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The Reaction of Nitrogen with Dilute Solutions of Barium
in Liquid Lithium: Electrical Resistivity, X-Ray Phase
Analysis, Kinetic and Thermal Analysis Studies
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The reaction of nitrogen with liquid lithium containing dissolved barium which follows a solution-
precipitation mechanism has been studied. Initially, nitrogen dissolves in the liquid metal to form an
homogeneous solution; the reaction is first order with respect to nitrogen with an activation energy of
33.6 kJ mol™. Subsequently, it reacts to form a precipitate of Li,N; the Li,N crystallisation face is
dependent on the barium content of the solution, nitrogen solubility rising with increasing barium
content. The ternary nitride, LiBaN, is only formed on cooling the solution; there is no evidence for
Ba,N or Ba,N, formation. This behaviour contrasts with that in the corresponding Na—-M-N (M = Sr
or Ba) systems where the solubility is directly proportional to the alkaline-earth metal content of the
solution and the precipitating phase is the alkaline-earth metal subnitride, M,N (M = Sr or Ba).
Analysis of the crystallisation fields of Li, Li,Ba, LiBaN and Li;N indicated they are separated by
monovariant curves which fall from the binary eutectics (Li-Ba, x5, =0.105 and 416 K; Li-N,
degenerate at 453.5 K, Li,N-LiBaN, unknown) through a quasi-peritectic equilibrium involving liquid,
lithium, Li,Ba and LiBaN (372 K) to a ternary eutectic point based on liquid, lithium, Li,N and LiBaN

(368 K).

The solvent chemistry of the lighter liquid alkali metals (lithium
and sodium) is fairly well established.! Reactions between
metals (M), either dissolved in or immersed in liquid alkali
metals (A), and non-metals (X) result in one of three products,
depending on their thermodynamic stabilities; the ternary salt
A, M_X,, the binary alkali-metal salt, A X, or the binary metal
salt, M_X,. In the former two cases, the alkali metal plays an
active role in the chemistry; in the latter case it acts as an inert
solvent.

Reactions involving oxygen and nitrogen have been studied
in particular detail. Lithium oxide is so thermodynamically
stable [AG;° (Li,0, ¢, 298 K) = —562.1 kJ mol™1]? that it is the
sole product of Li-M-Q systems even in the presence of reactive
metals (e.g., chromium, iron or nickel).? Sodium oxide, on the
other hand, is considerably less stable [AG° (Na,0, c,298 K) =
—379.1 kJ mol']? and although Na,O is the sole product of
the Na—-Ni-O system,* the corresponding Na-Cr-O system also
yields the termary oxide, NaCrO,.>* The thermodynamic
stability of lithium nitride [AG° (Li;N, ¢, 298 K) = —128.6kJ
mol 1] is such that nitrogen dissolved in liquid lithium behaves
similarly to oxygen dissolved in liquid sodium. Thus, the ternary
nitrides LisSiN;3,5® Li,VN,? and LigCrN;%° are formed in
the Li-M-N (M = Si, V or Cr) systems but lithium nitride is the
sole product of the Li-Sn—-N and Li-Pb-N systems.!! Since
sodium nitride is unstable,'2'!3 the solvent necessarily acts as an
inert reaction medium in Na-M-N systems. For example, the
binary metal nitrides M,N (M = Sr or Ba) '*!7 are formed in
the Na-M-N (M = Sr or Ba) systems. It is noteworthy that
binary metal salts, M_X,, are only formed when ternary salts,
A M X,, are not thermodynamically favoured [e.g., Na-M-N
(M = Sr or Ba) systems]; if both are potential products
[e.g., Na-M-O and Li-M-N systems] the ternary salts are
formed exclusively, confirming their greater thermodynamic
stability.!®

Since the reaction products in these systems are determined
by the thermodynamic activity of the alkali metal, diluting the
latter by alloy formation can change the reaction chemistry.!®
Recent experiments on the solution properties of Pb-17Li (a
Pb-Li alloy containing 17 atom?; Li presently being considered
for use as tritium breeder in fusion reactor systems2°-2!) have

shown that the lithium activity in this system is so low that
oxygen, which solely forms Li,O in the Li-Cr—-O system,
corrodes chromium forming LiCrO,,22 while nitrogen, which
forms LigCrN; in the Li-Cr—N system, is totally unreactive.'?

