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ABSTRACT

The corrosion behavior of carbon steel in 3 and 5 mol/L aqueous solutions of lithium
hydroxide at 95°C under a hydrogen atmosphere was investigated in immersion tests lasting
ten days. Corrosion rates were determined by weight loss, and the corrosion products were
characterized by bulk chemical analysis, by light and electron microscopy, and by powder
X-ray diffraction. Corrosion was uniform and the corrosion rates were moderately high
(0.42 ram/y in 3 mol/L and 0.56 mm/y in 5 mol/L). The corrosion products consisted of a
mixture of well-formed, octahedral crystals, and poorly crystallized masses and spherules
that formed by precipitation from solution. These products formed a scale on the metal
surface that continually sloughed off and afforded only minor protection. Both phases were
identified as lithium-iron oxides, each possessing a disordered, non-stoichiometric structure.
The predominant phase was a magnetic spinel LiFe5O8 and the minor phase was LiFeO2.
A corrosion mechanism is outlined.



INTRODUCTION

This study of the corrosion behavior of carbon steel in hot, concentrated lithium
hydroxide is part of a program to determine the feasibility of using this solution in a
fusion reactor. Due to the large nuclear cross-section of lithium, an aqueous solution of a
lithium salt below its boiling point has been proposed for use as both a tritium breeding
blanket and a shield in several fusion reactor designs.1 In order to breed sufficient tritium
to fuel the reactor, a high concentration of lithium is desirable and lithium hydroxide is
sufficiently soluble for this purpose. Since this solution must be contained in pipes and
heat exchangers it is important to assess the extent and type of corrosion likely to occur,
and carbon steel was chosen as the initial study material to which the performance of other
metals can be compared.

There is a good deal of information about the corrosion behavior of carbon steel in
solutions of hot, strong bases, particularly in sodium hydroxide since this base is produced
in large quantities by the chloralkali industry.2-3 Although the corrosion behavior of steel is
similar in most bases (depending only on pH),2 the corrosion rates and mechanisms have
been found to be different in lithium hydroxide solutions at elevated temperatures of 200°C
to 316°C.4'15 These high temperature studies were undertaken since the primary application
for lithium hydroxide has been as a corrosion inhibitor for the heat transport solutions used
in conventional pressurized water nuclear reactors (at a pH of 9.5 to 10.5).4 However,
there is little information on the corrosion of steel in concentrated lithium hydroxide
solutions, particularly at temperatures below the normal boiling point of these solutions.

The purpose of this study was to determine the corrosion rate of carbon steel in
lithium hydroxide at 95°C and to characterize the products of corrosion. The results are
compared with those obtained by others under different conditions of temperature and
concentration, and a mechanism of corrosion is outlined.

EXPERIMENTAL

Material and Apparatus

The procedure for immersion corrosion testing generally followed the ASTM
practice G31-72. The carbon steel specimens had a composition of 0.22C, 0.24Si, 0.92Mn,
0.019 P and 0.014S (wt%) and dimensions of 51 mm by 25 mm by 1.6 mm thick. The
original mill finish was used and the only surface preparation was degreasing with
methanol.

Two solutions were prepared from reagent grade LiOH • H2O (analysis Table 1) and
deionized water, and the concentrations of 3 and 5 mol/L were confirmed by titration.

The corrosion tests were carried out in one liter polypropylene, screw-top bottles in
which eight specimens were suspended on a central polypropylene support. The volume of
solution in each bottle was 900 mL. A continuous flow of hydrogen gas was passed
through each bottle by a sparger and outlet tube to maintain a constant positive pressure
inside the bottle. The loaded bottles were initially purged with hydrogen at room
temperature prior to immersion in a thermostatted bath at 95 ± 1°C.



Assessment of Corrosion Behavior

The test was ended after 240 hours and the specimens weighed both before and
after scale removal using a solution of Sb2O3 and SnCl2 in hydrochloric acid (ASTM
practice Gl-88). The corrosion product that had fallen to the bottom of the bottles was
collected and washed by boiling in three lots of deionized water.

The caustic solutions were analysed for dissolved metals by inductively coupled
plasma spectrometry. The corrosion product was similarly analysed after digestion in aqua
regia. Lithium was analysed by atomic absorption spectrometry.

The corrosion product was further characterized by examination in both light and
scanning electron microscopes. Powder x-ray diffraction patterns of the corrosion product
were obtained in a Nicolet diffractometer using CuK*, radiation and scanning rate of 1° of
2 9 per minute, in a Gandolfi camera with a radius of 57.3 mm using FeK. radiation and
for higher resolution, in a Guinier de Wolff focussing camera using CuK. radiation.

