Application of the Metal-Hydrogen
Equilibration for Determining Thermodynamic

Properties in the Ti-Cu System
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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 similar to a method by equilibra-
tion of oxygen gas with an alloy and the oxide of a component. With the use of this tech-
nique, activities of the components in the Ti-Cu system at 773 K have been measured.
From the measured activities, the standard free energies, enthalpies, and entropies of
formation for intermetallic compounds ““TiCus’’, ““TiCu’’, and ‘‘“Ti,Cu’’ have been deter-

mined.

VARIOUS techniques® have been employed for meas-
uring thermodynamic activities in multicomponent sys-
tems. Among the indirect measurements, the method
of measuring the equilibrium oxygen pressure between
an alloy and the oxide of one of the components has
been successful with the use of oxygen concentration
cells.” 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 sifu pressure
measuring device like solid electrolytes with lime-
doped zirconia have been successfully developed.

For the case of metal-hydrogen equilibration,
another discouraging reason 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 chemical
potential of the metal in a hydride is not a linear func-
tion of logarithmic pressure of hydrogen gas. Accord-
ingly, a precise knowledge of the variation of the metal
activity in the hydride with hydrogen gas pressure is
vital for thermodynamic studies of alloys with the aid
of the metal-hydrogen equilibration. Even when the
metal activity is determined in an alloy equilibrated
with the metal hydride, there is one more step of cal-
culation to assign a conclusive value to the metal ac-
tivity in the alloy containing no hydrogen, whose solu-
bility is in general significantly large.

The purpose of this work is firstly to 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 to report the
thermodynamic properties of the Ti-Cu 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 forms a much more stable hydride BH, than
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A does. The partial molar free energy of B, Gpg, in
the alloy, which is equilibrated with BH, and hydrogen
gas under constant pressure and temperature, equals
that of B in BH,. This equilibrated hydride contains
an amount of A atoms, which is negligibly small be-
cause of much lower stability of the A hydride than
the B hydride. Accordingly, the B hydride may be
considered ‘“‘pure’’. Gpg in pure BH, can separately
be determined from a variation of the hydrogen con-
centration with the pressure of hydrogen gas in equi-
librium with pure B metal.

The Gibbs-Duhem relation in the B-H system under
constant temperature and pressure is XgdGpg + XydGy
= 0, which can be rearranged to:

Xp dlnap + XgdInPH; =0 (1]

where X; is the mole fraction of component ¢, ap is the
activity of component B with pure B placed as the
standard state, and Py, is the pressure of hydrogen
gas in equilibrium with the alloy. In derivation of

Eq. [1], the equility, Gy in alloy = Gy, /2 in gas, by
virtue of the second law of thermodynamics and the
approximation of ‘“ideal’’ H: gas have been used.
Equation [1] can be integrated to

1/2

1/2 X dP
Inag=-— [ T ‘H__}f?l_,z 2]
s O -XpPy

because by definition ag = 1 for Py, = 0, or pure
metal B. The range of integration in Eq. {2] extends
to the hydride region in the B-H system. In Fig. 1is
shown the plotting of Xy/(1- Xu )Ple vs Ph[: for the
case of the Ti-H system, which will later be used for
graphical integration in Eq. [2]. Figure 1 was obtained
by replotting McQuillan’s data® on the Ti-H system.
In this way the activity of metallic component B in the
hydride BH, can be determined, and it is equated to
to 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
Ti in ““TiH.’’ with pure «-Ti used as the standard
state are plotted against the hydrogen gas pressure.
The next procedure is to calculate the activity of B
in the A-B alloy with no hydrogen dissolved. This cal-
culation can be made if values of PHz have been deter-
mined over the whole compositional range of hydro-
gen in the A-B-H solution. Along lines of constant
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X 4/Xp, which is the most common experimental con-
dition for hydrogen absorption, a Gibbs-Duhem inte-
gration yields the following equation for the activity
coefficient (yg) of B."*

In ¥8/vB
=1n (XH /Pﬁ{:)/(XH /Pﬁ/;)+

) ]
* jXﬁ 8XH XA (1= H) H XA/XB

*Equation[3] has been yielded from Eq. [12] of Ref. 13, in which Gg = const.
-RTln (XH/P}?z) for “ideal” H, gas,andm =B, k = H, and Cg = X4 /Xp.

where the superscript ‘‘+’’ stands for the binary A-B
alloy with no hydrogen dissolved, and X‘f{ is the solu-
bility of hydrogen in equilibrium with the hydride.