The formation of the binary metal nitrides M,N (M = Sr or
Ba)'4!7 in the Na-M-N (M = Sr or Ba) systems is one of the
rare examples in which the solvent acts as an inert reaction
medium, presumably owing to the instability of Na;N. For the
Na-Ba-N system, resistivity !¢ and solubility !® studies of the
solutions coupled with X-ray powder diffraction studies of the
solid products *# indicated that an initial solution process is
followed by precipitation of Ba,N which, in the presence of
excess nitrogen, reacts further to form Ba;N,. Since the extent
of the solution process is determined solely by the amount
of barium dissolved in the liquid sodium, precipitation
commencing at a Ba: N ratio of ~4:1, it has been suggested 23
that the nitrogen, which is effectively insoluble in liquid
sodium,?* is solvated by the barium forming a soluble Ba,N
species. Independent evidence for such a species has been
recently reported by Rauch and SimonZ2® who described the
isolation and characterisation (by single-crystal X-ray diffrac-
tion methods) of NaBa;N. The reaction sequence, which can be
summarised by equations (1)~(3) has also been shown !* to be

8[Ba](Nn) + Ny(g) — 2[‘Ba4N’](Na) N
2['BayN’]na) + Na(g) — 4Ba,N(s) )]
6Ba,N(s) + N,(g) —— 4Ba;N,(s) 3

compatible with a simple Na-Ba-N ternary phase diagram
dominated by a very steep Ba,N precipitation face with an
effectively constant Ba: N molar ratio of ~4:1.

Analogous experiments ' on the Na—~Sr—N system showed a
similar behaviour pattern, the only difference being a more
limited solution process, precipitation of Sr,N starting at a
Sr:N molar ratio of ~17:1.

Since lithium forms a stable nitride, Li;N, the Li-M-N (M =
Ca, Sr or Ba) systems might exhibit contrasting chemistry.
Feasible reaction products are M,N (M = Ca, Sr or Ba), the
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lithium acting as an inert solvent, or LIMN or Li; N, the lithium
adopting an active role. We now report in detail the results of a
study of the Li-Ba—N system undertaken using a combination
of electrical resistivity, X-ray phase, kinetic and thermal
analyses.

The Li-Ba-N Ternary System.—Although the reaction
system under study nominally forms part of the Li-Ba-N
ternary system, it is best to consider it within the Li-Ba-Ba;N,—
Li;N pseudo-quaternary system. Phase relationships therein
have been little studied, the only data available relating to its
four constituent binary systems. To permit interpretation of the
results of the present investigation, it is thus necessary to
speculate on the form of the phase diagram. A space model
(isothermal contour diagram), based on the phase relationships
of the constituent binary systems and consistent with the results
described here is presented in Fig. 1. The Li-Ba binary
system 2627 is based on a eutectic (Fig. 1); it contains one
intermetallic phase, Li;Ba, which forms from a peritectic
reaction at 429 K. The hypoeutectic liquidus falls from the
melting point of pure lithium (453.5 K) to the eutectic between
lithium and Li,Ba (x5, = 0.105, T = 416 K); the hypereutectic
liquidus then rises gently to the peritectic reaction (x5, = 0.184,
T = 429 K) before rising more steeply to the melting point of
barium (998 K).

One intermediate phase, Ba,N, exists in the Ba-Ba;N,
system (Fig. 1), which is based on a eutectic (xy = 0.144, T =
781 K). As phase relationships have only been studied up to
xn = 0.25,28 the thermal properties of Ba,N and Ba;N, are
unknown. However, the thermodynamics of the decomposition
of Ba;N,, equation (4), have been elucidated by two

Ba;N,(s) === 3Ba,N(s) + iNy(g) )

independent workers.??3° The quoted AH® values (41.7 kJ
mol™ at 950 K ?° and 36.8 kJ mol ! at 298 K 3), although not
directly comparable, indicate the greater thermodynamic
stability of Ba;N, with respect to Ba,N. Thus in the quaternary
diagram (Fig. 1) Ba,N is assumed to form via a peritectic
reaction involving Ba;N, and a barium-rich liquid. This
assumption is not significant in the present context, as our
principal interest in the ternary system lies in the lithium-rich
corner of the diagram.