RESULTS

The corrosion was substantial in both solutions and considerable corrosion product
sloughed off and fell to the bottom of the bottles. The corrosion rates (Table 2) were
somewhat higher in the more concentrated hydroxide and were quite variable in both
solutions (relative standard deviations of 19 and 24%). The amount of surface scale was
highly variable from specimen to specimen and was slightly greater in the more
concentrated hydroxide. The rate of oxide release was quite high and nearly 90% of the
scale sloughed off during the 10 day corrosion period.

The scales from both solutions had the same bulk, elemental composition, containing
mainly iron and lithium (Table 3). The analyses of the solutions themselves revealed that
considerably higher levels of both iron and manganese were dissolved in the more
concentrated hydroxide.

The corrosion product was strongly magnetic and microscopic examination revealed
two phases. The predominant phase consisted of opaque, well-formed octahedra up to S
]im in size. The minor phase consisted of masses of poorly-formed particles, coatings on
the octahedral crystals, and spherules all of which had a deep red-brown color and were
smaller in size (< 2 (im). Figure 1 shows the general appearance of the corrosion products
while Figure 2 shows the spherical form of the minor phase.

It is quite difficult to distinguish phases unambiguously in the lithium-iron-oxygen
system because most of the possible phases (LiFe3Og, LiFeO2, FeO, Fe3O4 and y - Fe2O3)
have similar structures and so their x-ray peaks overlap. In addition, both lithium-iron
oxides can exist in several structural forms (polymorphs) and there can be extensive solid
solution between each lithium-iron oxide and its corresponding iron oxide. Therefore, the
detailed results of the powder x-ray diffraction analysis of the corrosion products have been
listed in Table 4. The pattern is best interpreted as a mixture of a highly non-
stoichiometric, disordered spinel P - LiFesO8 and the disordered a -LiFeO2 which has a



rock salt structure. The disordering in both cases refers to the lack of a regular pattern of
occupation of one of the cation sites in the crystal structure by Li and Fe atoms, and this
random order is evident in the diffraction patterns." Of the 21 lines detected, 13 were
from P - LiFesO, and 6 from a - LiFeO2. Three of the lines were superimposed peaks
from both phases, and one very weak line (17) was not identified. The three other weak
lines are associated with y - Fe2O3 (lines 2 and 4) and Fe3O4 (line 13). The relative
intensities of the lines (l/lo) were a reasonable match to the standard diffraction patterns
for p - LiFe3O, and a - LiFeO2 (JCPDS 17-114 and 17-938 respectively). Since both
phases have very similar structures, their relative amounts may be estimated by the ratio of
the intensities of their strongest lines (5 and 8) to be 75% LiFesO8 and 25% LiFeO2.

The lattice constants for each phase (ao) listed in Table 4 were determined by the
standard plots used to correct for x-ray absorption effects. Both constants were larger than
those listed for the standards indicating a substitution of larger ferrous iron atoms for
lithium in the crystal structures. The extent of this substitution may be calculated from the
known lattice constants for the stoichiometric phases using Vegard's Law. Assuming the
end-members are LiFeO2 - FeO and LiFe5O8 - Fe3O4, the substitution of iron for lithium is
14 atomic % in LiFeO2 and 48 atomic % in LiFe5Og. Since the spinel composition is
nearly half way to Fe3O4, it is not surprising that a weak magnetite line is present (13).
The presence of two lines from the defect structure y - Fe2O3 indicates that some of the
Li-Fe substitution sites may be vacant of any atom.

DISCUSSION

The corrosion behavior and mechanisms of steel in lithium hydroxide are somewhat
different than in the other alkali hydroxides because of three distinctive properties of
lithium. The pH of saturated LiOH solutions is considerably lower than NaOH or kOH
both because LiOH is less soluble (16.1 wt% at 100°C) and also is much less strongly
ionized (dissociation constant is 0.074 at 93°C). More importantly, since the lithium ion is
so small (ionic radius 0.68 A), it is easily incorporated into the crystal lattices of iron
oxides to form LiFeO2 and LiFe5O8. Since the analagous sodium and potassium iron
oxides do not form in aqueous solution, the corrosion products in NaOH and KOH are
quite different consisting of the oxides and hydroxides of iron only (Fe(OH)2, Fe3O4, a -
FejOa, y - Fe2O3, a - FeOOH and y - FeOOH).16 The nature of the corrosion products is
important since the corrosion of steel in alkali is determined by the amount of protection
afforded by the surface oxide scale.15

The corrosion rates that were found in LiOH in this study are somewhat higher than
those for other alkali hydroxides under similar conditions.213 However, both the rate of
corrosion and of oxide release are about one third higher in the 5 mol/L solution which
corresponds well with the one third increase in the concentration of OH' in this solution
(from 0.43 to 0.57 mol/L). Thus, corrosion rates in LiOH depend on the pH as with other
alkalis, but the rates are higher due to the formation of different corrosion products.

