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Giving greatest weight to the experimentally messured highest degamposition prasies
and the eénthalpivs o ongs-phase fields, thermodynamieslly interconsisient integral and
differential enthalpiea (heat contenta), héat capacities, entropizs, and Gikbs free energies aro
derived for the crystalline one- and two-phees flelds of tha zirconium-hydrogen system for all
stodehlomedric compositloos from Zr £o BrHy n end over the temperature raoge 29515 to

L2000 *K
by numerizal

These propertiea are derived in snalytics] form, and in most, cases are T
uationa, with tabulation for sirconium and HfZr atom ratios of G235, 0.5,

resented

0.B7, 0n75, 1.00, and 1.25. Most of the unigque phase-field boundariea which are conslstent

with the derived properiies are located and are compared with those previcus)
In the Er-H syztem the enthalpies are showno te relats certain prnpcrLFr

reported,

ea ab different com-

pozitlons as well as st differsot temperptores,  Some of the varlous dats show good inter-
eonsisteney, while others revesl digerepancies which are discussed critioally.
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1. Introduction

Among trensition-metal hydrides, the girconiwmn-
hydrogen aystemn has been studied very extensively
i recent years becanse of the practical importance
of and theoretical interest in the system. Zirco-
nium bydrides are potentially waluable thermal-
neutron moderators which in 4ome cases ean reach
elovated temperatures without atteiniyr excessive
pressures. Tﬂa wide ranges of compésilion, in-
terrupted by lattice changes and marked miscibility
gnps, offer n fruitfyl system for studyivg the structure
of interstitial solid hydrides,

Experimental data on the thermodynamic and
other physical properties of the aystem Lave bean

G081 -33F—63——2

published by & number of investizators. Soine of
the=s have mensvred equilibriwn pressyres of hydro-
gen in certain ranges of temperatura and composition
1, 2, 3, 4, 5, 6, 7, 8.0 The rates of diffusion of
hydroger 1 the metsl have been studied [9, 7]
limjr (10] and nentron-diffraction [11] studies have
given information on the zirconium- and hydrogen-
stom spreings, respectively. Measurements have
been made of thermal conductivity [12] and thermal
expansion [12, 13, 14]. The ecnthalpies or heat
capacities have been mansurad for the “‘saiursted"
composition ZrH; at low temperatures [15], and for
geyeral ‘“unsatyrated’ compositions at high tem-
peratures [16, 12]. Many of thesa data have sarved
to outline the tﬂhaﬁa diagtam of the syaten. by a
variety of methods, as the author showed in a
pravious paper [17].  Attention may also be called
to some of the dpu ications which have been par-
tieylarly directed toward reviewing these properties,
eprrelating themn thermodymamically, and disenssin

their hearing on an interpretation ufy the structures o
thess phasea [4, 15, 17, 15, 14].

In this paper is presented & eonzistent set of the
gommon integral and partiel thermedynamis func-
tions of the zirconium-hydrogen system based on
some of the aforementioned data. These functions
were derived from the dats withoub recourse to
extro-thermodynnmic considerntions except, imci-
dentally, such general and well -eatahlished ones as the
laws of dilute solutions. The compesition range
covered is from Fr to ZrH, .5, ood the temperature
range from 295,15 to 1,200 °K. (Though thermody-
namic dats are available for hipher termperatures H]
and higher hydrogen contents [2,3,5,8,10], these were
omitted from consideration becausa of their genarally
ioferior precizion or lack of agreement.) The eo-
axistence of phases jo equilibrjutn is in & sch=e accl-
dental, and the theoretical interest in the zystem

L Flgmres in hinckets ind legte the Cteyatire referencad al th and of Lhis paper.
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therefore centerz mainly in the properties of indivi-
dual El:mﬁes, But from s practic stundﬁnint the
equilibrimn reproportionation of phases with temper-
atura change of a given overall composition oeeurs
fairly rapidly in some cases and is of inferest; for
this reason properties have been evaluated for two-
phaze az well as for one-phase regions. As will be
pointed out, the available data show excallant inter-
congistency in some rangez of composition and tem-
perature. In other regions considerable discrepaneies
wera found which introduce considerable uncartainty
into the adopted thermodynamic funclions, pariic-
ularly in two-phase regions. It will be evidant that
the requirement of thermodynamic consistency for &
multicomponent syetem imposes an often unsus-
pected multitude of restricijons on the relations of
the properties for neighboring compositions and tem-
peratures, perticularly near the center of the region
under consderation in the phase diapram, This is
true aven for m two-commponent system which, like
the ent one, has a phase diagram which is only
modearately somplex.