If values of Py are known only along one line of
constant XA/XB fna very narrow solution range of
the A-B-H alloy (e.g., intermetallic compounds), the
derivative of the integrand in Eq. [3] cannot rigorously
be estimated, and hence the exact value of ¥ cannot
be calculated. For this particular case, however, an
approximate value of a can be estimated upon con-
sidering the assumption that the thermodynamic inter-
action between A and H is much weaker than that be-
tween B and H, as follows. The Gibbs-Duhem equation
for the ternary A-B-H system under constant tem-
perature and pressure may be written as:

Xsdlnag + Xgdin ap +XHdlnP11_I’22=0. (4]

Dividing this equation by X4 + Xp (= 1 — Xp) and then
integrating it along a line of constgnt X4/Xg, we note
that X4/(X4 + Xp) = constant = X4 and Xp/(X4 + Xpg)

= constant = Xp and we find:
1/2
+ + + -0 XH dPHZ
XY Inday/as + XgInay/ag = - ] p
1
PH2

———5 [5
(1 - Xy)Pif 5]
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Xy/ (1—=Xy) « (Py,/Pa)'?

0 s . .
0 50 100 150 200

(Py,/Pa)l2

Fig. 1—Replotting of McQuillan’s data® on hydrogen absorp-
tion in the Ti-H system at 773 K.

530—-VOLUME 10A, MAY 1979

-0.4 T T T —— T

log ar;

,16 L L L — L 1 i 1

3.2 38 44 5.0
log (Py,/Pa)
Fig. 2—Dependence of the Ti activity on the hydrogen gas
pressure in the Ti-H system at 773 K, calculated from Fig.
1. The standard state for the Ti activity is pure «-Ti.

where the lower integration limit is the value for hy-
drogen gas in equilibrium with the A-B alloy and the
B hydride. By assumption a4 is not so much affected
by the dissolution of hydrogen as ap, and hence y4
may be assumed to be constant. Accordingly, Eq. [5]
becomes:

Inap/ap = —(Xa/X3) In (Xa/X4)

1/2
1 .0 Xy dPy,

Y [6]
B Py (1~ XwPHf;

In this equation ap is the activity of B in coexisting
A-B alloy and B hydride, and it has already been given
by Eq. [2]. Thus, the activity of B in hydrogen free al-
loy A-B can be calculated.

APPLICATION TO THE Ti-Cu SYSTEM

The Ti-Cu binary alloy system has several inter-
metallic compounds, as shown in Fig. 3. In this work,
the three compounds at lower temperatures were in-
vestigated by introducing hydrogen in them. At a cer-
tain pressure of hydrogen gas, each compound begins
to decompose to the next lower compound and the ti-
tanium hydride TiH.-x. Under this equilibrium con-
dition, the activity of Ti in the regions of three con-
densed phase equilibrium is determined by the method
described in the preceding section.

EXPERIMENTAL

Starting materials used in this experiment were
sponge titanium of 99.8 pct purity and electrolytic
copper of 99.96 pct purity. They were weighed, mixed,
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Fig. 3—Phase diagram?! of the Ti-Cu system.
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and arc-melted so that final compositions could be
TiCus, TiCu, and Ti;Cu. X~ray diffraction patterns
showed that the TiCu; sample and the Ti:Cu sample
contained trace amounts of TiCu and Cu, respectively,
and that the TiCu sample had no detectable amount of
other materials. The arc-melted materials were
crushed and powdered in an alumina mortar to parti-
cles of 300 yum or less diam. The hydrogen gas used
in this investigation was taken from the sponge ti-
tanium by heating, in which hydrogen had been pre-
viously absorbed from 99.9 pct pure hydrogen gas.

A Sieverts apparatus was used for measuring the
pressure and volume of hydrogen gas. The sample
chamber made of quartz glass was able to be evacuated
to 107 Pa. Pressure measurements were made with a
mercury manometer for >2 kPa and with a dibutylphta-
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Fig. 4—Measured relationships between the pressure in the
hydrogen gas phase and the hydrogen/titanium atom ratio
in the alloy phase at 773 K.
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late manometer for <3 kPa. The sample temperature
was controlled within +1 K of an aimed temperature.
Before starting a run of hydrogen absorption, 0.5 to
1 g of sample powder was preheated for degassing at
973 K in a 10® Pa pressure for 30 min. The quantity
of hydrogen absorbed in a sample was determined by
use of the ideal gas law from a pressure change.