Little is known of Ba;N,—Li;N phase relationships, except
for the synthesis and structural characterisation of the ternary
compound, LiBaN.3! Its stability is evidenced by the fact that it
has been synthesised by high temperature reaction of nitrogen
with equimolar Li-Ba mixtures and with solutions of Li-Ba
mixtures dissolved in liquid sodium.>? The present results
suggest that LiBaN should be shown in the quaternary phase
system as a congruently melting compound which exists over a
wide composition range (Fig. 1).

The Li-Li;N phase diagram (Fig. 1) is a simple eutectic;
the eutectic lies close to the lithium axis (x5 = 0.000 68, T =
453.24 K),3% the hypereutectic liquidus rising steeply from
the eutectic temperature to the melting point of Li3N
(1086 K).

Since the present study is concerned solely with dilute
solutions of both barium and nitrogen, it is the lithium corner of
the pseudo-quaternary phase diagram (Fig. 1) which is of
particular interest. This region of the space model is dominated
by the divariant precipitation faces of lithium, Li,Ba, barium,
LiBaN and LizN. Those of Li,Ba, barium and LiBaN inter-
sect forming a series of monovariant lines (p,P,, S,P,, P,P,)
which meet at a pseudo-peritectic point (P,). Those of
lithium, Li,Ba and LiBaN do likewise forming three
monovariant lines (e,P,, P,P,, E,P,) which meet at a second
pseudo-peritectic point (P,). The precipitation faces of lithium,
LiBaN and Li;N intersect forming a series of monovariant lines
(e;E,, e3E,, P,E,) which meet at an invariant ternary eutectic
point (E,).
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Fig. 1 Space model (isothermal contour diagram) for the Li-Ba-

Ba;N,-Li;N pseudo-quaternary phase diagram based on known
data for the four constituent binary systems and consistent with the
results reported here. Quoted temperatures (K) are those of invariant
points in the binary systems. The isotherms are at 100 K intervals,
except for those shown as dashed lines which are at 50 K intervals

Experimental

The apparatus and procedure for the measurement of the
resistance of homogeneous liquid metal solutions have been
described previously.3” A version of the capillary method was
employed in which a thread of liquid metal was circulated
continuously from the vessel reservoir through a narrow bore
(i.d. 3.0 mm) loop using a miniature electromagnetic pump.
Circulation of the metal also served to ensure thorough mixing
of the metal mixture and to present a clean metal surface for
reaction with gaseous nitrogen. The resistance of the solution
was determined when passing through the loop, using a version
of the four-point probe method.?” It was monitored as a
function of nitrogen concentration under isothermal conditions.
Resistivities (0.1 x 10™® Q m) were calculated from calib-
ration and sample resistance data and the dimensions of the
capillary.3” The vessel, of all-welded stainless steel (AISI 316)
construction, except for the glass facility for attachment to the
vacuum frame, was located in an air oven, fitted with an internal
circulation fan and a proportional band controller (+0.5 K at
673 K). The temperature of the capillary was measured using
four pre-calibrated chromel-alumel thermocouples, attached to
the capillary. The neck of the vessel and the electrical and
thermocouple leads projected through the oven roof for
attachment to the vacuum frame and electrical equipment, as
appropriate.

A similar, less complex, vessel was used for the kinetic and
thermal analysis studies. Instead of the resistivity capillary, a
small loop constructed from wider bore (i.d. 7.0 mm) tubing was
attached to the miniature magnetic pump for circulation of the
metal. Located in the base of the vessel was a pocket into which
a chromel-alumel thermocouple (+1 K) was inserted after
calibration.

The metal mixtures were prepared in situ by weighing in the
appropriate alkaline-earth metal [calcium (Koch Light; purity
99.9%; 2-10 g), strontium (Koch Light; purity 99.9%;; 440 g)
and barium (Koch Light; purity 99.9%; 7-30 g)] to the liquid
lithium (Koch Light; purity, 99.98%; =30 g). Argon (Air
Products; purity 99.99%) was used to protect the liquid metal at
all times. The alkaline-earth metals were prepared in the form of
small rectangular blocks (=5 x ~5 x =20 mm) from as
received samples by sawing under liquid paraffin oil. Initial


http://dx.doi.org/10.1039/DT9940000667

J. CHEM. SOC. DALTON TRANS. 1994

purification of the alkaline-earth metals involved removal of
surface contaminants (paraffin oil, oxides, nitrides, etc.) by
immersion in dilute acetic acid. Final purification, carried out in
an evacuable glove box, involved mechanical removal of the
remaining surface contamination by filing until a bright, shiny,
metallic surface was achieved. Subsequently, the alkaline-earth
metals were handled in purified argon. Lithium and argon were
purified as described previously.?’