The opinion has heen expressed [8] that the purity
of the zirconium used in the vanous experimental
studies on the zirconium-hydrogen system was not
sufficiently high for the results of & full thermody-
namic analysis to be of any great significsnce. The
pregent paper will illustrate that such sn anolysis
can be rather laborious, and that, in the present case,
it reveals nymarous inconsistencies in tha data which

lend =ome weight to that opinion. Nevevriheless, the
author feels that only by & thermodynamie correla-
tion of this tvpe can tﬁa interconsistencies of the
varionz data be tested, 2 betier idea of their reli-
ahility be gained, additionsl properties of the system
be derived, and the need for additionsl experimental
worl in certain aress be sugzzested. However, to the
axtent that the data are inconsistent, an adopted
correlation will necessarily be somewhat srbitrary,
particularly sines the theoretical number of different
ways to weight the numerous interrelated dets is
found to be quite large. In another sense, ohe can
be arbitrary in deeiding which borderline theoretical
relationships ara sufficiently valid to impose on the
corralation.

The phase diagram of the zireonivm-hydrogen
systemn in the region treated in this paper is shewn in
figura 1. Tle symbols o, 8, and 87 refer to single-
phase rewions where the zirconium inttice is close-
packed hexagonal, body-centered cnbic, and face-
centered  tetragonmal *  respeclively. The points
shown on the dingram are those on phase-field
boundaries as found by various investigators, and
the solid boundnries are Lhose to which the thermo-
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dynamie properties adopted in this paper correspond.
The majority of these properties are presented in
analytica]l form for the continuous ranges of tem-
perature and composition, and are tabulated along
the dotted vertical linea slwwn In the fizure.

2. Thermodynamic Preliminaries

2.1, Convantions

nzed throughoul is the defined
thermachemical calorie (=4.1840 j}, and all tem-
peratures are in dex K. Al extensive Eropart.le
& sicconinm hydride sre evaluated [or “one o
defined aa cnnfn:ining a total of 1 g-atom of Zr n.nd ¥
g-atoms of T ! even when one mole so defined is com-
podad of two or more phases in equilibrium. The
components are taken to be alpha-zicconimm (at aff
tamperstures, to preserve continuity info the small
647 temperature interval covered where beta.
mrconimn 18 more steablel snd “oormal® melecular
hydrogen in the usual standard state of the ideal
cag at 1 atm ¥

The syvmbols in common usage have besn adopted
s0 far as possible. Those not specifically defined
Are:

The unit of encr

¢4 Thermodynamic activity of com-
potetit ©. (@3 is taken equal to the

equilibrium pressure of Ha(g) in
atin.}
b, ¢, b4-¢: Generalized notation {or particu-

lar one- or two-phase fiel (In
the absence of specific demgn&tmn,
the phase Reld is Lmplisd ae any
one, or the pacticylar one under
dlscu%lun.

(7. Heat cs&paclty at oonst&.nt pros-
pure and constant overall cumpﬂ—
sition {cal mole™! deg K-!

Fi =0 formation™ (ususlly Tora the

commponants in  their standard
states).

& Absolute Gibbs free energy (cal
mole™").

H: Absolute enthalpy (heat content)
(cel mole~1).

H*: “Intrinsic enthelpy” (AH of the
reaction of eq {31]5?
H;ig): Hydrogen gas.
i (subscript): A partivular component (either).
In: Natural logarithm.
101% Logarithin to the base 10.
The molar %ﬂs conztant, (=1.98725
cal mole™! deg L")
a8 ﬁbﬁ]}um entropy I[cal mole™ deg
T Absolute temperature (deg K, Int,
Tamp. Seale of 1948},

* This ecovention sermed more logical than ¢ne based om mole fractions, enoe
1t ls probsabibe that hydhz:en {0 ab0TIE) emberd Lhe adroendum latiices interadteslly
(with vacanolas} Lnatsad o snbatitutonaliy.

' By thiz convention ona mole of 2rH, Chis soneaing ane mele of Ir and & =
moes of the component Hy The converslon to stendard statea Invelviog 8-Zr
and atomia B oonld of aourss readily be made I destred.

