to weight loss.

---
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There had only been scattered inforrnation regarding the thorium-
yttrium system.  Eash and Carlson(8) have investigated this systein. Their
diagram indicates that a region of complete solid solubility exists at

- elevated temperatures  and a eutectoid reaction takes place  at 1375'C and
25 iv/0 yttrium. The solid solubility limits in the a (Th) and a (Y) regions
at room temperature are approximately 20 w/0 yttrium.and 70 w/0 thorium,

respectively. Since yttrium has a relatively low neutroncross sectionand has
not been investigated, alloying with yttrium seems justified.

Two alloys containing.5.and 10 w/0 yttrium were arc-melted and
tested as cast. Short-term tests revealed a significant improvement in the
corrosion resistance  of the thorium-10 w/0 yttrium alloy.

Several other alloys were also tested for different reasons.  It was
not found advantageous to alloy with cathodic elements such as platinum and
palladium. Addition of ruthenium or tin to thorium was catastrophic.  Lead
addition did not result in a good alloy. The thorium-9 w /o uranium-2 w/0
zirconium alloy showed a high corrosion rate in distilled water at 200°C.

D.  The Removal of Corrosion Products from Water-corroded Thorium

During the early stages of this work, consistant corrosion rates were
not obtainable when thorium samples were merely dried and weighed.  Un-
successful attempts were made to remove the corrosion products by polish-
ing with a nonmetal-cutting cloth and by brushing with various kinds .of
brushes. Solutions of the following acids were investigated, both with and
without ultrasonic vibration:  HN03; HF, HjP04, HZS04, Cr.03, and HCl.  Of
these, only concentrated hydrofluoric acid, ultrasonically.treated, provided
nearly satisfactory corrosion-product removal. Further investigation would
be required for complete evaluation.
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