Nitrogen (Air Products, 99.98%), purified by passage through
molecular sieve and manganese(11) oxide, was exposed in small
volumes ( &~ 10* mm? at standard temperature and pressure) to
the metal under isothermal conditions. Its reaction with the
metal mixture was monitored by pressure measurement and, in
the case of the resistivity experiments, by resistance measure-
ment. When equilibrium had been attained, either the gas
addition was repeated (for the resistivity and kinetic studies)
or the vessel was filled with argon and a cooling curve obtained
(for the thermal studies). After completion of the experiments
some vessels were sawn open in an argon filled glove-box and
samples taken for X-ray powder diffraction analysis; the
products were studied in the metal matrix as distillation of
excess metal would have disturbed the equilibrium. It is
pertinent that in those vessels used for prolonged experiments,
the metal had a tendency to creep up the walls of the reservoir.

Results and Discussion

(i) Electrical Resistivity Experiments.—Equilibrium resis-
tivity—composition data were obtained for the addition of 38
aliquots of nitrogen to a hypoeutectic Li-Ba alloy (initial xg, =
0.0259) under isothermal conditions (673 K). The results are
shown in Fig. 2 (ABCD), where they are compared to the
corresponding data obtained for the addition of nitrogen to
pure lithium (AXY).33 As the nitrogen is added, the resistivity
exhibits an initial increase, attributed to a solution process,
followed by an effectively constant section, attributed to a
precipitation process. For the ternary system, the increase can
be split into two sections. For dilute solutions, the increase is
small and non-linear with an increasing gradient (section AB); it
is only for more concentrated nitrogen solutions that a linear
increase in resistivity is observed. The gradient of this latter
section (section BC) is considerably smaller [5.6 x 10® Q m
(atom%) '] than that (section AX) for the binary system
[7.0 x 108 Q m (atom%)'] which is linear throughout,
inferring that the solution process involves not only dissolution
of the nitrogen but also interaction with dissolved barium. The
marked change at point C, when the resistivity becomes
effectively constant (section CD), represents a saturation point
in the system. The nitrogen concentration at saturation in the
Li-Ba-N system (point C; xg, = 0.0251; x5 = 0.0306; [N]/
[Ba] = 1.22) is much higher than in the Li-N system (point X;
xn = 0.0145), again suggesting that dissolved barium plays a
significant role in the solution process.

The product which precipitates from the binary system has
previously been shown to be Li;N;*3 3% that which precipitates
from the ternary system could be one of three phases, Li;N,
LiBaN or Ba,N. By comparison of the experimental resistivity
data obtained after saturation with those predicted for
saturation of these three phases, the identity of the precipitate
can ascertained. The analysis is included in Fig. 2. If Li;N is
precipitated the resistivity should increase (line CE) as the
barium concentration of the solution increases owing to loss of
lithium. Resistivity decreases would occur if the precipitate were
to contain barium; that expected for LiBaN is shown by line CF,
that for Ba,N by line CG. Comparison of the experimental
results with the three possibilities suggests that Li;N is the
precipitating phase.

These observations indicate that the LizN precipitation face
extends into the pseudo-quaternary phase diagram from the Li—
LisN edge, the solubility of Li;N increasing with increasing
barium content (Fig. 1).
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Fig. 2 Comparison of the resistivity changes observed at 673 K on
addition of nitrogen to a hypoeutectic Li-Ba alloy (initial xg, = 0.029)
(ABCD) and to pure lithium (AXY) showing the predicted resistivity
changes on precipitation of LiyN (CE), LiBaN (CF) and Ba,N (CG)

(i) X-Ray Diffraction Experiments.—Despite many attempts,
high quality X-ray powder diffraction patterns of the products
could not be obtained owing to the fact that they were
embedded in a solid metal matrix. Nonetheless, they were of
sufficient quality to confirm the presence of not only Li;N *# but
also LiBaN;3' there was no evidence for Ba,N or Ba;N,
formation. The presence of both Li;N and LiBaN in the metal
matrix suggests that the ternary invariant eutectic involves
solidification of lithium, Li;N and LiBaN (Fig. 1).

