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FU)or treatment of internal explosions in the presence of both
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thnpossible to estimate equilibrium and internal-energy data for the
various chemical species present in the oxide system. both in solid and
liquid phases. for use in the blast computations.

E ) The solid phases. in agreement with published phase dia-
grams. consist of: (J-1 magnesia phase. in which a small amount of
spinel (magnesium aluminatel dissolves; (.4-a spinel phase in which

p either magnesia or alumina is soluble to a considerable ex tenrjand (Li..
pure alumina phase. The solid phases were treated by the methods of
the thermodynamics of non-ideal solutio 'ns. The melt was assumed to
contain chemically reasonable ions. plus unionized .MigO. and to behave
as an ideal solution.

iy 'The parameters of the model were adjusted to give the most
satisfactory fit to the known phase diagram. It is emphasized that the
model does not purport to be an actual explanation of the structure of
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TS

INTRODUCTION

PROBLEM

For solution of the internal explosion problem in systems containing both Mg and A I
metals, there are needed representations for internal energies of the species present and for
the chemical potentials of oxygen, aluminum, and magnesium as functions of temperature
and composition. When aluminum oxide and magnesium oxide are both present in a con-
densed phase, the requirements of the equilibrium phase diagram must be met. This diagram
shows a maximum in freezing point corresponding to the composition magnesium aluminate
(MgA I 204), or spinel, with an extensive solid-solution region on either side of the spinel
composition, a restricted solid solution rich in magnesia, and substantially no solid solution
in the vicinity of pure alumina.

REQUIREMENTS OF THE MODEL

The discontinuities in the solid solutions indicate considerable non-ideality in the solid
phases (with activity coefficients very likely greater than unity). There is insufficient infor-
mation to treat both liquid and solid phases as non-ideal. Hence the liquid solutions will be
assumed to be ideal.

DATA AVAILABLE

JANAF: I internal energies (computed from enthalpies) and equilibrium constants of
formation for MgO (liquid and solid) and MgAI 2 0 4 (solid only). Melting points agree well
with recent phase diagrams (vid. inf ).

Phase equilibrium data: 2,3 the data for MgO-spinel appear more reliable than those for
* A l203-spinel. Several regions in the resulting diagram appear rather uncertain: the liquidus

'National bureau of StandaTds. JANAF Thermochemical Tables, by D. R. Stull and H. Prophet. 2nd ed.
* Washington, D. C., NBS, June 1971.

2A. M. Alper, R. N. McNally, P. H. Ribbe, and R. C. Doman. -The System M#O-MsAI20 4," inJ. Amer. Ceram.
Soc., VoL 45 (June 1962), p. 265.

3D. ViechnickiL F. Schmidt, and J. W. McCauley. "Liquidue-Solidus Determinations in the System
MsAI20 4-AI20 3," in . Amer. Cerm. Sc-., Vol. 5 1. No. I (January 1974), p. 47.
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NWC TP 6433

for A1120 3 in spinel (which must be surmised, except for a few scattered points near the
eutectic), the solidus for MgO in spinel (a rather short region in which no experimental
points are shown), and the lower bounds for the solid solutions, which are merely estimated
to be at about 15000 C (1800 K).

NOTATION

The composition of the liquid phase will be designated Y. giving the mole-fraction of
MgO on the basis of MgO and A1203 as the components. The composition of solid phases
will usually be designated by Xi, which is the mole-fraction of component i on the basis of

MgO and spinel or AI20 3 and spinel as the components. For some purposes it is convenient
to consider MgO and AI20 3 as components of the solid. The symbol Z will be used for the
mole-fraction in MgO on this basis. Note that Z = XSp/(1 + XSp) when the components
are considered to be spinel and AI20 3 , and Z = 1/(1 + XSp) when components are spineli and MgO.

Mole-fractions of individual species in the liquid phase will be indicated by writing the
formula of the substance. Since the solutions are considered ideal, the activity of each
species is treated as equal to its mole-fraction in the liquid. The standard state for each is
the pure liquid, which is of course hypothetical for the ionic species.

tActivities for MgO, spinel, or Al20 3 in the solid phases are written ai . The standard
state for each is the pure solid.