In order to identify the species existing in a sample
after hydrogen absorption, an X~ray diffraction pat-
tern with CuK, was taken of the sample which was
quenched by pouring water on the chamber surface.

THERMODYNAMIC ACTIVITIES

Figure 4 shows measurements of the pressure of
hydrogen gas in equilibrium with intermetallic com-
pounds in the Ti- Cu system at 773 K. These results
were obtained by absorption of hydrogen. Desorption
studies on TiCu produced the same plateau pressures
as for absorption, having slight differences on the
positions of longitudinal lines. From X-ray studies,
it was found that the three plateaus in Fig. 4 corre-
spond to the following equilibria with ‘‘TiH.’’:

at 1.74 kPa, “Ti;Cu’’ + H, = “TiCu’’ + ““TiH,”’ [7]
at 18.6 kPa, 4°“TiCu’’ + 3H, = “TiCus’’* + 3“TiH,"’

*According to Shunk* (Fig. 3), this compound is designated as Ti, Cu;. In
this report, however, the notation “TiCu,” is adopted for simplicity.

(8]
and
at 54.6 kPa, ““TiCus’’* + Hp = 4°Cu’’ + “TiHy”’. [9]

In these equations, the notation, ¢“. . .’’, indicates a
departure from the stoichiometric compound. Cor-
responding activities of Ti at 773 K were determined
from Fig. 2 and are tabulated in Table I. According to
the activity determining principle explained in a pre-
ceding section, activities of Ti in hydrogen free
“Ti;Cu’’, “TiCu”’, “TiCus’’, and ‘‘Cu’’ were deter-
mined from Table I and Eq. [6]. Rather than Eq. [3],
Eq. [6] has been applied because Py, was measured
only along one line of constant XTi/Xcu in the very
narrow compositional range of a compound. The inte-
grand in Eq. [6] for the three compounds is shown in
Fig. 5, which was obtained from the initial absorption

Table |. Relation between PHza"d aqjin “TiH, "
Equilibrated with Compounds Ti,Cuy,

Equilibrium Between PH2 /kPa a;* Temperature, K
“TiCu”/“TiCu, ’/“TiH,” 1.80 0.0366 673
“TiCugs ”/“Cu”/“TiH,” 4.80 00164 673
“TiCu”/*“TiCuy”/*“TiH, > 6.87 0.0445 723
“TiCuy”/“Cu”/*“TiH, " 16.9 0.0215 723
“Tip Cu”/“TiCu”/“TiH, " 1.74 0.335 773
“TiCu”/“TiCu,”/“TiH,” 18.6 0.0624 773
“TiCuy ”/“Cu”/“TiH,” 54.6 0.0259 773
“TiCu”/“TiCuy”/“TiH,” 54.3 0.0628 823
“TiCu, ”/*“Cu”{“TiH,” - 0.0391% 823

*The standard state for a; is pure =-Ti.
JrExtrapolated from lower temperatures with the partial molar enthalpy of
mixing for Ti of -26.6 kJ/mol.
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Fig. 5—Replotting of the data for the initial dissolution of hy-
drogen for #p/nTi < 0.1 in Fig. 4.

data for ny/nyi < 0.1 in Fig. 4. Ti activities thus ob-
tained are tabulated in Table II and shown in Fig. 6.
The longitudinal broken lines in Fig. 6 connect two
endpoints in the one phase region 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 @-Ti. 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)® in Cu. The longitudinal
broken lines for the Cu activity were determined with
the use of the following Gibbs-Duhem equation in the
one phase region of an intermetallic compound:

Xy dinaq; + X, dlna, = 0. [10]

Since the one phase region is very narrow, the com-

Table Il. Summary of aTi and acy in Hydrogen free “Ti"’,
“Ti, Cu”, “TiCu”, “TiCug"’, and “Cu’’

Equilibrium Between ari acy Temperature, K
“Ti”/“Ti, Cu” 0991* 00167 773
“Ti Cu”/“TiCu” 0.3447 0.143 773
“TiCu”/“TiCuy” 0.0382 0.782 673
“TiCu”/*TiCuy” 0.0469 0.797 723
“TiCu”/“TiCuy” 006441 0.765 773
“TiCu”/*TiCuys ™ 00656 0.859 823
“TiCug”/“Cu” 0.0170 09979 673
“TiCuq”/“Cu” 0.0222 0.99694 723
*TiCuq 7/ “Cu” 0.0267 0.994¢ 773
“TiCuy”/*“Cu” 0.0405 0.9924 823

*Calculated from the solubility (0.9 mol pct)® of Cu in Ti by assuming
Raoult’s law for Ti.

