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The Al-ln (Aluminum-Indium) System 
26.98154 114.82 

By J. L. Murray 
National Bureau of Standards 

Equilibrium Diagram 
The Al-In system is characterized by liquid-phase immis- 
cibility below a critical point, a monotectic reaction of (A1) 
with the two liquids, and a eutectic reaction in which the 
last In-rich liquid solidifies. There are conflicting data  on 
the miscibility gap near  the critical point. By means of 
thermodynamic analysis  and consideration of nonclassical 
critical phenomena, we suggest possible sources of error in 
interpreting experiments. 

The assessed phase diagram, shown in Fig. 1 and 2, is 
based on thermodynamic optimization calculations using 
enthalpy of mixing and phase boundary data. This calcu- 
lation provides an upper bound on the critical temperature  
because it uses a classical model for the Gibbs energies and 

predicts classical critical exponents tha t  are known to be 
incorrect. The calculated miscibility gap has been adjusted 
near the critical point to give a more nearly correct ex- 
ponent for the phase boundaries. In Fig. 3, the calculation 
is compared to the assessed miscibility gap and to experi- 
mental  data, including data omitted in the optimizations. 

The solid phases of the system are: (1) the fcc (A1) solid 
solution, which dissolves about 0.045 at.% In, and (2) the 
(In) solid solution, which dissolves very little A1. The in- 
var iant  points defining the topology of the diagram are 
listed in Table 1. 

Monotectic Equilibrium and AI-Rich Liquidus. The mono- 
tectic point is 4.7 -+ 0.3 at.% In and 639 -+ 1 ~ The mono- 
tectic composition is taken from [81Gru], who analyzed a 
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Fig. 1 Al-ln Assessed Diagram 
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Fig. 2 Enlargement of the (AI) Liquidus and Monotectic Point with Experimental Data 
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series of alloys exhibiting a monotectic microstructure. 
This value is consistent with thermal analysis mea- 
surements of the Al-rich liquidus. 

[49Por, 47Val, 46Rau, 52Cam] made thermal analysis 
and/or DTA measurements of the (A1) liquidus. The data 

are compared to the assessed diagram in Fig. 2. All mea- 
surements agree within --+-7 ~ [47Val] found the melting 
point of pure A1 to be 658 ~ indicating that impurities 
were the cause of the relatively low melting points in this 
work. Thermal analysis data of [52Cam] lie about 7 ~ 
higher than their DTA data and are inconsistent with 
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Fig. 3 Comparison of the Calculated and Modified (Assessed) Critical Regions 
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Table 1 Three-Phase Equilibria and Congruent Transformations 
Compositions, Temperature, Reaction 

Phases / at.% In ~ ~ type 

L1 ~ (A1) + L2 . . . . . . . . . . . . . . . . . . . . . . . . . .  4.7 +- 0.3 0.045 -+ 0.005 
L2 ~ (A1) + (In) . . . . . . . . . . . . . . . . . . . . . . . .  -100 -0  
L ~ L1 + L2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -38 -+ 5 
L ~ (A1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
L ~ (In) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 

88.5 - 1 639 -+ 1 Monotectic 
100 156 Eutectic 

875 -+ 5 Critical 
660.452 Pure component 
156.634 Pure component 

van't Hoffs law. Of [46Rau] and [52Cam], the data of 
[52Cam] lie higher in temperature and are expected to 
be more correct because of the possibility of undercooling 
by [46Rau]. Monotectic arrests were observed in the 
range 634 to 640 ~ ([46Rau], 634 ~ [47Val], 635 ~ 
[48Kle], 640 ~ [52Cam], 638.6 ~ Again, higher values 
are preferred. 

In our thermodynamic calculations, we found that  we 
could easily reproduce a monotectic temperature between 
635 and 639 ~ but that the monotectic composition was 
a more sensitive test of the accuracy of the Gibbs energies. 
The monotectic composition was, therefore,  heavi ly  
weighted among the experimental data. The calculated 
monotectic point lies at 4.96 at.% In and 638 ~ The liq- 
uidus lies between the data of [52Cam] and [46Rau], 
within 6 ~ of the [46Rau] data and 3 ~ of the [52Cam] 
data. The calculated Al-rich liquidus is compared to the 
experimental data in Fig. 2. 