Melting-point equilibria are presented as equilibrium constants. For MgO, SMa is
defined as the ratio of the Kf values for the liquid divided by that for the solid, and would
be the ratio of the activities of MgO in the two phases if MgO is considered undissociated in
the liquid. For AI-0 3 , SAo is used for the similar quantity. If complete dissociation is
assumed (AB - A + B), then SAB = Kliq/Ksol = moles (A)/(I + moles (A)) which can be
shown equal to A/(I - A), in mole-fractions, or A = S/(I + S). But since A = B, the "solu-
bility product," KAB I S/( + S)] I.

The equilibrium constant for the dissociation of spinel in the solid will be denoted
Kd = aMgO • aAo/aSp. Here and elsewhere are used the abbreviations Ao for A12 0 3 and
Sp for spinel. The symbol used for the mole-fraction of ions will often lack charge.

THE MODEL USED

Species assumed present in the liquid are MgO, Mg2 +, A1O+ , and A102. Thus MgO
dissolves without dissociation, spinel dissolves partly as Mg2 + + 2AI0 2 - and A12 0 3 as
AO + + A10 2 -: but these last two are modified by the necessity to consider the "neutrali-
zation" equilibrium, MgO + AIO + = Mg2 + + A102-.

4
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NWC TP 6433

PURE SPINEL AT ITS MELTING POINT, 2380 K

Consider the reactions, each with its respective equilibrium constant:

MgOWs = MgO SMa =0.409

AM20 3 (s) = AIO+ + AMO 27 KAo = (SAoI(I + SAo)) 2 
=0.293

Sp(s) = Ao(s) + MgO(s) Kd = 0. 136

Sp(s) = MgQ + AI0 4 + A0 27 KSp = 0.0 163 (at 2380 K)

By computing KSp at several other temperatures it is found that the temperature

coefficient, expressed as d(ln Ksp)/d( Il/T) is -24.8 K.

In general, three equations must be satisfied:

Mole-fraction: MgO + Mg + MIO + A10 2 = 1 (1)

Charge: AMO 2  M AO + 2Mg (2)

I Composition: Y =(Mg + MgO)!/(Mk, + MgO + 1/2(A1O + AIli)) (3)

These three equations combined with the expression for K~,lead to the cubic

MO - MO -(2/3 - MIO) =0.0163, from which, at 2380 K,

MIO = MgO = 0. 184

Mg = 0. 150

A10 2 = 0.483

And thus can be computed the neutralization constant

=n (Mg Al0 2)/(MgO - MO) =2.140 at 2380 K

'i5
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TENTATIVE RESULTS

Approximate calculations were performed, using experimental Y values, on the basis of
an assumed temperature coefficient of Kn. These calculations showed that in the MgO
solid solution (minimum XMgO = 0.922) it may be reasonably assumed that Raoult's law
applies to the solvent, MgO, and Henry's law to the solute spinel. Thus aMgO = XMgO and
asp = k • XS, where k is the Henry's law constant, equal to a constant activity coef-
ficient, to be determined.

In the solutions of MgO in spinel, these tentative computations show that

In aMgO = a+ br 1 2  (4)

where

r = XMgO/XSp

This curious behavior results from the choice of components used. The activity of MgO
does not fall to zero in pure spinel because of the dissociation. As a result, Henry's law will
not hold for MgO even in the limit.

The calculations also give aMgO = 0.449 and aAo = 0.303 in pure spinel at its melting
point. 2380 K. It will be assumed that the ratio aMgo/aAo in pure spinel is independent
of temperature. Now the dissociation constant. Kd = aMgO • aAo/aSp, and for pure spinel
asp = 1. Thus it may be said that

aMgo = (1.84 • Kd)l/ 2 and a~o aMgO/1.484 (5)

in pure spinel at any temperature.

For alumina in spinel, the tentative results indicate that

In aAo a'+ b' XAo (6)

APPLICATION OF THE GIBBS-DUHE.M EQUATION

For any binary system 4

X1 d In aI =-X2 d In a2  (7)

When applied to the solid solutions of MgO in spinel, where

In aMgO 
= a + br 1 / 2  (4)

4G. N. Lewis and M. Randall. hermodynwmks, 2nd ed., revised by K. S. Pitzer and L. Brewer, McGraw-Hill,
New York. N.Y.. 1961, Chapter 20.