TAverage of ay’s in “Ti; Cu” and “TiCu” in equilibrium (0.344 + 0.002).

fAverage of ay’s in “TiCu” and “TiCus " in equilibrium (0.0644 + 0.0003).

Y Calculated from the solubility (0.3, 0.4, 0.6, 0.8 mol pct at respective
temperatures)® of Tiin Cu by assuming Raoult’s law for Cu.
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Fig. 6—Activities of Ti and Cu in the Ti~Cu system at
773 K, determined from Fig. 4 with the aid of Figs. 2 and 5.

position therein may be taken as constant, and Eq.
[10] can be integrated to:

1
Indey/ag, = Xp;/Xo,)™ ma'lri/a"yri [11]

where (X1;/Xcy)™ is taken in the middle of the one
phase region, and where the superscripts / and » 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 a¢y are listed in Table II.

Standard Free Energies of Formation of
“TiCu’’, “TiCu”’, and ‘““TiCus”’

For a compound Ti,,Cu,, the standard free energy
of formation AG}’ is defined by:

o] o
AGf = GTy,,04,~ M GE; +nGly)

= (mGry +nGgy) = (mGYy +nGey)

—10 . ; . . . . :
[ | & TiCu(e) | C: " TiCu,"(0) OZ’/TiQCuT;(E)H 1
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Fig. 7—Standard free energies of formation of ¢“TiCu,”’,
“TiCu’’, and ‘“TiCu’’, calculated from Fig. 6 and equivalents
for other temperatures.
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Table I1l. Standard Free Energies, Enthalpies, and Entropies of
Formation for “TiCu,s”’, “TiCu”, and “Ti,Cu" at 773 K

LG, AHY, A%,
kJ/mol kJ/mol J/mol+K Crystal Structure
“TiCug”  ~22.6% £ 0.9+ -22.6 0 ordered Au, Zr'?
“TiCu”  —18.8% + 0.3t -18.8 0 ordered bet (B11)*
“Ti,Cu”  —26.3% £ 0.2t - - ordered bet (C11)*2
*Average of all the values in Fig. 7.
tMaximum difference.
=RT (m Inap, + nlnaCu) [12]

where GZ? is the free energy of pure material i, Upon
using the activity data listed in Table II, the values of
AG}’ were calculated according to Eq. [12], and they
are shown in Fig. 7. This calculation was based on
those values of s and » which have been determined
from the phase diagram of Fig. 3: TiCus.g is in equi-
librium with “‘Cu’’, TiCug.q0 with Tio,05Cu; .05,
Ti1.05CU.o.95 with Tiz.ooCU, and Tiz.00Cu with ““Ti’’.
for the right end of the ‘“Ti,, Cu,’’ phase region is
slightly different from that for the left end. For
““T'iCus’’ and “TiCu’’, the temperature dependence of
AGY in Fig. 7 was estimated from the pressure com-
position isotherms at other temperatures,* which are

AGP

*McQuillan’s data® were extrapolated to lower temperatures to obtain a
relationship like Fig. 2 for determination of. ap; at 673 and 723 K, whose values
are listed in Table I.

shown in Fig. 8. The standard enthalpy and entropy of
formation, calculated from the temperature variation
of AGf, are tabulated in Table III, in which the crystal
structures are also shown.

5.0 T T v

log (Py,/Pa)

Starting Material

TiCu

L L L i

2.6 . : : :
0 0.2 0.4 0.6 0.8
nH/nTi
Fig. 8—Measured relationships between the pressure in the
hydrogen gas phase and the hydrogen/titanium atom ratio in
the alloy phase for initially TiCu compound between 673 and
823 K.
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DISCUSSION