Liquid Immiscibility. Experimental determinations of the 
miscibility gap disagree with one another by as much as 
115 ~ near the critical temperature. Measurements are 
grouped in three sets: (1) direct sampling of two liquid 
layers within the two-phase region [52Cam, 66Cam]; 
(2) DTA [65Pre]; and (3 )emf  and enthalpy of mixing 
measurements [69Yaz, 70Yaz, 66Mas, 77Gir, 63Wit]. 

Miscibility gap data are summarized in Table 2. [66Cam] 
reported the highest critical temperature, 945 ~ [52Cam, 
70Yaz, 66Mas] reported intermediate values, and [69Pre] 
reported the lowest value, 830 ~ We tentatively place the 
critical temperature at 875 -+ 5 ~ based on an analysis of 
the most probable experimental pitfalls for these tech- 
niques and thermodynamic calculations. 

The direct sampling experiments of [52Cam, 66Cam] dis- 
agree with one another. [52Cam] sampled and analyzed 
the two liquid layers up to 850 ~ They performed a 
quenching experiment from 900 ~ and found that  no 
separation into two liquid layers had occurred during the 
homogenization treatment. Although phase separation 
during quenching may cause a single-phase alloy to ap- 
pear to be two-phase, the reverse is unlikely. We conclude 
from the quenching experiment tha t  the critical tem- 
perature is below 900 ~ [66Cam] used a different, appar- 
ently slower, technique for extracting the liquids and 
found phase separation at 900 ~ We hypothesize that the 
composition analysis of the alloys was performed in such a 
way that phase separation during quenching interfered 
with the results. Data below 800 ~ agree with [52Cam] 
and other work. 

We next considered the enthalpy of mixing data. En- 
thalpies of mixing [77Gir, 63Wit, 69Pre] as a function of 
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Table 2 Data on the Miscibility Gap 
Compositions(a), 

at.% In Temperature, Experimental 
Reference LI L2 ~ method 

85 685 emf 
75 760 
55 848 
40 (868) 
�9 .. (875) 
�9 .. 812 

88 660 emf 
85 735 
80 810 
70 842 
60 842 
5O (848) 
83.4 675 Analysis of 
73.8 750 two liquids 
68.6 800 

(48.9) 850 
86.0 650 Analysis of 
86.4 700 two liquids 
77.3 750 
72.1 800 

(69.1) 85O 
(61.2) 900 
80.2 725 Density 
�9 . 6~[7 DTA 
�9 . 675 
�9 . 725 
�9 . (812) 
�9 . (825) 
�9 . (830) 

46.8 (828) 
�9 .. 81.2 670 
�9 .. 82.9 696 

[70Yaz](b) . . . . .  ... 

. . .  

25 
10 

[66Mas](b) . . . . .  ... 
, , .  

[52Carol . . . . . . .  5.5 
7.4 
8.9 

(14.1) 
[66Cam] . . . . . . .  5.2 

7.9 
10.5 
10.4 

(13.5) 
(17.9) 

[69Zam] . . . . . . .  . . .  
[65Pre] . . . . . . . .  5 

6.1 
8.3 

17.8 
24.8 
40 

(a) Data in parentheses are considered very uncertain. (b) These data 
sets, except data in parentheses, were used to determine phase boundaries. 

composition lie on a s t r a igh t  l ine in the  two-phase  region. 
The break  points  on the  Al-r ich  side of the  misc ib i l i ty  gap 
are  difficult to de te rmine  because the slope of the  s t r a igh t  
l ine is very close to t ha t  of the  en tha lpy  in the  s ingle-phase  
region. Therefore, the  en tha lpy  of mix ing  d a t a  was not  
used to der iye phase  boundar ies .  