6
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it follows that

In asp = -b/3 r3 / 2  (8)

At 2270 K (the MgO-Sp eutectic temperature), aMgO in pure spinel equals 0.440 (from
Equation 5) thus a = -0.821. The MgO solid solution at the eutectic temperature has the
composition XMgO = 0.922, so that (in view of the assumption of Raoult's law in this
solution) aMgO = 0.922 in the eutectic at 2270 K. The value of r is obtained from the
composition of the spinel solid solution at the eutectic

XMgO = 0.350

From this. b is computed to be 1.008 at 2270 K.

For the Ao-Sp solid solutions it was found that

In aAo = a'+ b' • XAo (6)

from which application of the Gibbs-Duhem equation (Equation 7) shows

In asp = b' (XAo + In XSp) (9)

At 2250 K, the temperature of the Ao-Sp eutectic (Equation 5) gives aAo -0.295 in pure
ilk spinel. so that a' " -1.221. The spinet solid solution at the eutectic has XAo = 0.809; the
* €activity of alumina at the eutectic is set equal to unity since there is essentially no solubility

of spinel in alumina. As a consequence, b' = 1.509 at 2250 K. Using this, asp at the eutectic
comes to 0.279, which compares favorably with the tentative value of 0.258 (computed
from Y).

EVALUATION OF ENTHALPY OF NEUTRALIZATION

Given aMgO and asp, Y and Kn can be found as follows

MgO -aMgO * SMa

MgO AIO • A10 2 = asp KSp

Hence

A10 AIO 2 
= aSp • KSp/(aMgO - SMa) = K'

*, When applied to the MgO-spinel eutectic at 2270 K,

K' -0.876 • 0.0098/(0.922 • 0.341) = 0.0274
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Combined with Equations 1 and 2, the foregoing permits solution for all four com-
ponents in this system:

AlOi- = 0.4361

AJO + = 0.028

Mg2+ = 0.1867

MgO = 0.3144

Thus

Kn = 0.1867 x 0.4361/(0.3144 x 0.0628) = 4.124 at 2270 K.

When this result is combined with the Kn previously found at 2380 K (2.140), the er y
change for the neutralization reaction, AHn , is found to be -268 ki /mole.

Substitution into Equation 3 yields Y = 0.668 for the eutectic solution, comparng
favorably with the experimental Y = 0.677.

BOUNDARIES OF THE SOLID SOLUTIONS

* MgO Solid Solutions

The solidus curve (the point of frst melting) is given by Alper, et al.2 An empiricalIi representation is

Z = 0.922 + 0.000153 (T -2270) -7.1 x 10-8 (T -2270) 2  (10)

(2270 < T < 3100)

The isothermal limits of the solid solution (the boundary separating the one-solid
and two-solid regions) is not known. A linear representation has been assumed with the
known eutectic point as the'upper limit and assuming 1800 K as the lower limit, so that

Xsp = k4 t (11)

where

t -T- 1800
k4  0.00016

8
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Spinel Solid Solution, MgQ Side

The data of Alper, et al. allow only an estimation of the solidus:.2 nonetheless, the
termini (melting point of pure spinel and the triple point) are given. A quadratic form of the
same sort as used for the other two solidus curves was assumed

Z =0.608 -0.00155 (T -2270) +5.1 x10-6 (T -2270) 2  (12)

(2270 <TK 2 380)

For the limiting solubility of the solid solution, again a linear relation is assumed

X~p I -k t (13)

where

t = T -1800

kI=0.000745

Spinel Solid Solution, Alumina Side

Data for the solidus are given by Viechnicki, et al.3 A reasonable fit is given by

Z =0. 150 +0.00512(T -2250)- 1.86x 10-(T- 2250)2  (14)

(2250<T< 2380)

For the limiting solubility of the solid solution the assumed relation is

p=I -k7 t (15)

where
t = T- 1800
k7 = 0.00 183

ACTIVITIES IN THE SOLID SOLUTIONS

Z Greater Than 0.5

In the spinel-MgO solid solution, as discussed previously, the activities of the com-
ponents are represented by

In a(MgO =a +bri / 2  (4)