»: Atoma of H per atom of Zr {in the

overnll composition when two

phases are present).

Defina the eompositions of the twro

coexistent phases ZrH,, and ZrH.,,

which lte on the phase-fisld bound-

nries of tha (b4 ¢} field.

¥: Generalized notation for one of H,

_ Ch S5, or &

¥, Partial molal ¥ with respect to
COMPOnENt 1.

i, and x,:

o, &, & of singls phases of ZrH..
mi
(a+4), ete.: Two-p nseﬁeld or an overall com-
EDSIUGTI lying therain.
e/ loe4 3, ete oundary between the « and

fa+ 5 fields, ete.
1 {aubscopt): The component zirconivm, Zr.
2 {subseript): The Iti[d:;mp-crnent, molecular hydro-
gen, H,.
A numerical subscript or superscript other than 1 or
2: When =2, a particular value of z; when 2,
articular value of I. (The shsence of such
subscripts imphies general values of z and T, or a
partienlar zet under discussion.)
" or “{puperscript}: In the standard state (snc
text); deg tempercature.

2.2, General Thermodynamic Relations

Several well-known thermodynamie relations fra-
quently used in_subsequent derivations or caleula-
tions are assembled here. These have heen adapted

to the specialized definttion of one mole of Zr, H;,
nud. ZrH, stated above. . .

Total properties are ofien convemiently derived

using
'-Ia(HD Mlﬁl}.l'laT]n {1}

(A8 oY), =5/ T, {2)
'_{Gﬂ'_H;l&u}J'rT=Sﬂ_{HD_ me. m}.l'IT- [:3}

{Hyquation {3) has been u=ed thrnughcut this
to obtain the frec-energy function.) II;LIDII
similar to eq (3) applies to the rels,tne partml molal
properties:

(G—T=H—HWT- (S~
The total and partial properties are related by

V=T 447, (5
and

Fi=2(0F */az) r, (8)
integration of the latter befwesn two compositions
7' and '’ giving

1

r;.,—r:;% - T, (7
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From eqs (5} and (6)

¥ =TY"—p(d¥"{0&)r. (8}
The Gibbs-Duhetn equation takes the forin
[D(F,—Yi)oalrtHd(F = Vi/oulr=0. (8
By the definition of activity
(G —FHT=R In a,. {10)

The veriation of the partizl molal free energy with
temperature ie given hy

[a(g‘}m’)fai"]ﬁ—(ﬁ.—m}m. (1)

From eq (5 follows the standard hest, entropr,
and free energy of formation at any temperature.

Singe
AY f*=Y"—(¥i+iz¥1}, (12)
wa have
AHf'=(H,—H}) +iz(H—H); {13)
ASF =8, — 81+ 4r(Se— 80, {14)
AGF =8 — @)+ (G — 7). {15}

The molal enthalpy, heat capacity, enirepy, or
free energy 1 a two-phase field 13 the =um of those
of the component (or “terminal"} phasea:

Yi*=[{z,—z}(z, — 2} Y *F[{z—mif(z, — 2 ]~
{16)

In the present cese it is particulsrly simnple to relate
two common alternative conditions determining
this separation into the two terminal phases. One
comunonly stated obvious condition is that o streight
lite be tangent to the confinwous free-energy 180~
therm at zy and g, and lie lower than the isotherm

hetween @, and ,. Hence
(d@dz)., = (dGdx),,, {17)
and hence from eq (6)
(G}, = (i) =T {18)
From eqs (5) and {18)
G:n= rf;’.}:;l- ;‘xnaz {19}
and
G,¢= (-G’,},F—l-ixﬁz, {Eﬂ]

whoze difference gives

(8., — G lze— 2d = [ @), — (612 Mac— 2 44T,
(1)

From the condition of tangency and ag {6} tha first
and third terms of eq (21} are equal, and hence

(Gh)e,= (G} - (23}

Equations (i3) and {22} sre the more commonly
stated cohditions for phase coexistenes. The eon-
dition that the tangent line lie lower than tha
metaatable freo-energy curve between requires that
at sach point of tangency £*&142" ba poeitive, and from
equation {6) this is true if at of these points
dthfde iz positive—i.e., if the activity of hydrogen
in each phase increases isothermelly with increasing
hydrogen content.,

3. Basic Data Used

The direct measurements of the equilibrium pres-
surez of hydrogen [or the system extend from 650 to
1,373 °K and over the composition range from near
=0 to £>»1.7. These data are sufficient to deter-
mine a set of the cominon energetic thermodynumie
properties of the systemn in thizs range. However,
these su:is of da’;a.dpverlnp conmd{er:l:i] end 1ﬁrith
varying deprees of disagreament.  In ition, thosa
nti'ut:ﬁle precize enthalpy data which may be considered
valid, while they elone neither establish activities
nor their temperatura derivatives, do impose rala-
tions amon activity values at a glisven COmposi-
tion and different temperatures and elso, as will be
presently showt, among tha temperature derivatives
of activity for different compositiona.