The only information available in the literature on the relative corrosion rates of
carbon steel in the alkali hydroxides was obtained at higher temperatures.13 The four-day
corrosion rates in 5 mol/L LiOH were reported to be 0.88 and 2.58 mm/y at 250°C and
310°C respectively, and the results were highly variable from sample to sample. The



corrosion rates in both 4 and 10 mol/L LiOH at 250 and 310°C were all five times higher
than comparable solutions of NaOH. Furthermore, the corrosion in LiOH was linear with
time while that in NaOH was parabolic. Finally, in LiOH the oxide formed was porous
and a great deal sloughed off during the tests. In contrast, in NaOH there was a duplex
coating of a thin compact inner layer with coarse magnetite crystals on the surface.

Since it is generally accepted that protection from corrosion in alkali depends on the
thickness and adherence of the outer, solution-deposited crystal layer,17 the greater corrosion
in LiOH both at 95°C and at higher temperatures is due to the tendency of the corrosion
products to continually slough off.

Since corrosion in both solutions is relatively rapid, while nucleation and
precipitation of the metal oxides is slow, both solutions become supersaturated with iron
and manganese (Table 3). As well, the markedly higher levels of these metals in the S
mol/L than the 3 mol/L solution despite only a modest increase in corrosion rates is a
reflection of this slow nucleation where the degree of supersaturation is under kinetic
control.

The corrosion products that continually slough from the metal surface contain
substantial amounts of lithium (23.6 cation percent). Assuming that this scale is composed
of the two stoichiometric lithium-iron oxides, the relative amounts of each may be
calculated from the elemental analysis (Table 5). There is fair agreement with the relative
amounts of each phase calculated from the x-ray diffraction line intensity ratio.

The spinel is present as large, well-formed octahedra indicating deposition from
solution as well as a difficulty in nucleation. The likely formation mechanism involves the
Fe(OH)"3 ion that is produced by the corroding iron (1), followed either by electro-
crystallization (2) or by the formation of hydrogen (3).

Fe + 3OH" -* Fe(OH)"3 + 2e' (1)

5Fe(OH)"3 + Li+ -» p-LiFesO, + 7H2O + H+ + 5e" (2)

5Fe(OH)"3 + Li+ -» (J-LiFeA + 3H2O + 4OH + 5/2 H2 (3)

The LiFeO2 has very poorly developed crystal faces and often coats the surface of
the spinel phase. It is also deposited directly from solution (4), but may result as well
from reaction with pre-existing spinel (5) to form a coating.

Li+ + Fe(OH)-3 -> a-LiFeO2 + H2O + 1/2 H2 (4)

p-LiFeA + 4Li+ + 4OH" -» 5 0t-LiFeO2 + 2H2O (5)

Although all of the above reactions have been written using the stoichiometric
oxides, there is ferrous iron substituted for lithium in both phases according to the
diffraction data. Early investigators found that a complete series of solid solutions exist at
temperatures above 700°C both in the LiFeO2 - FeO system19 and the LiFesO, - Fe3O4

system,20 and that the cell constant is proportional to the extent of substitution of iron for
lithium (Vcgard's Law). Furthermore, Macdonald and Rummery10 found that the a -



LiFeO2 that was formed by steel corroding at 28S°C in 1 mol/L LiOH had essentially the
same cell constant (4.170-4.177 A) as was found in this study. However, in the case of
the spinel formed during the corrosion of steel in LiOH, no lattice constant values have
been published that indicate the presence of any solid solution in this phase. Indeed, most
high temperature corrosion studies (above 25O°C) have found only stoichiometric
magnetite.Wl7llAIU3 Only Bloom et al.6 report finding "LiFeA" by x-ray diffraction after a
short exposure of steel to 4.5 wt% LiOH (about 2 mol/L) at 316°C. However, there is
some chemical evidence for the presence of a LiFe5O8 - Fe3O4 solid solution presented by
Jones and Steinkuller.8 They found that the spinel formed at 300°C in solutions containing
1 mol/L LiOH and less contained an average Li/Fe weight ratio of 0.012 which
corresponds to a 52% substitution of Li by Fe. On the other hand, Moore and Jones7

using microanalysis found no lithium in the spinel formed at 300°C in pH 11 LiOH.
Finally, two different investigations of the reaction of magnetite with LiOH310 (similar to
reaction (5)) at 316 and 285°C both found that the LiFeO2 formed was an ordered,
tetragonal y phase rather than the disordered cubic form found here. The only low
temperature corrosion study (22°C) in 1 mol/L LiOH found evidence only for iron in the
corrosion products.9

