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A technique has been proposed for determining thermodynamic activities in a binary al-
loy from measurements of the pressure of hydrogen gas equilibrated with the alloy and
the hydride of one of the components. The technique is s i m i l a r t o a method by equilibra-
tion of oxygen gas with an ahoy and the ox ide of a component. With the use of this tech-
nique, activities of the components in the T i - C u system at 773 K have been measured.
From the m e a s u r e d activities, the standard free energies, enthalpies, and entropies of
formation for intermetallic compounds "TiCu4", " T i C u " , a n d " T i 2 C u " have been d e t e r -
mined.

V A R I O U S techniques 1 have been employed for m e a s -
u r i n g thermodynamic activities in multicomponent sys-
t e m s . A m o n g the indirect measurements, the method
of m e a s u r i n g the equilibrium oxygen pressure between
an alloy and the oxide of one of the components has
been successful with the use of oxygen concentration
ce l l s 2 The principle of this method is very simple,
and it should be applicable to hydrides, nitrides, sul-
fides, chlorides, and so forth. This extended applica-
tion, however, has been not so widely used as for
oxides, firstly because no convenient in s i tu p r e s s u r e
m e a s u r i n g device like solid electrolytes with l ime-
doped zirconia have been successfully developed.

For the case of metal-hydrogen equilibration,
another discouraging r e a s o n is that most hydrides
have a large departure from stoichiometry, whose
degree depends strongly on the hydrogen gas pressure.
This strong dependence indicates that the chemica l
potential of the m e t a l in a hydride is not a l i n e a r func-
tion of logarithmic pressure of hydrogen gas. Accord-
ingly, a p r e c i s e knowledge of the variation of the m e t a l
activity in the hydride with hydrogen gas p r e s s u r e is
v i t a l for thermodynamic studies of alloys with the aid
of the metal-hydrogen equilibration. Even when the
m e t a l activity is determined in an alloy equilibrated
with the meta! hydride, t h e r e is one more step of cal-
culation t o ass ign a conclusive value to the m e t a l ac-
tivity in the alloy containing no hydrogen, whose solu-
bility is in genera l significantly l a rge .

The purpose of this work is firstly t o show the
method of determining the activity of a component in
an alloy from a measurement of the hydrogen gas
pressure in equilibrium with the alloy and with a hy-
dride of the component, and secondly t o report the
thermodynamic properties of the T i - C u binary system,
which were determined by the above method.

PRINCIPLE FOR DETERMINING ACTIVITIES
FROM EQUILIBRIUM HYDROGEN GAS PRESSURE

In this section is considered a binary alloy A - B , in
which B f o r m s a much more stable hydride B H x than
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METALLURGICAL TRANSACTIONS A

A d o e s . The partial m o l a r free energy of B , G B , in
the alloy, which is equilibrated with BHx and hydrogen
gas u n d e r constant p r e s s u r e and temperature, equals
that of B in B H x . This equilibrated hydride contains
an amount of A atoms, which is negligibly s m a l l be-
c a u s e of much lower stability of the A hydride than
the B hydride. Accordingly, the B hydride may be
considered " p u r e " . G B in pure B H x can separately
be determined from a variation of the hydrogen con-
centration with the p r e s s u r e of hydrogen gas in equi-
librium with pure B m e t a l .

The Gibbs-Duhem relation in the B-.H system under
constant temperature and pressure is X B d G B + X H d G H
= 0, which can be r e a r r a n g e d to:

X B d i n t/B + X H d , u r H 2 = 0 [1]

where Xi is the mole fraction of component i, aB is the
activity of component B with pure B placed as the
standard state, and PH2 is the pressure of hydrogen
gas in equilibrium with the alloy. In derivation of
Eq. [1], the equility, GH in alloy = GH2/2 in gas, by
virtue of the second law of thermodynamics and the
approximation of " i d e a l " He gas have been used.
Equation [1] can be integrated t o

1 / 2 112
hl a B = -- f P u 2 XHdPH2 [2]

0

because by definition aB = 1 for PH2 = 0, or pure
m e t a l B. The range of integration in Eq. [2] extends
to the hydride reg ion in the B-H system. In Fig. 1 is
shown the plotting of X . / ( 1 - XH ) P ~ vs P~/~ for the
ease of the Ti-H system, which will l a t e r be used for
graphical integration in Eq. [2]. F i g u r e 1 was obtained
by replotting McQuillan's dataa on the Ti-H system.
In this way the activity of metallic component B in the
hydride B H x can be determined, and it is equated to
t o the activity of B in the A - B alloy which is thermo-
dynamically equilibrated with the hydride as well as
hydrogen gas. In Fig. 2 thus calculated activities of
T i in " T i l l 2 " with pure a - T i used as the standard
state are plotted a g a i n s t the hydrogen gas pressure.