(iii) Kinetic Experiments—Nitrogen absorption by a hypo-
eutectic Li-Ba alloy (initial x5, = 0.080) was monitored for a
total of 20 aliquots under isothermal conditions (7" = 438 K);
the amount of nitrogen added in each aliquot was chosen to
increase the nitrogen content of the system by ~0.1 atom?%, N.
As the reaction is quite rapid, nitrogen pressure (py,) was
measured at 5 s intervals. Typical py —time curves are shown in
Fig. 3. As shown by the linearity of the corresponding In py —
time plots (Fig. 3), they are first order with respect to nitrogen.
The curves fall into two sections as shown by the variation of
their first-order rate constants (k,), equation (5), as a function

dpn,/dt = —kt Q)

of [N]/[Ba] ratio (Fig. 4). The rate constants of the first 14
curves are very similar lying in the range 7.6 x 1072 to
9.7 x 1072 s7!. Those for the later curves decrease markedly
with increasing nitrogen content. A similar pattern was
observed in a detailed study of the kinetics of the reaction of
nitrogen with sodium—barium solutions,>® where the change in
behaviour was attributed to the generation of solid product.
Hence the break in the k,—[N]/[Ba] ratio plot, which occurs at
[N]/[Ba] = 0.36, is assumed to correlate to the solubility limit
of LizN in this system (x5 = 0.0288).

In a separate series of experiments starting with a
hypoeutectic Li-Ba alloy containing 2.59 atom?%, Ba, the
variation of the rate constant as a function of temperature
(413 < T/K < 526) was determined. To ensure the validity of
the results, the rate-constant measurements were duplicated on
increasing and decreasing temperature. The Arrhenius plot
summarising these results is shown in Fig. 5. The data are best
represented by equation (6) which gives an activation energy of
33.6 kJ mol L.
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Table 1 Solubility data (atom?;) for nitrogen in dilute solutions of barium in liquid lithium

T=673K ~430 K
(Ba]*® [Ba]® N1* [NJ/[Ba]" T {Ba]® [Ba]® [N7° [N]/[Ba]®
0.00 0.00 1.53 — 454 0.00 0.00 0.03 —
2.59 2.51 3.06 1.22 438 4.75 4.69 1.19 0.26
430 7.51 7.34 2.25 0.31
438 8.00 7.77 2.88 0.38
405 13.20 12.06 8.58 0.78
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Fig. 3 Pressure- and In(pressure)-time relationships at 438 K for two
aliquots of nitrogen added to a hypoeutectic Li-Ba alloy (initial xg, =
0.08). N:Ba = 0.48 (a), (¢) or 0.30 (b), (d); mmHg ~133 Pa

12pF

[ [
- °
i
» L
= .
(]
4r CJ
L [ ]
0 1 1 A 1 1 1 |
0.00 0.16 0.32 0.48
N:Ba

Fig.4 Variation of the first-order rate constants for a series of nitrogen
aliquots added to a hypoeutectic Li-Ba alloy (initial x5, = 0.08) as a
function of N:Ba ratio

In(k,/mmHg) = —4040(7/K)™' + 5.618 R? = 0.961 (6)
Although the solubility obtained by this method (x5 =

0.0288) is consistent with those obtained using the other

techniques (Table 1), the method was not pursued. Its accuracy

increases in surface area noted when vessels were cut open at the
end of the experiment. The two series of experiments described
in this section were carried out in very limited time scales to
minimise effects due to surface area changes.

(iv) Thermal Analysis Experiments.—Phase relationships at
the lithium corner of the Li—Ba-N ternary system were investig-
ated by examining four vertical sections. The compositions of
the Li-Ba solutions (initial xgz, = 0.0475, 0.0751, 0.132 and
0.1391) were chosen to straddle the eutectic of the Li-Ba system
(xga = 0.105; T = 416 K);?%27 the amount of nitrogen added
in each aliquot was chosen to increase the nitrogen content of
the system by x~0.05 atom%, N. After each nitrogen aliquot the
solution was subjected to thermal analysis to determine the
sequence of phase changes. The data points obtained on
addition of nitrogen to the four solutions are shown in Figs. 6-9.
Although complete sets of data were obtained for the first three
solutions (Figs. 6-8; [N]/[Ba],.., = 0.8), only limited results
were obtained for the fourth solution (Fig. 9; [N]/[Ba],.., =
0.12) owing to premature failure of the reaction vessel.