Enthalpﬂ measurements relative to =273 were
made by Dougles and Victor [16] (usually at tem-
peratures spaced at 50- or 100-deg intarvals) up to
T=1,173 for the compositions #=0, 0.324, 0.556,
0.701, 0.999, sod 1.071. These measurements were
all made by the drop method, and in all cases in-
volved fairly rapid cooling in the low-temperaturs
two-phase (Ze-l-ﬁ field, where comnposition equilib-
rivm corresponds to phase reproportionstion (ses
fiz. 1). However, evidence will he shown in asction
5 that phase egll:lilibrimn wag approximately main-
tained in this field in these measurements. It would
also he expected that composition equilibrium was
attained for temperature Iniervals beginning in the
one-phase field involved (the § field), and thiz was
indicated by the high precision, regularity, and free-
dom_ from hysieresis found for most of those
particular measurements (see sec. 6).

In view of the ghove fects, it was decided to
construct the adopted consistent set of thermo-
dynamic {unctions for the system largely by giving

test weight 10 the hydrogen-activity data at the
E;lﬁe:r temperatures and to use the enthalpy data
considercd valid in order to extend the properties =0
derived to other temperatures snd other composi-
tiona. The measurement of the highest e%i]ihrium
pressures is grdinarily subject to the smallest per-
centage arrors, arnul this is often truc with respoct to
the effacts of sinall amounts of intarfering impuritiss
in the =amples.

The hydrogen-sctivity data so chosen ns n basis
wera thosa reported graphically by LaGrange, Dvk-
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stre, Dixon, and Merten [8] at T=1,073.2 and 13
compoeitions (x={0.05 to 1), and those raportad in
tabutar forin by Edwarde, Levesque, sud Cubieciott
{51 for values of x of 0D.650, 0.733, 0.5815, and (.R94
and Bt 5 temperatures over the ranga i"=1,{]23 o
1,173, (These points all lis in the g field.) The
values of the latter anthors were firat all reduced to
T=1,073.2 by using their smoothed temperatura co-
afficients in the v way. A ressonably good fit
to these data was found to be given by

& 1o, 5 =0.060842 ¥+ 0.1 126159, (231}
ar
[{af—ﬁ'é'}ff']lmz=ﬁ-2231310g & )

+4.5758 Jog (14-1.83%3x% "} —5.50334. (24

The agreement with the values fit {which vary from
0.00% to 0.16 atm) is shown in table 1; over the

Davialion fram =q (28) (or (250} of obrerved hydro.
Fen aclividieg af 9-2rH; ot 1,075 89K

Taree 1.

Feloyenes ks asfoha) —apteulecdy,
aaohe) >

. UG +43
& L1l -1z
[ L i
& T 1]
E ) —1
= - Ll
H -0 +1
" N it
1 % -
I L1 it
H LM Ll
5] N1 +1
H L R? il
b st =+
W e : i
H - i}
4 Lo 3

range z=0.10 to 1 it averages 2 percent, which s
witﬁ?n the procizion of the messurements. Caley-
lations of eycles of entropy and zicconmum-activity
which are prezented in section 7 depend in part on
the aceuracy of eq (Z3} (or (8417, and show excellent
congistency.