In asp = -b/3 r3 /2  (8)

where

r =XMgOIX~p



NWC TP 6433

The parameter a is found at each temperature, as discussed previously

a = In aMgO '

where aMgO ' is the activity in pure spinel and is given by Equation 4 as

(1.48 • Kd)l/2

A satisfactory empirical representation is given by

a =-k) + k3 /T (16)

where

ki = 0.2252
k3 = -1348

Next, b is found by using the following concepts. In the region of two solid phases,
aMgO and aSp are the same for the two phases. Raoult's law is assumed for MgO in the
MgO solid solution, so that along the solubility limit of that solid solution, aMgO = X(MgO
in MgO) = I - k4 t. from Equation 11. This value applies also to the spinel solid solution in
equilibrium, for which r = XMgo(in Sp)/Xsp(in Sp): and from Equaton 13 it follows that

r= 1/k I t- 1 (17)

Substituting the values for aMgo , a, and r from Equations 4,16, and 17, it is found that

b = (ki t/(l - kI t) )l/ 2 (k, _ k3 /T + ln(l - k4 t)) (18)

where

k = 0.000745
k) = 0.2252
k3 = -1348
k4 = 0.00016

t=T- 1800.

Values at several temperatures are given in Table I. The values of a and b so found are then
used to compute asp, from which is found -7 Sp = aSp/X(Sp in MgO). The results of the
calculation, when extended above 2250 K, are in fair agreement with those computed by
the use of Equations I and 2 combined with the values of SMa and XMgo along the liquidus:
disagreement as large as 25%, however, is observed in places. ySp is constant at any tempera-
ture throughout the MgO solid solution (a consequence of the assumed conformity to
Henry's law for the solute, spinel).

10
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TABLE 1. Constants Used in the Calculation of the Phase
Diagram (MgO-Spinel).

Temperature, a XMgo(MgO) Xsp(in Sp) b ap Sp
K sp

1900 -0.936 0.984 0.926 3.25 0.976 52.5
2000 -0.898 0.968 0.851 2.07 0.95 1 30.0

2100 -0.865 0.953 0.777 1.52 0.925 19.8

2200 -0.839 0.938 0.702 1.19 0.896 14.4

2270 -0.821 0.922 0.650 1.01 0.876 11.2

Alumina-Spinel Solid Solutions

It was previously pointed out that the activities here could be represented by

In aAo a'+ b• XAO (6)

In aSp b (XAo + In XSO) (9)

Using aAo' for the activity of alumina in pure spinel, by analogy with the treatment for
MgO, it may be written that

a' = In aAo' = ln(aMgo'/1.484 )

at each temperature. In the two-solid region the solid solution is in equilibrium with pure
alumina, or aAo = 1. Thus, for XSp along the solubility boundary b' can be computed,
again much as for the MgO case. Some results are given in Table 2.

RECONSTRUCTION OF THE PHASE DIAGRAM

Based on the foregoing, it has been possible to reconstruct the temperature-composition
diagram for solid-liquid equilibria in the system MgO-Ai-0 3 . The solidus curves. Z as a
function of T, were constructed according to the discussion in the section entitled "Boundaries
of the Solid Solutions" using Equations 10, 12, and 14. Activities of Ao and MgO were com-
puted from the methods described in the section entitled "Activities in the Solid Solutions."
These values, combined with the stoichiometric relations (1), (2), and (3) and the value of
Kn permit computation of Y, the composition of liquid solution in equilibrium with solid at
the chosen temperature.

II
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TABLE 2. Constants Used in the Calculation of the Phase
Diagram (Alumina-Spinel).

Temperature, ,
K a Xsp asp YSp

1900 -1.331 0.817 7.273 0,870 1.06

2000 -1.293 0.634 3.533 0.728 1.15

2100 -1.260 0.451 2.295 0.567 1.26
") 00 - 1.2 34 0.268 1.685 0.373 1.39

22,50 -1.221 0.176 1.477 0.260 "1.47

Figure I shows the results of these calculations. Squares represent the data reported in
the literature; 2 . 3 the solid curves pass through the computed points. The figure also indi-
cates the solid-solid boundaries. The agreement with experiment is considered excellent for
MgO solutions and considered good for spinel solutions (especially considering the uncer-
tainties in reported data). The most serious disagreement is seen in the region of the Ao-Sp
eutectic. where the error is about 0.05 in mole-fraction.