The next procedure is t o calculate the activity of B
in the A - B alloy with no hydrogen dissolved. This cal-
culation can be made if va lues of PH2 have been d e t e r -
m i n e d over the whole compositional range of hydro-
gen in the A - B - H solution. A l o n g lines of constant
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X A / X B , w h i c h i s the mos t c o m m o n e x p e r i m e n t a l con-
d i t i o n f o r h y d r o g e n a b s o r p t i o n , a G i b b s - D u h e m i n t e -
g r a t i o n y i e l d s the f o l l o w i n g e q u a t i o n f o r the a c t i v i t y
c o e f f i c i e n t (TB) of B . l a

In VB/ B

: In +

I . j ; ~ I { ( O I n ( X H / P ~ : ' I [ '] ~ [3]"

/xA/O-XH).aX - x a ,xB
+

*Equation [3] has been yielded from Eq. [12] of Ref. 13, in which G/~= const.
-R T1n (XH/P~,) for "ideal" H2 gas, and m = B, k =H, and C~ = XA/Xa.

w h e r e the s u p e r s c r i p t " + " s t a n d s for the b i n a r y A - B
ea l l o y wi th no h y d r o g e n d i s s o l v e d , and X H is the s o l u -

b i l i t y of h y d r o g e n in e q u i l i b r i u m with the h y d r i d e .
If v a l u e s of P H a r e k n o w n only a l o n g one l ine of2c o n s t a n t X A / X B m a v e r y n a r r o w s o l u t i o n r a n g e of

the A - B - H a l l o y ( e . g . , i n t e r m e t a l l i c c o m p o u n d s ) , the
d e r i v a t i v e of the i n t e g r a n d in E q . [3] c a n n o t r i g o r o u s l y
be e s t i m a t e d , and h e n c e the e x a c t v a l u e of y ~ c a n n o t
be c a l c u l a t e d . F o r th i s p a r t i c u l a r c a s e , h o w e v e r , a n
a p p r o x i m a t e v a l u e of a ~ c a n be e s t i m a t e d upon con-
s i d e r i n g the a s s u m p t i o n that the t h e r m o d y n a m i c i n t e r -
a c t i o n b e t w e e n A a n d H is m u c h w e a k e r than that b e -
t w e e n B and H, a s f o l l o w s . T h e G i b b s - D u h e m e q u a t i o n
f o r the t e r n a r y A - B - H s y s t e m u n d e r c o n s t a n t t e m -
p e r a t u r e a n d p r e s s u r e m a y be w r i t t e n as:

X A d i n aA + X B d In aB + X H d In P ~ : = 0 . [4 ]

D i v i d i n g th i s e q u a t i o n by X A + X B (= 1 - X H) a n d then
i n t e g r a t i n g i t a l o n g a l ine of c o n s t a n t X A / X B , we no te
that X A / ( XA + X B ) = c o n s t a n t = X ~ a n d X B / ( XA + X B)
= c o n s t a n t = X ~ a n d we f i n d :

1 / 2xH d P u 2
-~A In a+A// aA + X~B In a ' B l a B = -- f opl/2 (1 - x ~ ~pl j2 [5 ]

H2 / H2
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F i g . 1--Replot t ing of McQuil lan 's da ta3 on hydrogen a b s o r p -
t ion in the Ti-H s y s t e m at 773 K.
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F i g . 2--Dependence of the Ti act ivi ty on the hydrogen gas
p r e s s u r e in the Ti-H s y s t e m at 773 K, calculated from F i g .
1 . The standard s t a t e for the Ti act ivi ty i s pure c~-Ti.

w h e r e the l o w e r i n t e g r a t i o n l i m i t i s the v a l u e f o r hy-
d r o g e n gas in e q u i l i b r i u m with the A - B a l l o y and the
B h y d r i d e . By a s s u m p t i o n aA i s not so m u c h a f f e c t e d
by the d i s s o l u t i o n of h y d r o g e n a s aB, and h e n c e YA
m a y b e a s s u m e d to be c o n s t a n t . A c c o r d i n g l y , E q . [5]
b e c o m e s :

In a+B/aB = - (X+A/X*B) In (X+A/XA )

FI2 [6]1 r o X H dPln

- ~ B j P , n (2 - X H ) P } ~
H2

In th i s e q u a t i o n aB i s the a c t i v i t y of B in c o e x i s t i n g
A - B a l l o y and B h y d r i d e , and i t has a l r e a d y b e e n g i v e n
by E q . [2]. T h u s , the a c t i v i t y of B in h y d r o g e n f r e e a l -
loy A - B c a n b e c a l c u l a t e d .