The results from the thermal analysis studies can be
considered as vertical sections through the Ba-Ba,N,-Li,;N-Li
space model (Fig. 1). The phase regions included on the four
vertical sections (Figs. 6-9) are derived from the space model.
The location of the two phase (Li + LiBaN) region cannot be
defined rigorously, owing to the slow kinetics of the quasi-
peritectic conversion of Li,Ba into LiBaN; however, for
completeness, its approximate location is shown in all four
figures.

For dilute solutions of nitrogen in the hypoeutectic Li-Ba
solutions (initial xz, = 0.0475 and 0.0751; Figs. 6 and 7,
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Fig.6 Vertical section through the pseudo-quaternary phase diagram,
derived from thermal analytical data for the addition of nitrogen to a
hypoeutectic Li-Ba alloy (initial xg, = 0.0475) (Phase fields: « = Li +
LiBaN; 8 = liquid + Li + LiBaN)
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Fig. 7 Vertical section through the pseudo-quaternary phase diagram,
derived from thermal analytical data for the addition of nitrogen to a
hypoeutectic Li-Ba alloy (initial x5, = 0.0751) (Phase fields: « = Li +
LiBaN; g = liquid + Li + LiBaN)

respectively), the first phase boundary (line AB) represents the
crystallisation of pure lithium; the second (line EG) the
solidification of the binary Li-Li,Ba eutectic mixture and the
third (line HI) the freezing of the ternary Li-Li,Ba-LiBaN
eutectic mixture. The temperatures at which the first two
thermal effects occur diverge with increasing nitrogen content.
The third thermal arrest is independent of composition,
invariably occurring at ~368 K. The quasi-peritectic con-
version of Li,Ba into LiBaN (line FG) is not observed, probably
owing to its slow kinetics. If equilibrium is not achieved, the
solidification of the ternary eutectic will be observed instead.
The presence of the quasi-peritectic reaction is required to
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Fig.8 Vertical section through the pseudo-quaternary phase diagram,
derived from thermal analytical data for the addition of nitrogen to a
hypereutectic Li-Ba alloy (initial xg, = 0.1320) (Phase fields: « =
Li + LiBaN; vy = liquid + Li,Ba)

Q
440
Liquid
M + LisN
'.~.
420,
e
=1
N e
x
= 400}
- Liquid + Li Liquid + Li
+LisBa
380}
s T |
- T+ /N Uaud + L+ LiBaNﬂ Voow
t;‘gz?( “/U Li + LigN + LiBaN
360 1 1 L 1 1 1 1 J
0.0 0.2 0.4 0.6 0.8
N:Ba

Fig.9 Vertical section through the pseudo-quaternary phase diagram,
derived from thermal analytical data for the addition of nitrogen to
a hypereutectic Li-Ba alloy (initial xg, = 0.1391) (Phase fields: « =
Li + LiBaN; y = liquid + Li,Ba)

rationalise the other thermal analytical data as well as the
presence of LiBaN in the solid products. For more concentrated
nitrogen solutions only two thermal effects are observed. The
first (line BD), which slowly decreases in temperature with
increasing nitrogen content, is attributed to the solidification of
the binary Li-Li,N eutectic mixture; the second (line 1J), which
is essentially independent of concentration, corresponds to the
ternary eutectic reaction. The Li;N crystallisation face (line BC)
is not observed for these solutions. Since the hypereutectic
liquidus of the Li-Li;N binary system is very steep, it is assumed
that the Li;N crystallisation face will be similarly steep. The
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very small heat evolution associated with such a steep phase
boundary will not be detectable. Its presence is confirmed,
however, by the resistivity and kinetics results.