3.100

3.000

2,900

S2,800 LIQUID SOLUTION LQI

2,400

ASPINEL SOLID

2 S0 ALMINLA SOLUTION MgO + SPINEL

LIQUIDFSOLTIONMg

0.1

FIGUR 1. L:IQUID;.;~g .
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ENTHALPIES IN THE SOLID SOLUTIONS

THEORY

The treatment here is basically the same as that of Lewis and Randall.4 The relative
partial molal enthalpy of component i is defined by

= H- H0i (19)

where Hi is the partial molal enthalpy in the solution and H0i that in the reference state.
which, for all our cases is the pure component. Thus, for n. moles, the contribution to the
enthalpy in the solution is

Hi = niHi = ni(Li + H~i) (20)

For an ideal solution each Li is zero.

It is also shown in the reference cited as footnote 4 that

a In "i/aT =Li/RT2  (21)

or the equivalent

a In "}i/a( i/T) =-i/R

MgO SOLID SOLUTIONS

These solutions are assumed "dilute" in the sense that Raoult's law is considered to
apply to MgO and Henry's law to spinel. As a result, the activity coefficient of MgO is
always unity, and thus LMgo(in MgO) is zero.

If log VSp is plotted against l/T, using the values from Table 1, a somewhat S-shaped
curve is obtained. It can be safely presumed that data at the lower temperatures are
unreliable due to the arbitrary nature of Equation II used for the solid solution boundary.
If these lower points are disregarded, as well as those at the highest temperatures (where
again there is appreciable nonlinearity), a slope is found for d In 7fi/d( l/T) of 13800 K. so
that Lsp(in MgO) = -115 kJ/mole (from Equation 21). In principle, the temperature depend-
ence at each point could have been used, but the uncertainties in the data do not warrant
this refinement.

13
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MSO IN SPINEL SOLID SOLUTIONS

From Equations 4 and 8 and the definition of activity coefficient

In YtMgO = a + br 1/2 - In XMgO

In - 5 ~ = b/3 r3 / 2 -In XSp

The derivatives at constant composition become

d In -Mgo = da db (2

d(l /T) d(lI/T) M(I/T)

dln7P..-r 3 1  db(23)
7d7 /T) 3 d(1/T)

Although an exact representation for the derivatives called for by Equations 22 and 23 is
possible, it is more realistic to use a simple empirical expression. It is found that (to within

b = b + b-iT (24)

where

b1 -7.375

*1 = 18.8 x 103 K.

In addition, examination of Table I shows that da/dT is negligible compared with db/dT.
Thus we write, using Equations 21 through 24

tLMgO(in Sp)= Rr1 2 b2  (25)

Lsp(iI1 SOp) -R/3 r3 /2 b,) (26)

SPINEL-ALUMINA SOLID SOLUTIONS

By application of Equations 6 and 9, we obtain the analogs of Equations 22 and 23.

14
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dIn aAo db da
XAo 0 - + -(27)

d(IfT d/T) d(I /T)

d In a5  db'
d/T (XAO +In XSp) .7- (28)

Again the variation in a' may be neglected. The empirical relationI.b' = b3 + b4/T (29)

where

b3 =-15.1

b4 =37.0Ox 10 K

represent the data to about 107o. As a result we may write

LAo(in Sp) =-R b4 XAo (30)

LSp(in A0 ) =-R(XAo + In XSp)b4 (31)

SUMMARY

* The enthalpies in the solid phases may now be tabulated with numerical values. The
symbol H* is used in Table 3 for the enthalpy of the pure phase.

TABLE 3. Molar Enthalpies for the Solid Phases
Present in the System MgO-A1203.