A P P L I C A T I O N TO T H E T i - C u S Y S T E M

T h e T i - C u b i n a r y a l l o y s y s t e m has s e v e r a l i n t e r -
m e t a l l i c c o m p o u n d s , a s s h o w n in F i g . 3 . In th i s w o r k ,
the t h r e e c o m p o u n d s a t l o w e r t e m p e r a t u r e s w e r e in-
v e s t i g a t e d by i n t r o d u c i n g h y d r o g e n in t h e m . A t a c e r -
ta in p r e s s u r e of h y d r o g e n gas , e a c h c o m p o u n d b e g i n s
to d e c o m p o s e to the next l o w e r c o m p o u n d a n d the t i -
t a n i u m h y d r i d e T i H 2 - x . U n d e r th i s e q u i l i b r i u m con-
d i t i o n , the a c t i v i t y of T i in the r e g i o n s of t h r e e con-
d e n s e d p h a s e e q u i l i b r i u m is d e t e r m i n e d by the m e t h o d
d e s c r i b e d in the p r e c e d i n g s e c t i o n .

E X P E R I M E N T A L

S t a r t i n g m a t e r i a l s u s e d in th i s e x p e r i m e n t w e r e
s p o n g e t i t a n i u m of 99.8 p c t p u r i t y a n d e l e c t r o l y t i c
c o p p e r of 9 9 . 9 6 pct p u r i t y . T h e y w e r e w e i g h e d , m i x e d ,
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F i g . 3 - - P h a s e d i a g r a m 4 of the T i - C u s y s t e m .

a n d a r c - m e l t e d so that f i n a l c o m p o s i t i o n s c o u l d be
T i C u a , T i C u , a n d T i 2 C u . X - r a y d i f f r a c t i o n p a t t e r n s
s h o w e d t h a t t h e T i C u a s a m p l e a n d t h e T i 2 C u s a m p l e
c o n t a i n e d t r a c e a m o u n t s of T i C u a n d C u , r e s p e c t i v e l y ,
a n d that t h e T i C u s a m p l e h a d n o d e t e c t a b l e a m o u n t o f
o t h e r m a t e r i a l s . T h e a r c - m e l t e d m a t e r i a l s w e r e
c r u s h e d a n d p o w d e r e d in a n a l u m i n a m o r t a r to p a r t i -
c l e s of 300 ~ m o r l e s s d i a m . T h e h y d r o g e n gas u s e d
in t h i s i n v e s t i g a t i o n was t a k e n f r o m t h e s p o n g e t i -
t a n i u m by h e a t i n g , in w h i c h h y d r o g e n h a d b e e n p r e -
v i o u s l y a b s o r b e d f r o m 99.9 p c t p u r e h y d r o g e n g a s .

A S i e v e r t s a p p a r a t u s was u s e d f o r m e a s u r i n g t h e
p r e s s u r e a n d v o l u m e o f h y d r o g e n g a s . T h e s a m p l e
c h a m b e r m a d e o f q u a r t z g l a s s was a b l e to be e v a c u a t e d
t o 10-2 P a . P r e s s u r e m e a s u r e m e n t s w e r e m a d e w i t h a
m e r c u r y m a n o m e t e r f o r >2 k P a a n d w i t h a d i b u t y l p h t a -
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F i g . 4 - - M e a s u r e d relationships b e t w e e n the p r e s s u r e in the
hydrogen gas p h a s e and the hydrogen/titanium atom r a t i o
in the a l l o y p h a s e at 773 K.

l a t e m a n o m e t e r f o r <3 k P a . T h e s a m p l e t e m p e r a t u r e
was c o n t r o l l e d w i t h i n + 1 K o f a n a i m e d t e m p e r a t u r e .
B e f o r e s t a r t i n g a run of h y d r o g e n a b s o r p t i o n , 0 . 5 to
1 g o f s a m p l e p o w d e r was p r e h e a t e d f o r d e g a s s i n g a t
973 K in a 10-2 P a p r e s s u r e f o r 30 m i n . T h e q u a n t i t y
o f h y d r o g e n a b s o r b e d in a s a m p l e was d e t e r m i n e d by
use o f t h e i d e a l gas l a w f r o m a p r e s s u r e c h a n g e .