For dilute solutions of nitrogen in the hypereutectic Li-Ba
solutions (initial xg, = 0.132 and 0.1391; Figs. 8 and 9,
respectively), the first phase boundary (line MO) represents the
crystallisation of Li,Ba, the second (line NO) the solidification
of the binary Li-Li,Ba eutectic mixture and the third (line UV)
to the freezing of the ternary Li-Li,Ba-LiBaN eutectic mixture.
The temperatures at which the first two thermal effects occur
converge with increasing nitrogen content, meeting at point O
(xp, = 0.1284, xy = 0.0269; [N]/[Ba] = 0.21; 401 K). The
third thermal arrest is independent of composition, invariably
occurring at =368 K. As for the hypoeutectic solutions, the
quasi-peritectic reaction involving conversion of Li,Ba into
LiBaN (line ST) is not observed. For more concentrated
nitrogen solutions, three thermal effects are again observed, but
in this case the first two diverge. The first (line OP) increases
slightly to a maximum at point P, while the second (line OTV)
falls quite rapidly to the temperature of the pseudo-peritectic
reaction at point T and then more slowly to the ternary eutectic
reaction at point V. The third thermal arrest (line UV) is
independent of temperature, occurring at =~ 368 K. The first
(line OP) is attributed to the crystallisation of lithium; the
second (line OTV) to the precipitation of first (section OT) the
binary Li-Li,Ba eutectic and secondly (section TV) the binary
Li-LiBaN eutectic, and the third to the solidification of the
ternary Li-Li;N-LiBaN eutectic mixture. At even higher
nitrogen contents, only two arrests are observed. The first (line
PR) corresponds to the precipitation of Li;N-LiBaN mixtures,
while the second (line VW) is attributed to the solidification of
the ternary Li-Li;N-LiBaN eutectic mixture. As before, the
Li3N crystallisation face (line PQ) is not observed for these
solutions.

These results indicate that the initial product of the reaction is
Li;N for all solutions containing up to xz, = =0.14; hence, the
monovariant line (e;E;) joining the Li;N-LiBaN binary
eutectic (e;) to the ternary eutectic (E,;) must lie at higher
barium content (Fig. 1). LiBaN is only formed on cooling
through the ternary eutectic reaction. The location of the Li;N
crystallisation face on the space model (Fig. 1) is given by the
variation in the nitrogen solubility as a function of barium
content. The present data, obtained at ~430 K and 673 K, are
collated together with the solubility of nitrogen in liquid lithium
in Table 1. Nitrogen solubility increases with both temperature
and barium content; however, the [N]/[Ba] ratio passes
through a minimum with increasing barium content giving a
convex shape to the Li;N crystallisation face. This is shown in
Fig. 10, a more detailed representation of the lithium-rich
corner of the pseudo-quaternary system. The points shown,
taken directly from the vertical sections (Figs. 7-9), represent
the composition dependence of the monovariant lines formed
by the intersection of the lithium and Li,Ba, and of the lithium
and Li;N, crystallisation fields. Extrapolation of these lines
and inclusion of the other three monovariant lines associated
with the lithium, Li,Ba, Li;N and LiBaN crystallisation fields
gives an indication of the relative locations of the pseudo-
peritectic and ternary eutectic points (P; and E,).

Conclusion

The reaction of nitrogen with liquid lithium containing
dissolved barium follows a solution—precipitation mechanism.
Initially, nitrogen dissolves in the liquid metal to form an
homogeneous solution; the reaction is first order with respect to
nitrogen with an activation energy of 33.6 kJ mol™.
Subsequently, it reacts to form a precipitate of Li;N; the Li;N
crystallisation face is dependent on the barium content of the
solution, nitrogen solubility rising with increasing barium
content. The ternary nitride, LiBaN, is only formed on cooling
the solution; there is no evidence for Ba,N or Ba;N, formation.
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Fig. 10 Detailed representation of the lithium-rich corner of the
pseudo-quaternary phase diagram, showing the invariant points
derived from the vertical sections (@) and the nitrogen solubility
derived from the kinetic studies ( x ) (temperatures/K given against the
point). The formulae shown identify the four crystallisation faces

This behaviour pattern is different from that in the corres-
ponding Na-M-N (M = Sr or Ba) systems where the solubility
is directly proportional to the alkaline-earth metal content of
the solution and the precipitating phase is the alkaline-earth
metal subnitride, M,N (M = Sr or Ba). The difference in
behaviour can be directly related to the relative thermodynamic
stabilities of Li;N and Na;N.

Preliminary results*® from other systems, namely the
Li-Ca-N and Li-Sr-N systems, indicate that of the three
alkaline-earth metals, barium is the most effective in solubilising
nitrogen and calcium least effective. For example, at 673 K and
a concentration (x,) of 0.050 for the alkaline-earth metals, the
concentration of nitrogen (xy) is 0.047 in the Li-Ba-N system
(extrapolated results), 0.035 in the Li-Sr—N system *° and 0.025
in the Li-Ca—N system.*°
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