Component Phase Molar enthalpy, kJ/mole

MgO MgO H*Mgo

Spinet MgO H*p- 11 5

MgO MgO-Sp H*MgO - 56 rl/ 2

Spinet MgO-Sp H5* - 52 r3/2 '

Alumina Ao-Sp H*AQ - 307 XAO

Spinet Ao-Sp H p- 307 XAO -37 In 0I - XAo)

i t
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ENTHALPIES IN THE LIQUID SOLUTION

The JANAF tables give enthalpies for fused MgO and fused A12 0 3 , denoted in the
following as JMgO and JAo, respectively. 1 From the model presented it can be said that

HMgO = JMgO (32)

HAO + HAIO, = JAo (33)

In addition, the enthalpy change of the "neutralization" reaction,

MgO( I) + AO + = Mg2 + + AlO2f

A, was given as AHn = -268 kJ, so that

HMg + HAO2j - HMgO - HMQO = -268 kJ (34)

In an ionic medium, any one of the ionic enthalpies may be chosen arbitrarily (as is
done with H+ in aqueous systems). It is thus convenient to set HALOI = 0 at all tempera-
tures. The remaining enthalpies become

HMgO = JMgO

HAlO2 JAo

HMg JMgO + JAo 268 kJ

APPLICATION

This model has been devised to provide an estimate of the thermodynamic parameters
of the components of the MgO-AI2 0 3 system. It should not be construed as an attempt to
represent the actual thermodynamic behavior of the system, but only a simplified one which
is consistent with the melting-point diagram.
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Appendix A

REJECTED MODELS

A large number of possible models for the system were examined and rejected on the
basis of poor fit. Two examples are given, indicating the unsatisfactory features in some
detail; there follows a listing of other models with a brief reason for the rejection. Each case
is identified by the species assumed present in the liquid.

t_ I 1. MgO. Ao, Sp

For the equilibrium

Sp(s) = MgO(l) + Ao(l), K MgO • Ao SMa SAo

= 0.136 - 0.409 = 0.0656 at 2380 K

(melting point of pure spinel). In this solution MgO = Ao = 0.06561/2 - 0.26; and thus

Sp = 1 - 2(0.26) = 0.47

The dissociation constant of spinel in the solution phase,

D bo MgO Ao/Sp = 0.26 - 0.26/0.47 = 0. 15

This relation is combined with the material balance and the expression for Y, which here
becomes (MgO + Sp)/€] + Sp). These three equations, for any given value of Y, permit

solution of the three mole-fractions.

For example, in saturated MgO at 2300 K, Y = 0.689. from which it can be computed
that MgO = 0.587. The solid solution in equilibrium at 2300 K has XMgO = 0.930; SMa
at this temperature is 0.339. Thus is computed aMgO = MgO/(XMgo • SMa) = 0.587/
(0.93 • 0.339) = 1.86. Since it is impossible for the chemical potential of a component in a
solution to exceed that of the pure component, the model may be rejected at once. It may
be remarked that the result given here is typical of all the points for which the calculation
was tried.

17
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The solubility equilibria applicable to pure spinel at 2380 K are

MgO(s) = Mg++ + 0, KMgO = rSMa/(l + SMa)) 2 = 0.0842

Ao(s) = A10+ + A102-, KAo = CSAo/(l + SAo )]2 = 0.293

When these are combined with Kd -0. 136, one finds for the solution of spine!

Sp(s) = Mg++ + 0-- + Al0+ + ML02 -, KSp = KMgO KAo -Kd = 0.0036

This equation is then combined with the material balance (Mg++ + 0-- + AIO+ + A10 2 7 1 ),
*the charge balance (2Mg++ + AI0+ = 20-- + A10 2 -), and the stoichiometric condition

Y = 0.5 =Mg++/[Mg++ + 1/2(Al0+ + Al0,-Sj.

There results a quartic equation in 0, for which the smallest root is 0.391, leading to
negative values for both Mg++ and Al0~,'.

3. The following models all resulted in a~gcj in the range 1.2 to as much as 1.8 for

saturated MgO at the lower temperatures

MgO, Ao. Mg++, A10 2 .-

MgO. Ao, Mg++, AM204 -.

MgO, Ao, A10 2 -, MgAlO 2 . (This model gave the least deviation for the alumina
solutions).

MgO. AlO+, A102,-, MgA1O2+.

Ao, Mg+,0-, A102.

Ao, Mg++, 0, MAl 2,MA. ,+

Mg++, 0--, AIO+.

Mg++, Or-, A1O+, A10 27, MgA1Q2+.

4. Mg++, 0,- AIO+, MgAIO 2+

For this model no solution exists that satisfies the equilibrium and stoichiometric
* requirements in pure spineL

18
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