I n o r d e r t o i d e n t i f y t h e s p e c i e s e x i s t i n g in a s a m p l e
a f t e r h y d r o g e n a b s o r p t i o n , a n X - r a y d i f f r a c t i o n p a t -
t e r n w i t h CuKc~ was t a k e n o f t h e s a m p l e w h i c h was
q u e n c h e d by p o u r i n g w a t e r on t h e c h a m b e r s u r f a c e .

T H E R M O D Y N A M I C A C T I V I T I E S

F i g u r e 4 s h o w s m e a s u r e m e n t s o f t h e p r e s s u r e of
h y d r o g e n gas in e q u i l i b r i u m w i t h i n t e r m e t a l l i c c o m -
p o u n d s in t h e T i - C u s y s t e m a t 773 K . T h e s e r e s u l t s
w e r e o b t a i n e d by a b s o r p t i o n o f h y d r o g e n . D e s o r p t i o n
s t u d i e s on T i C u p r o d u c e d t h e s a m e p l a t e a u p r e s s u r e s
a s f o r a b s o r p t i o n , h a v i n g s l i g h t d i f f e r e n c e s on t h e
p o s i t i o n s of l o n g i t u d i n a l l i n e s . F r o m X - r a y s t u d i e s ,
i t w a s f o u n d t h a t t h e t h r e e p l a t e a u s in F i g . 4 c o r r e -
s p o n d to t h e f o l l o w i n g e q u i l i b r i a w i t h " T i l l 2 " :

a t 1.74 k P a , " T i 2 C u " + H2 = " T i C u " + " T i l l 2 " [7]

a t 18.6 k P a , 4 " T i C u " + 3H2 = " T i C u 4 " * + 3 " T i l l 2 "

*According to Shunk4 (Fig. 3), this compound is designated as Ti2CuT. In
this report, however, the notation "TiCu4" is adopted for simplicity.

[8]
a n d

a t 54.6 k P a , " T i C u 4 " * + H2 = 4 " C u " + " T i l l 2 " . [9]

I n t h e s e e q u a t i o n s , t h e n o t a t i o n , " . . . " , i n d i c a t e s a
d e p a r t u r e f r o m t h e s t o i c h i o m e t r i c c o m p o u n d . C o r -
r e s p o n d i n g a c t i v i t i e s o f T i a t 773 K w e r e d e t e r m i n e d
f r o m F i g . 2 a n d a r e t a b u l a t e d in T a b l e I . A c c o r d i n g t o
t h e a c t i v i t y d e t e r m i n i n g p r i n c i p l e e x p l a i n e d in a p r e -
c e d i n g s e c t i o n , a c t i v i t i e s o f T i in h y d r o g e n f r e e
" T i 2 C u '~, " T i C u " , " T i C u 4 " , a n d " C u " w e r e d e t e r -
m i n e d f r o m T a b l e I a n d E q . [6]. R a t h e r t h a n E q . [3],
E q . [6] h a s b e e n a p p l i e d b e c a u s e PU2 was m e a s u r e d
o n l y a l o n g o n e l i n e of c o n s t a n t X T i / X c u in t h e v e r y
n a r r o w c o m p o s i t i o n a l r a n g e of a c o m p o u n d . T h e i n t e -
g r a n d in E q . [6] f o r t h e t h r e e c o m p o u n d s i s s h o w n in
F i g . 5 , w h i c h was o b t a i n e d f r o m t h e i n i t i a l a b s o r p t i o n

Table I. Relation between PH and aT. in "Till2"
2 I

Equilibrated with Compounds TimCUn

Equilibrium Between PH2/kPa aTi* Temperature, K

"TiCu"/"TiCu4 "/"Till2" 1.80 0.0366 673
"TiCu4 "/"Cu"/"Till2" 4.80 0.0164 673
"TiCu"/"TiCua "/"Till2" 6.87 0.0445 723
"TiCu4 "/"Cu"/"TiH2" 16.9 0.0215 723
"Ti2 Cu"/"TiCu"/"TiH2" 1.74 0.335 773
"TiCu"/"TiCu4"/"TiH2" 18.6 0.0624 773
"TiCu4 "/"Cu"/"TiH2" 54.6 0.0259 773
"TiCu"/"TiCu4 "/"TiH2" 54.3 0.0628 823
"TiCua "/"Cu"/"TiH2" - 0.039 It 823