It 1s appropriate to examine eq (23} in the light of
the fact that several observers have found & pro-
portionality, at constant temperature and only
moderately high hydrogen conceniratinns, hetween
the activity ¢, and the sguare of the hydrogen con-
centration {“Sieverta’ law'}, which correaponds to
an activity coefficient of glomie h}'dmfen independent.
of composition. Up to =05 the laat term in eq
{23) contributes less than 2 percent of the total,
ga that the power of z iz not 2 but eloser to 1. Sieverta
and Roell ﬁ] mepsured hydrogen-pressure isotherms
for hets-zircomum st 1,073% and 1,373 K, and
though their date show inferior preecision compared
with that of the more recent measurementa fitted
sbove, their resnlts show an appreximate proportion-
lity of a; to 2° at the higher temperature but not at
the lower. It is easy to show, by substituting from
eq (10} into eq (11}, replacing a; hy a single term
proportional to 2%, and then differentiating pariially

with respect to ¥, thal the power » is independent of
T'if and only if (H,—H3) doea not vary with x. It
will in fact be found that although (H,—H?:) near
1,075 K is apgmﬁmat.aly independenl of z al the
higher values of %, it is far from being a0 for 2<0.5,
The sign and magnitudes of a(&L— H2} oz in the latter
region earrespond to an aﬂ]mmh to the »* law ag tha
temperature rises, but for lack of enough precise daia,
no serious effort waa mede to interpolate the pressura
data over the range 1,073 to 1,373 K.

The manner of using the enthalpy date will next
be eonsidered. In the first place, it 18 apparent from
figure 1 that in all thess enthalpy messurements
for the five Liydride mm{iwoaitions the sample was
eooled mto the (o1 8) field at 208 °K. In section 5
the following value will be derived {from eq (90)):

{ﬁf”—mj sm—4. {25}

This walue i very small because at this tempernture
the eomposition range of the = fisld is very small.
We nmt: now consider {(H &+ H3).. Applying
{3} 1o the abeclute enthalpy at uny temperature an
also at 298 °K, and subtracting the twe, one may
write
(Hy—H3y=2{0(H"— H3g*)jz]
+{H?+ﬂ—m}m—(ff3— ;u-ug;.]- {2‘5}5
The application of Et} (6} to eqg (16) shows that
relutive partiul molsl tunctions in a two-phase lield
at a givehr temperalure (includilt:i]g (H P I m)
are independent of 7. Clunscquently, if duts st ona
temperature and composition are available for evalu-
ating (H #t9—H<lye from eq (26), then the same
equation, with Lhis value substituted, may be used to
evaluate (E,—H7} ot other tamperstures and eomn-
positinns where [a(H"—H)tdxle can be evalu-
atad by suitable interpolation.

Flols of Lhe hi'dmgen—preasum data of Edwards at.
#l. [5] for the four compositions Jrom r=0.650 to
r=0.484, uned above, gave without trend almost
identical  values which averawed (Hf—If)0=
— 40,500, Ella and MeQuillan {6] measured of st one
hiegh conceniration of hydrogen (r=10.66) from
approximetely 875 to 1,085 °K, leading to a value
w]i'uch when eorrecied to 1,123 "H by the enthalpy
data gave (Hf—Hiln,.=—37,500. A weighiad
inean was adopted:

(ﬁg_ngjna,q.rI—39,5m4

For many caleulations in thiz paper ihe relative
enthelpy of moleeular hydrogen gez has been pom-
puited feom the emnpirical equation :

{27)

H:—I‘I:(m] =E.EE'DT
+Z 67RO T — 120007 —1968, (28)
whia_::h betwesn 288 and 1,200 °K agrees witlun an

& T ws wesiaioed B ooq {26 end relatad eqga (E0-M, 39, 400 et thee waded of t e
I the [acfd) fsld atb 208 YK,
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average of about 3 enl mole™ with the aecurate
valuss [20]. Equation (28) gives H3nwun— Hime=
5837, From the entha.lgg of the pertinent g zirconium
hydrides sa formulated in section 6 (eq (92)),
2D 1z — o)/ 0x) = 7815,  Using eq {27} and these
values, eq (268) gives

(Hitt— ) mg=—411 475 (29)
Equation {29} has an uncertainty of at lesst 1,000 cal
mole=!, but the additional sigmfieant etva
to maintain eonsistency in meny of the subsequently
dmj;ed values. o 26) e 1

aguation equivalent to e B} in in 0rTn
Ay bg derivegq which is mocxl*e general because jt
indicatea the energy difference bebtwesn two zireo-
nium hydrides where both 2 and 7" may differ finitely.
If we consider & system of 1 z-atom of zirconium
and 2 of hydrogen, and arbiteanly define the reference
state as the two free elements in their standerd
states at & temperature of 208 ‘K, the increase in
enthalpy when the temperature or chemiesl com-
position or both chenga may be called the “intringic
enthelpy” (F°)." Tha process is