The accuracy of the present determination of Ti
activities depends strongly on how reliable McQuillan’s
data’ in Fig. 1 are since these data were used to con-
struct the apj-Py, diagram in Fig. 2. The thorough
nature of McQuillan’s investigation has made his data
widely used,” and in addition good agreement of his
data with a later work by Beck® may lead us to a con-
clusion that McQuillan’s data in Fig. 1 is very reliable
and precise and so is the calculated ari-Py, relation-
ship in Fig. 2. A cross check of the reliability may
be made by comparing the calculated free energy and
enthalpy of formation of ‘‘TiH,’’ with literature val-
ues obtained by other methods. According to the
JANAF Thermochemical Tables,’ AH}’ZQ8 for TiH;.ee*

*Extrapolation from TiH;, ;3 has been made.

is —117 kJ/mol, which compares well with —105 kJ/
mol estimated at 673 to 823 K in the present work
from the temperature variation of AGf. These AG}
values for TiH:.es were calculated from the aTi-Py,
diagram in Fig. 2. In the JANAF Tables, the AG/
value for TiH; at 773 K is —38.8 kJ/mol, while from
Fig. 2 AGP for TiH,.es is —26.8 kJ/mol. This large
discrepancy is considered to be attributed partly to
the inaccurate estimation of AS}’ in the JANAF Tables,
and partly to the difference in the number of H atoms
in the compound formula.

As found from the activity data in Fig. 6, the partial
molar free energies show a large change across the
one phase region of a compound. On the other hand, as
seen in Fig. 7, the standard free energy of formation
exhibits a very small change across the one phase re-
gion. As seen in Table III, the entropy temperature
product for the two compounds is small compared with
the free energy. This is the case for most other
ordered intermetallic compounds. The entropy change
on formation of ordered compounds is due to the vi-
brational effect, the electronic effect, and the magnetic
effect, because the configurational term is zero. The
values of AS? in Table III indicate that the sum of
these three effects is null in ““TiCu’’ and ‘“TiCu,”’.

The present principle for determining activities
from the metal-hydrogen equilibration is basically
the same as that for the metal-oxygen equilibration.
In the present method, a complication, which is not
virtually present in the metal-oxygen case, arises
owing to the nonstoichiometric nature of the metal
hydride. The compositional change of the hydride due
to the pressure variation of hydrogen gas gives rise
to a significant change in the formation free energy of
the hydride, which makes the reaction constant K devi-
ate considerably from the value corresponding to
stoichiometry. From Fig. 2, the K value for ‘“TiH,”’
varies from 2.86 x 107 for Py, = 2.25 kPa to 1.66
X 107 for Py, = 39.9 kPa at 773 K. Another complica-
tion is that an alloy with an easy hydride former has
an appreciable solubility of hydrogen, which makes
necessary the correction of measured activities in
hydrogen containing alloys. This correction can be
made by use of Egs. [3] or [6]. If no relation of Py,
with Xy; in a single phase is experimentally deter-
mined, Eqs. [3] and [6] are useless. For this case,
however, Sievert’s law may be a good approximation,
which makes the integration in Egs. [3] and [6] un-
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necessary. According to Sievert’s law, Xy /Pif;
= constant, and Eq. [6] becomes, upon noting X A/XZ
=1- X%,

ap/ap = (1 - X§)™. (13]

The above equation can also be derived from the rigor-
ous Eq. [3] by assuming the ‘‘strict’’ Sievert’s law,
i.e. X1/ PYf is not only constant but also independent
of the alloy composition. Under this assumption, the
righthand side of Eq. [3] becomes zero and Eq. [13] is
obtained. In the Ti-Cu system the values of a'p; /a;
calculated from Eq. {13] agrees within a +5 pct error
with those calculated from Eq. [6] and used to derive
the an, values in Table II from Table I. According

to Eq.l[G], the correction for the common logarithmic
activity of Ti due to the hydrogen dissolution ranged
from 0.006 to 0.019 for ‘“TiCu”’. If the above men-
tioned complications and difficulties are overcome,
the present technique must be very powerful in de-
termining the thermodynamic properties at tempera-
tures as low as 600 K, at which the metal-oxygen
equilibration would be doubtful because of the very
slow rate of oxidation.

CONCLUSIONS

The metal-hydrogen equilibration has been found
useful in order to determine the thermodynamic prop-
erties in the Ti-Cu system. The component activities
thus determined at 773 K are shown in Fig. 6. The
standard free energies of formation for “TiCu,’’,
“TiCu’’, and ““TiCu’’ have also been determined and
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are shown in Fig. 7. The standard enthalpies and en-
tropies of formation for ‘¢ TiCu.’’ and ‘‘TiCu’’ have
been estimated and are shown in Table III,
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