The difficulty of in t e rp re t ing  emf  da ta  is t ha t  the  slopes of 
the  emf  versus  t e m p e r a t u r e  for alloys of nea r  cr i t ical  com- 
posi t ions become equal.  Moreover, a t  the  cr i t ica l  point  
there  is a change of slope of the  emf  versus  t e m p e r a t u r e  
curve,  which can be confused wi th  the  o r d i n a r y  slope 
change at  the  phase  boundary  for alloys of noncr i t ica l  com- 
position. Elect romot ive  force da t a  are  most  unambiguous  
when severa l  a l loys  on both sides of the  cr i t ica l  com- 
posi t ion are  measured.  F rom the  da ta  of [70Yaz], phase  
bounda ry  da t a  can be ex t rac ted  u n a m b i g u o u s l y  up to 
850 ~ and the  cr i t ical  t empe ra tu r e  can be e s t ima ted  as 
between 870 and 880 ~ The cri t ical  composit ion can be 
es t imated  as 40 -+ 5 at.% In. Similar ly ,  for a l loys between 
85 and 60 at.% In, da t a  can be unambiguous ly  t a k e n  from 
[66Mas]. For  a 50 at.% alloy, the  t empe ra tu r e  of the  b reak  
point  is uncer ta in .  Again ,  the  cri t ical  t e m p e r a t u r e  is un- 
ambiguous ly  placed above 850 ~ 

Final ly ,  we consider  the  DTA work of [65Pre], who placed 
the cri t ical  point  a t  830 ~ In a DTA measurement ,  a 
sharp break  corresponding to a 15 J / m o l .  K d iscont inui ty  
in the  hea t  capaci ty  is expected at  the  phase  boundary  
(based on presen t  calculat ions).  The expe r imen ta l  diffi- 
culty is to ensure  t h a t  the  al loy is homogenized before 
beginning  the run,  e i the r  by s t i r r ing  or by holding for a 
sufficient t ime above the  miscibi l i ty  gap. F rom [65Pre]'s 
observat ion t ha t  the  hea t  effects were very  small ,  we hy- 
pothesize tha t  the  a l loys were heterogeneous  at  the  begin- 
n ing  of the  run  and t h a t  the  equ i l ib r ium misc ib i l i ty  gap 
was not observed. 

Fig. 4 Extrapolation of the Miscibility Gap to the Critical Temperature 
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The points are values calculated by the classical model: near the critical point, the critical exponent becomes classical. The straight line 
extrapolation to the critical point was used to draw the assessed diagram (Fig. 1). J.L. Murray, 1983. 
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We, therefore, rely primarily on emf data for the mis- 
cibility gap together with the direct sampling data of 
[52Cam] for temperatures 800 ~ and below. The phase 
boundary, Fig. 1, was arrived at by two steps: first, a ther- 
modynamic analysis was performed, to be described below. 
The calculated critical temperature is 902 ~ This tem- 
perature must be higher  than the true critical tem- 
perature because the classical Gibbs energy model gives 
an exponent of 0.5 rather than 0.31 for the phase bound- 
aries in the critical region. Below To, an exponent of 0.31 
is nearly approximated by the calculation over a wide tem- 
perature range. Next, a ~'calculated" critical point of 
875 + 5 ~ was arrived at by extrapolating the noncritical 
region to CL1 -- CL2 = 0. The procedure is illustrated in 
Fig. 4. 

Solubility of In in (AI). The maximum solubility of In in 
(A1) is 0.045 at.% at the monotectic temperature, based on 
[55Sam]. 

Two metallographic studies were made of the (A1) solvus, 
using different specimen preparation techniques on the 
same alloy samples. [51Har] used the presence of etch 
pits as evidence of undissolved (In) particles. Segregation 
of In to the grain boundaries without precipitation may 
also cause similar etch pits, and it was therefore suggested 
that errors would tend to place the solubility lower than 
the equilibrium value. [55Sam] repeated the study, using 
a different polishing technique, and indeed found the solu- 
bilities to be slightly higher. Data of [55Sam] are given in 
Table 3. The assessed diagram is based on a In c versus 1/T 
plot, which is expected to be linear for such dilute alloys. 
The plot deviates from a straight line only at the lowest 
temperature, 530 ~ Because failure to reach equilibrium 
or to observe very small precipitates may account for a 
too-high solubility at low temperatures, the higher tem- 
perature data are preferred, and the lower temperature 
solubility is adjusted from the original data accordingly. 