*The standard state for aTi is pure c~-Ti.
tExtrapolated from lower temperatures with

mixing for Tiof-26.6 kJ/mol.
the partial molar enthalpy of

METALLURGICAL TRANSACTIONS A VOLUME 10A,MAY 1979-531
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Fig. 5--Replotting of the data for the initial dissolution of hy-
d r o g e n for n H / n T i < 0.i in Fig. 4.

data for nH/nTi < 0.1 in Fig. 4. T i activities thus ob-
t a m e d are tabulated in Table II and shown in Fig. 6.
The longitudinal broken l ines in Fig. 6 connect two
endpoints in the one phase reg ion of an intermetallic
compound. The horizontal line for the Ti activity
at the righthand top in Fig. 6 was determined by virtue
of Raoult's law from the solubility of Cu (0.9 mol pct)~
in a - T i . In Fig. 6 are also shown the activities of
Cu, whose value of the horizontal line at the lefthand
top was determined by virtue of Raoult's law from the
solubility of Ti (0.6 mol pct)6 in Cu. The longitudinal
broken l ines for the Cu activity were determined with
the use of the following Gibbs-Duhem equation in the
one phase region of an intermetallic compound:

XTi d l n a T i + Xcu d l n a c u = 0. [10]

S ince the one phase reg ion is very narrow, the com-

C u
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F i g . 6--Activit ies of T i and Cu in the T i - C u s y s t e m at
773 K, determined from F i g , 4 wi th the aid of F i g s . 2 and 5.

position t h e r e i n may be taken as constant, and Eq.
[10] can be integrated to:

l r )m t rlnacu/acu --~ (XTi/Xcu lnawi/aTi [11]

w h e r e (XTi/Xcu)m is taken in the middle of the one
phase region, and where the superscripts l and r indi-
cate that the activities are taken at the left end and at
the right end, respectively, of the one phase region.
Thus calculated values of aeu are listed in Table II.

Standard Free Energies of Formation of
"Ti2Cu", " T i C u " , and "TiCu4"

For a compound Tim Cun, the standard free energy
• O .of formation AGy is defined by:

-- G ° + C u)T i m C u n -

= ( r~ /GTi + r / G c u ) - - (rrtC~i + r / G ~ u )

10

Table II. Summary ofaTi and acu in Hydrogen free "Ti",
"'Ti2Cu', "TiCu", "TiCu4'', and "Cu"

EquilibriumBetween aTi aCu Temperature, K

"Ti"/"Ti2 Cu" 0.991* 0.0167 773
"Ti2 Cu"/"TiCu" 0.344t 0.143 773
"TiCu"/"TiCu4" 0.0382 0.782 673
"TiCu"/"TiCu4" 0.0469 0.797 723
"TiCu "/"TiCu4" 0.0644~: 0.765 773
"TiCu"/"TiCu4" 0.0656 0.859 823
"TiCu4"/"Cu" 0.0170 0.997¶ 673
"TiCu4 "/"Cu" 0.0222 0.996¶ 723
"TiCu4"/"Cu" 0.0267 0.994¶ 773
"TiCu4"/"Cu" 0.0405 0.992¶ 823

*Calculated from the solubility (0.9 mol pct)s ofCuin Ti by assuming
Raoult's law for Ti.

tAverage of aTi'S in "Ti2Cu" and "TiCu" in equilibrium (0.344 -+ 0.002).
:~Average ofaTi'S in "TiCu" and "TiCu4" in equilibrium (0.0644 +-0.0003).
¶Calculated from the solubility (0.3, 0.4, 0.6, 0.8 mol pet at respective

temperatures) 6 ofTiin Cu by assumingRaoult's law for Cu.