It is clear from the above that the characterization of the corrosion products of steel
in LiOH is difficult due to the similarity of the x-ray diffraction patterns of the possible
constituents, the mixture of phases, the many polymorphs of some compounds, and finally
the possibility of solid solution between end members. Nevertheless, the evidence from
this study is convincing that the dominant phase is a highly substituted, disordered spinel
nearly midway between LiFe5O8 and Fe3O4, and that the minor phase is an iron-rich
disordered LiFeO2.

The corrosion products formed at 95°C arc distinguished from those formed at
higher temperatures primarily by their nonstoichiometry and by their disordered
polymorphism. Boih of these features are characteristic of metastable phases deposited
from a highly supersaturated solution at relatively low temperatures. The morphological
evidence that the spinel may alter to LiFeO2 is confirmation of this metastability. It
appears that the change of the lithium-iron oxides to more stable compositions and
polymorphs after deposition resulting in sloughing of the protective coat is die reason for
the higher corrosion rates of carbon steel in lithium hydroxide than in the other alkali
hydroxides. Due to this high corrosion rate, carbon steel is not a suitable material for use
in a fusion reactor using a lithium hydroxide breeding blanket.

CONCLUSIONS

1. The corrosion rate of carbon steel in concentrated lithium hydroxide is somewhat
higher than in the other alkali hydroxides due to the different nature of the products
of corrosion.

2. The corrosion products at 95°C with a hydrogen atmosphere consist of about 25% of
iron-rich, disordered P - LiFe5O, spinel. The former exists as poorly formed crystal
masses, coatings and spherules. The latter occurs as well developed octahedra.

3. These products are mainly deposited from solution via the Fe(OH)'3 ion although



some LiFeO2 may be formed by reaction between the solution and the already-
deposited spinel.
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Table 1

Composition of LiOH H2O

Minimum
Maximum

Assay
Impurities Cl

SO4

Li2CO3
Ca
Na

heavy metals

99%
100 ppm
100 ppm

1%
200 ppm
200 ppm
<50 ppm



Table 2. Corrosion Rates and Adherent Scale

Oxide Release
LiOH Concentration (mol/L) Corrosion Rate (mm/y) Scale (mg/cm2) Rate (mg/cm2»d)

3 0.432 10.081 2.97 ±0.83 1.11 ± 0.20

5 0.538 ± 0.129 2.37 ±1.89 1.51 ± 0.24



Table 3. Elemental Analysis of Scale and LiOH Solutions

Fe Li Mn Si

Scale 66.3 2.54 0.37 0.13 (wt%)
LiOH 3 mol/L 3.55 - 0.24 0 (ppm)

5 mol/L 11.9 - 1.68 0 (ppm)



Table 4. X-ray Powder Diffraction Data

Line
Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Gandolfi
Camera

d(A)

4.792
4.180 vw
2.945
2.782 vw
2.518
2.407
2.087
2.082*
1.7056
1.6092
1.4783
1.4129 vw
1.3224
1.2739
1.2584
1.2045
1.1711 vw
1.1172
1.0885
1.0455
0.9861

Diffractometer

d(A)

4.810

2.950

2.517
2.406
2.089
2.084
1.7059
1.6085
1.4746

1.3186
1.2757
1.2612
1.2053

I/IoC

7

30

100
6

33
29
7

29
34

3
8
4
3

1.1182

Indices

p-LiFe5O8

111

220

311

400

422
333,511

440

533

444

642
553,731

800
660,822

(hkl)

a-LiFeO2

111

200

220

311
222

400

ao=8.364±0.005 ao=4.175±0.006

* resolved in Guinier-de Wolff camera only
vw very weak line



Table 5. Composition of Corrosion Product (wt%)

LiFe5O, 85.6
LiFeO2 15.1

Total 100.7



CAPTIONS

Figure 1.
Corrosion products consisting

of well-formed spinel octahedra
and poorly formed masses and
coatings of LiFeO2.

Figure 2.
Enlarged view showing spherule

of LiFeO2 on spinel octahedron.
The spinel crystal in the upper
right is partly covered with patches
of LiFeOj.