In-Rich Alloys. Below 300 ~ the solubility of A1 in the 
In-rich liquid is less than 0.2 at.% [47Val, 52Cam]. Re- 
ported tempera tures  of the reaction L--* (In) + (A1) 
range between 155 and 156.3 ~ [46Rau, 47Val, 48Kle, 

Table 3 Solubility of In in (AI) 
Exper imen ta l  Assessed 
composition, composition, 

Temperature, ~ at.% In at.% In 

530 . . . . . . . . . . . . . . . . . . . . . . . . . .  0.018 
560 . . . . . . . . . . . . . . . . . . . . . . . . . .  0.020 
590 . . . . . . . . . . . . . . . . . . . . . . . . . .  0.028 
615 . . . . . . . . . . . . . . . . . . . . . . . . . .  0.035 
638 . . . . . . . . . . . . . . . . . . . . . . . . . .  0.041 

Data from [55Sam|. 

0.014 
0.020 
0.028 
0.035 
0.045 

48Dav, 49Pog, 52Cam]. The eutectic temperature in Fig. 1 
is 156 ~ 

Data on the (A1) liquidus between the monotectic and eu- 
tectic t empera tures  were reported by [66Mas], emf; 
[65Pre], DTA; [52Cam], quenching. There is no serious 
discrepancy among these determinations. The data are 
well represented by the present thermodynamic calcu- 
lations, which have been used to draw the liquidus in 
Fig. 1. 

Metastable Phases 
[55Sil] studied the aging of single crystals of (A1) contain- 
ing 0.012 at.% In. Aging at temperatures below 300 ~ 
resulted in a metastable fcc In-rich precipitate, denoted 
In'. It was not determined whether the precipitate was 
coherent with the matrix. 

Systems with a liquid miscibility gap and monotectic reac- 
tion are favorable for the production of fibrous composite 
structures, and Al-In alloys were used in several solidi- 
fication studies. Zero gravity solidification experiments 
verified that critical point wetting provides a mechanism 
for macrosegregation even in the absence of gravitational 
segregation [77Gel, 79Ahl]. [80Pot] compared micro- 
structures formed during Bridgman, Czochralski, and iso- 
thermal solidification. [81Gru] showed that fibrous com- 
posite structures can be obtained by directional solidi- 
fication at growth rates below 5 ~m/s. 

Crystal Structures and Lattice Parameters 
Crystal structures and lattice parameters are summarized 
in Table 4. Lattice parameters of A1 and In are from [Pear- 
son], and of In' from [55Sil]. Data on lattice parameters as 
a function of composition are not available because of the 
very low mutual solubilities. 

Thermodynamics 
Experimental Data. Enthalpies of mixing were measured 
by [77Girl, [63Wit], and [69Pre], and emfmeasurements of 
the A1 partial Gibbs energies were made by [66Mas] and 
[69Yaz, 70Yaz, 71Lee]. 

The partial Gibbs energies have been used in this as- 
s e s smen t  p r i m a r i l y  as phase  b o u n d a r y  d a t a  (see 
~'Equilibrium Diagram"). Partial Gibbs energies from the 
present  calculat ions agree with the two emf deter-  
minations (within an error of, at most, about 400 J/mol). 

Enthalpy of mixing data fall into two sets, [63Wit] and 
[77Girl, which are consistent with each other and with the 
phase diagram, and [69Pre], which are higher than the 
former by as much as 2000 J/tool. Data of [69Pre] are also 
scattered (-+750 J/tool at intermediate compositions). 