14

2"=
¢5

-22

-26

-3£

A:"TiCu"(g) @:"TiCu4"(g)~:"~i2C~"(~-i 1
A:"TiCu"(r) D:"TiCu4"(r) ~:"TizCu"(r) ]

"TiCu"A

o ©
"TiCu4"

"Ti2Cu"

6~0 no 7~0 8 0 0 840
T/K

F i g . 7--Standard f r e e e n e r g i e s of formation of "TiCu4" ,
" T i C u " , and " T i z C u " , calculated from Fig. 6 and equivalents
for o t h e r temperatures.
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Table ill. Standard Free Energies, Enthalpies, and Entropies of
Formation for "TiCu4"', "'TiCu", and '~ri2cu" at 773 K

kJ/mol kJ/mol J/tool • K Crystal Structure

"TiCu4" -22.6*-+ 0.9? -22.6 0 orderedAu4Zr l°
"TiCu" -18.8" -+ 0.3? -18.8 0 ordered bct (B11)11
"Ti2Cu" -26.3* -+ 0.2? -- -- ordered bct (C11) 12

•Average ofall the values in Fig. 7.
~'Maximum difference.

= RT (rn l n a T i + n l n a c u ) [12]

w h e r e G ° i s the f r e e e n e r g y of p u r e m a t e r i a l i . Upon
u s i n g the a c t i v i t y d a t a l i s t e d in T a b l e II, the v a l u e s of
AG~ w e r e c a l c u l a t e d a c c o r d i n g to E q . [ 1 2 ] , a n d they
a r e s h o w n in F i g . 7 . T h i s c a l c u l a t i o n w a s b a s e d on
t h o s e v a l u e s of m a n d n w h i c h h a v e b e e n d e t e r m i n e d
f r o m the p h a s e d i a g r a m of F i g . 3 : TiCua.9o i s in e q u i -
l i b r i u m with " C u " , TiCu3.oo with Tio.9~Cul .os ,
Ti l .osCuo.95 with Ti2 .ooCu, and Ti2.ooCu with " T i " . AG~
f o r the r i g h t end of the " T i m C u n " p h a s e r e g i o n i s
s l i g h t l y d i f f e r e n t f r o m that for the left end. F o r
" T i C u 4 " a n d " T i C u " , the t e m p e r a t u r e d e p e n d e n c e of
A oG] in F i g . 7 was e s t i m a t e d f r o m the p r e s s u r e c o m -
p o s i t i o n i s o t h e r m s at o t h e r t e m p e r a t u r e s , * w h i c h a r e

*McQuillan's dataa were extrapolated to lower temperatures to obtain a
relationship like Fig. 2 for determination ofaTi at 673 and 723 K, whosevalues
are listed in Table I.

s h o w n in F i g . 8 . T h e s t a n d a r d e n t h a l p y and e n t r o p y of
f o r m a t i o n , c a l c u l a t e d f r o m the t e m p e r a t u r e v a r i a t i o n
of AG)~, a r e t a b u l a t e d in T a b l e III, in w h i c h the c r y s t a l
s t r u c t u r e s a r e a l s o s h o w n .

5.0

4.6

4.2

3.8

3.4

823K o /~' '
-o---<3

773K

723K /

673K f

{

3.0
S t a r t i n g M a t e r i a l

TiCu

2 , 6 i i ] i i i i i h
0 0 2 0.4 0.6 0.8

n H / n T i

F i g . 8--Measured relat ionships between the p r e s s u r e in the
hydrogen gas p h a s e and the hydrogen/ t i tanium atom r a t i o in
the al loy p h a s e for in i t ia l ly TiCu compound b e t w e e n 673 and
823 K.

DIS C U S S I O N

T h e a c c u r a c y of the p r e s e n t d e t e r m i n a t i o n of T i
a c t i v i t i e s d e p e n d s s t r o n g l y on how r e l i a b l e M c Q u i l l a n ' s
d a t a 3 in F i g . 1 a r e s i n c e t h e s e d a t a w e r e used to con-
s t r u c t the a T i - P H d i a g r a m in F i g . 2 . T h e t h o r o u g h2
n a t u r e of M c Q u i l l a n ' s i n v e s t i g a t i o n h a s m a d e his d a t a
w i d e l y u s e d ,7 and in a d d i t i o n good a g r e e m e n t of h is
d a t a wi th a l a t e r w o r k by B e c k8 m a y l e a d us to a c o n -
c l u s i o n that M c Q u i l l a n ' s d a t a in F i g . 1 i s v e r y r e l i a b l e
and p r e c i s e and so i s the c a l c u l a t e d a T i - P H 2 r e l a t i o n -
sh ip in F i g . 2 . A c r o s s c h e c k of the r e l i a b i l i t y m a y
be m a d e by c o m p a r i n g the c a l c u l a t e d f r e e e n e r g y a n d
e n t h a l p y of f o r m a t i o n of " T i l l 2 " wi th l i t e r a t u r e v a l -
u e s o b t a i n e d b y o t h e r m e t h o d s . A c c o r d i n g to the
J A N A F T h e r m o c h e m i c a l T a b l e s ,9 AH;298 f o r Ti l l1 .66*

*Extrapolation from TiH1.T3 has been made.

i s - 1 1 7 k J / m o l , w h i c h c o m p a r e s well w i t h - 105 k J /
m o l e s t i m a t e d a t 673 to 823 K in the p r e s e n t w o r k
f r o m the t e m p e r a t u r e v a r i a t i o n of AG~. T h e s e AG~
v a l u e s f o r Ti l ls .66 w e r e c a l c u l a t e d f r o m the a T i - P H 2
d i a g r a m in F i g . 2 . In the J A N A F T a b l e s , the AG~
v a l u e for T i l l 2 a t 773 K is - 3 8 . 8 k J / m o l , w h i l e f r o m
F i g . 2 AG~ f o r Ti l l1 .66 i s - 2 6 . 8 k J / m o l . This l a r g e
d i s c r e p a n c y i s c o n s i d e r e d to b e a t t r i b u t e d p a r t l y to
the i n a c c u r a t e e s t i m a t i o n of ~ S ] in t h e J A N A F T a b l e s ,
a n d p a r t l y to the d i f f e r e n c e in the n u m b e r of H a t o m s
in the c o m p o u n d f o r m u l a .

A s f o u n d f r o m the a c t i v i t y d a t a in F i g . 6 , the p a r t i a l
m o l a r f r e e e n e r g i e s show a l a r g e c h a n g e a c r o s s the
o n e p h a s e r e g i o n of a c o m p o u n d . On the o t h e r h a n d , a s
s e e n in F i g . 7 , the s t a n d a r d f r e e e n e r g y of f o r m a t i o n
e x h i b i t s a v e r y s m a l l c h a n g e a c r o s s the one p h a s e r e -
g i o n . A s s e e n in T a b l e III, the e n t r o p y t e m p e r a t u r e
p r o d u c t f o r the two c o m p o u n d s i s s m a l l c o m p a r e d with
the f r e e e n e r g y . T h i s i s the c a s e f o r m o s t o t h e r
o r d e r e d i n t e r m e t a l l i c c o m p o u n d s . T h e e n t r o p y c h a n g e
on f o r m a t i o n of o r d e r e d c o m p o u n d s i s d u e to the v i -
b r a t i o n a l e f f e c t , the e l e c t r o n i c e f f e c t , a n d the m a g n e t i c
e f f e c t , b e c a u s e the c o n f i g u r a t i o n a l t e r m is z e r o . T h e
v a l u e s of A S ~ in T a b l e III i n d i c a t e that the s u m of
t h e s e t h r e e e f f e c t s i s nu l l in " T i C u " and " T i C u 4 " .