Table 4 Al-ln Crystal Structure Data 
MaxlmuLm 

composition range(a), Pearson Strukturbericht Space Lattice parameters, nm 
Phase at.% In symbol designation group Prototype a c 

(AI) . . . . . . . . . . . . . . . . . . . . . . . . .  0-0.045 cF4 A1 Fm3m Cu 0.40496 . . .  
(In) . . . . . . . . . . . . . . . . . . . . . . . . . .  - 100 t/2 A6 I4/mmm In 0.45979 0.49467 
Metastable phase 
(In')(b) . . . . . . . . . . . . . . . . . . . . . . . . .  ft cF4 A1 Fm3m Cu 0.465 -+ 0.005 ..- 

(a) From the phase diagram. (b) Data from [55Sil]. 
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Fig. 5 Comparison of Calculated and Experimental Enthalpies of Mixing 
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This calculation at 900 ~ J.L Murray, 1983. 

For the present optimizations, we used enthalpy of mixing 
data from [77Gir, 63Wit] for compositions in the single- 
phase field. All the enthalpy of mixing data, including 
points not used for the optimizations, are compared to the 
present calculations in Fig. 5. 

Previous Phase Diagram Calculations (Liquid-Phase 
Gibbs Energy). Expressions for the liquid-phase excess 
Gibbs energy were reported by [72Gok, 74Per, 7SAns, 
81Kau]. 

[72Gok] and [74Per] computed Gibbs energies based on 
phase boundary data only. [72Gok] used the phase dia- 
gram from [Hultgren] with a critical t empera ture  of 
852 ~ Calculated mixing enthalpies are low compared to 
experimental values because a relatively low critical point 
was chosen as a constraint. [74Per] derived Gibbs energies 
(using a Lumsden model) from phase diagram data of 
[52Cam] and [66Cam]. Calculated mixing enthalpies are 
large compared to experimental values because the criti- 
cal temperature extrapolated from the phase boundary 
data is high: 975 ~ 

On the other hand, [78Ans] optimized seven parameters of 
a polynomial expansion of the Gibbs energy with respect to 
enthalpy of mixing and partial  Gibbs energy data [63Wit, 
77Gir, 70Yaz, 66Mas]. The result ing Gibbs energy agrees 
with the enthalpy of mixing data within about 250 J /mol  
and with heats of mixing derived from [66Mas] within 
900 J/ tool .  The Gibbs energy function is included in 
Table 5. This calculation provides a good representation of 
the enthalpies of mixing and predicts a critical tem- 
perature of about 850 ~ However, the calculation also 
has limitations that  should be recognized when these pa- 
rameters are used for further work: first, the low critical 

Table 5 Thermodynamic Properties of the Al-ln 
System, J/mol, J/mol. K 

Lattice stabilities of the pure components 

GA~(L--* fcc) = -10795 + 11,565 T From [Hultgren] 
GI"(L --* tet) = - 3 264 + 7.594 T From [Hultgren] 
GI"(L ---, fcc) = - 2908 + 7.113 T From [81Kau] 
Liquid-phase Gibbs energy 

[78Ans](a) 

H ~" = x(1 - x) [19188 + 25618x + 7996 8x 2] 
S "~ = x(1 - x)[-1.2443 + 1.24818x + 5.4392 8x 2 - 0.83518x 3] 

Present calculations(b) 

EAI(i) = --587.3 i + 313.6 i 2 
E I . ( j )  = -587.3 j + 361.0 j2 

(a) x = atom fraction In, 8x = (1 - 2x). (b) See text for description of 
the Mathieu model. 

point is achieved at the expense of disagreement with 
phase diagram data for the Al-side of the phase dia- 
gram. This is reflected in a calculated monotectic point of 
( - 6  at.% In, ~634 ~ Second, the excess entropy is deter- 
mined by partial  Gibbs energies almost exclusively at 
In-rich compositions. Because of the extrapolat ion to 
Al-rich compositions, this calculation appears  to over- 
emphasize partial Gibbs energy data. 

[81Kau] based a polynomial Gibbs energy on the analysis 
of [78Ans], simplifying the seven-parameter representa- 
tion to a four-parameter representation. The calculated 
monotectic point is (7 at.% In, 622 ~ and the critical 
point is 907 ~ [81Kau] also provided estimates of the 
melting entropy and enthalpy of metastable fcc In. These 
lattice stabilities are included in Table 5. 
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Present calculations at tempt to complement the previous 
thermodynamic analysis of this system. Three goals were 
set for the calculations: 

�9 To give suitable weight to all the available data, empha- 
sizing phase boundary data up to 800 ~ and enthalpy of 
mixing data over the entire range. This goal was real- 
ized by making simultaneous optimizations with respect 
to these two data types. 

�9 To account, although in a primitive and still classical 
way, for correlations associated with critical phenomena. 

�9 To use the fewest possible parameters,  in order to make 
use of the predictive nature of calculations for this con- 
troversial system. 

The latter considerations were addressed by the use of the 
Mathieu model Catome entourd"). In this model, we pa- 
rametrize the potential energies of atoms surrounded by 
Z near-neighbors as a function of the number  of un- 
like neighbors: 

EAI = A i + BA1 i 2 Ein = A j + Bin j2 

where i a n d j  are numbers of unlike neighbors for A1 and 
In, respectively. A and B are the energy parameters  to be 
optimized. Z has been set to 10, based on the experimental 
work of [75Hoe]. The excess functions are calculated using 
a quasichemical-type approximation for the entropy. For 
B equals zero, this model reduces to the quasichemical 
model, and the excess quantities can be written in closed 
form; otherwise, they are calculated numerically. Details 
of the theory and examples for ordering systems are elabo- 
rated by [65Mat]. 

Comparisons of the calculated phase diagram and en- 
thalpy of mixing with the experimental data are made in 
Fig. 3 and 5. The calculated critical point is (37.5 at.% In, 
902 ~ The calculated monotectic point is (4.96 at.% In, 
638 ~ and the composition of the second liquid at the 
monotectic temperature is 88.5 at.% In. The calculated 
excess entropies agree closely with excess entropies calcu- 
lated using a polynomial model, with additional parame- 
ters explicitly describing the entropy terms. As discussed 
above, the calculated critical temperature should over- 
shoot the true critical temperature, and corrections to the 
phase boundaries can be made by extrapolation into the 
critical region. 
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The Au-Ti (Go!d-Titan!um)System 

By J. L. Murray 
National Bureau of Standards 

Equilibrium Diagram 
The main outlines of the Ti-Au system are the result of two 
studies [56Pie, 62Pie]. Addit ional  data  from [78Pli, 
63Hah, 70Don, 62Sto, 54Mcq] corroborate and refine the 
findings of [56Pie, 62 Pie]. Thermodynamic calculations of 
the diagram agree very well with direct phase boundary 
data, within errors expected for a Ti-based system for 
which there are no experimental thermodynamic data. 
The calculated and assessed diagran~s agree within -+ 35 ~ 
for the invariant temperatures of the three-phase equi- 
libria, and they are usually much closer. In the assessed 
diagram shown in Fig. 1, the (Au) boundaries were drawn 
using the thermodynamic calculation because they agreed 
with the assessment within 2 ~ the (~s liquidus and 
solidus were based on calculations because the experi- 
mental  resul ts  do not conform with thermodynamic 
constraints. The rest of the assessed diagram was fitted 
directly to the experimental data. 

The equilibrium solid phases of the Ti-Au system are: 

�9 The bcc (flTi) solid solution, with a maximum Au solu- 
bility of about 15 at.%. 

�9 The cph (aTi) solid solution, with a maximum Au solu- 
bility of about 1.7 at.%. 

�9 The fcc (Au) solid solution, with a maximum Ti solu- 
bility of 12 at.%. 

�9 The stoichiometric compound Ti3Au, with the A 15 struc- 
ture and a congruent melting point. 

�9 The equiatomic TiAu compounds, with a maximum 
solubility range of 38 to 52 at.% Au. The allotropic forms 
with the CsC1, AuCd, and 7TiCu structures are desig- 
nated 7TiAu, flTiAu, and aTiAu, respectively. 

�9 The stoichiometric compound TiAu2, with the MoSi2 
structure and a congruent melting point. 

�9 The compound TiAu4, with composition range 79 to 
82 at.% Au. TiAu4 has the Ni4Mo structure and melts by 
a peritectic reaction with (Au). 

Fig. 1 Assessed Ti-Au Phase Diagram 
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Compared to selected experimental data. J.L. Murray, 1983. 
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