T h e p r e s e n t p r i n c i p l e f o r d e t e r m i n i n g a c t i v i t i e s
f r o m the m e t a l - h y d r o g e n e q u i l i b r a t i o n i s b a s i c a l l y
the s a m e a s that f o r the m e t a l - o x y g e n e q u i l i b r a t i o n .
I n the p r e s e n t m e t h o d , a c o m p l i c a t i o n , w h i c h i s not
v i r t u a l l y p r e s e n t in the m e t a l - o x y g e n c a s e , a r i s e s
o w i n g to the n o n s t o i c h i o m e t r i c n a t u r e of the m e t a l
h y d r i d e . T h e c o m p o s i t i o n a l c h a n g e of the h y d r i d e due
to the p r e s s u r e v a r i a t i o n of h y d r o g e n g a s g i v e s r i s e
to a s i g n i f i c a n t c h a n g e in the f o r m a t i o n f r e e e n e r g y of
the h y d r i d e , w h i c h m a k e s the r e a c t i o n c o n s t a n t K d e v i -
a t e c o n s i d e r a b l y f r o m the v a l u e c o r r e s p o n d i n g to
s t o i c h i o m e t r y . F r o m F i g . 2 , the K v a l u e f o r " T i l l 2 "
v a r i e s f r o m 2.86 × 10 -2 f o r PHz = 2.25 k P a to 1.66
× 10"¢ f o r PH2 = 39.9 k P a at 773 K . A n o t h e r c o m p l i c a -
t ion i s that a n a l l o y wi th a n e a s y h y d r i d e f o r m e r h a s
a n a p p r e c i a b l e s o l u b i l i t y of h y d r o g e n , w h i c h m a k e s
n e c e s s a r y the c o r r e c t i o n of m e a s u r e d a c t i v i t i e s in
h y d r o g e n c o n t a i n i n g a l l o y s . This c o r r e c t i o n c a n be
m a d e by u s e of E q s . [3] o r [6]. If no r e l a t i o n of PH~
with X H in a s i n g l e p h a s e i s e x p e r i m e n t a l l y d e t e r J
m i n e d , E q s . [3] and [6] a r e u s e l e s s . F o r th i s c a s e ,
h o w e v e r , S i e v e r t ' s law m a y be a good a p p r o x i m a t i o n ,
w h i c h m a k e s the i n t e g r a t i o n in E q s . [3] and [6] un-
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n e c e s s a r y . A c c o r d i n g to S i e v e r t ' s law, X H / P h / ~
= c o n s t a n t , a n d E q . [6] b e c o m e s , u p o n n o t i n g X A / X + A
= 1 - X ~ ,

a+B/aB (1 e -1: - x H ) . [13]

T h e a b o v e e q u a t i o n c a n a l so be d e r i v e d f r o m t h e r i g o r -
o u s E q . [3] by a s s u m i n g t h e " s t r i c t " S i e v e r t ' s law,
i . e . X ~ p 1 / 2H / H2 i S not only c o n s t a n t but a l so i n d e p e n d e n t
of t h e a l l o y c o m p o s i t i o n . U n d e r t h i s a s s u m p t i o n , t h e
r i g h t h a n d side of E q . [3] b e c o m e s z e r o a n d E q . [13] i s
o b t a i n e d . I n t h e T i - C u s y s t e m t h e v a l u e s of a~?i / a T i
c a l c u l a t e d f r o m E q . [13] a g r e e s w i t h i n a ±5 p c t e r r o r
w i t h t h o s e c a l c u l a t e d f r o m E q . [6] a n d u s e d t o d e r i v e
t h e am. v a l u e s in T a b l e II f r o m T a b l e I . A c c o r d i n g
t o Eql. l [ 6 ] , t h e c o r r e c t i o n f o r the c o m m o n l o g a r i t h m i c
a c t i v i t y of T i due t o t h e h y d r o g e n d i s s o l u t i o n r a n g e d
f r o m 0 . 0 0 6 to 0 . 0 1 9 f o r " T i C u ~'. I f the a b o v e m e n -
t i o n e d c o m p l i c a t i o n s a n d d i f f i c u l t i e s a r e o v e r c o m e ,
t h e p r e s e n t t e c h n i q u e m u s t be v e r y p o w e r f u l in d e -
t e r m i n i n g t h e t h e r m o d y n a m i c p r o p e r t i e s a t t e m p e r a -
t u r e s a s l o w a s 600 K, a t w h i c h t h e m e t a l - o x y g e n
e q u i l i b r a t i o n w o u l d be d o u b t f u l b e c a u s e o f t h e v e r y
s l o w r a t e o f o x i d a t i o n .

C O N C L U S I O N S

T h e m e t a l - h y d r o g e n e q u i l i b r a t i o n h a s b e e n f o u n d
u s e f u l in o r d e r t o d e t e r m i n e t h e t h e r m o d y n a m i c p r o p -
e r t i e s in t h e T i - C u s y s t e m . T h e c o m p o n e n t a c t i v i t i e s
t h u s d e t e r m i n e d a t 773 K a r e s h o w n in F i g . 6 . T h e
s t a n d a r d f r e e e n e r g i e s of f o r m a t i o n f o r " T i C u 4 " ,
" T i C u " , a n d " T i 2 C u " h a v e a l so b e e n d e t e r m i n e d a n d

a r e s h o w n in F i g . 7 . T h e s t a n d a r d e n t h a l p i e s a n d e n -
t r o p i e s o f f o r m a t i o n f o r " T i C u 4 " a n d " T i C u " h a v e
b e e n e s t i m a t e d a n d a r e s h o w n in T a b l e III.
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