Zr(298 "K) +H.(g) (298 °K)

wnd =ZrH(T)+ (1 —) Ho(2)(T), (30
H =+ {1— ) H;—Hi gy — Hizeyy . (31)
Frot eq (13)
H‘;‘IEHEJ '—Hfm—mum
= (B — s 2 —Hi) e, (32)

Adding eqs (31) and {32},

H ={H"— He 8y (Hp 5= H
+ 3B — H e+ (L— e H— Hy ). (33}

This result may he n;:iplied to two compositions
ZrH; and ZrH; 8t T and T respectively. Thus for

ZeH (T - 3" — o ) W) (T ) =ZrH- ATy (34)
eq (33) lends to

AH=(H—Hg+) 0 — (H°— H ),

4" =2 Y EHE = H )y
-_ i[jitr;—-'f;}{H:(r'r_H;t:m} ' [35}

In equetion (26}, (33), or (35), (Hi—Hium) end
{HEt!—H3 s can ba evaluated from eqs (28) and
{29) respoctively. Partial diferentiation of eq (33)
with reapeet fo 2 and substitution from en {6} show
that

(OH{0) y= 4 (H~ H3). (36)
With the help of eq 532}, eq {5} may be put into
convenient form for relating the fotal and partial

molal enthalpy and free-energy functions in the
forin in which they are expressed in this paper
a3 well az immedintely giving the standard heat and
free energy of formation of ZrH, at temperature 7.
In these two cases eq (5) becornes respectively

H*=H,+1zH,
G =&, + 4ol

37
and S
(4%)

Subtracting eq (37} from eq (32} (and remembering eq (13)) gives

AHF I T={H,— B T+4a(H,— B T=(E—H53 ) T— (i —Hyoi )T
— Yt — H ooy Y T (= Hpon T 32 (H O — H bl T, {39

whereas subtracting =q (38) from eq (232) {and remembering eq (15}) gives

AGHIT= G — T (@ — D T= (@ = H T ) T — (65— H 0 )T

— 32( i — Hipoge T (H A — ) ied T+ bz (B — Hael T

4, Alpha-firconinm

Pure metallic zirconium und a first-order
transformation from the hexagonal {«) te the high-
temperature body-centered-cubic (#) lattice. The
trangformation temperature has been given values
from 1,135 °E [21) to 1,142 °K [22, 23]). The value
adopted in this paper ia:

Trangformation temperature of Zr=1,136 °E. (41}

' Iy garlier 117] ihe suthor defined an egel ot quant|ty pnd galled
b0 "mmwm:ﬂaut.“

(40}

Meszuremnents of the low-temperature heat ca-
pacity of zirconium bave been reported by Todd
{63 to 207 *K) [24]; Skinner snd Johnston (14 to
208 K] [25]; Estermenn, Friedbers, and Goldman
(1.8 o 4.2 °K) [26]; Wolcott (1.2 to 20 °K) [27]; and
Burk, Estermann, and Friedberg (20 to 200 °K)
(28). The heat eepacities of Todd and thowe of
Burk, Estermann, and Friedberg sre in close agree-
ment, while those obtained above 130 7K by Skiuner
and Johnsten are about 1 percent lower. The
enthalpy at hizh tempavatures haz besn messured
by Mixzter and Dana {273 to 373 “E) [29]; Jaeger shd
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Veenstre (204 to 1,074 “K} [30]; Covghlin and King
208 to 1,371 "K) (31]; Redmond and Lones (273
to 1,30¢ °K} [32); and Douglss and Victor {273 to
1,173 "K) [16]. Furukewa and Reilly [33] have
carefully an g’zed the low-temperature datn and have
derived & table of thermodynamic functions from
0 to 300 K whose heat. capacities approach those of
Douglas and Victor at and above 300 “E. The
heat-capacity curve of Dovglas and Victor Joins
stmoothly with thet of Tadd, but not with that of
Skinoer and Johnston, At 250 K Furukawa and
Reilly’s table gives {in the notation of sec. 2)

(08 1 ooan = 5,968 {42}
{Sﬁ'um; =8.21%. {43)

Using & sample of zirconium eontaining a total of
0.9 percent by weight of impurnties (0.015%; HI,
0.03% Fe, 0.3 C, 0.005% N, and 0.006%, O).
Deuglas and Vietor [16] %mci&e];;r measured the
enthalpy, relative to 273 *K, at 100-dep intervals
up to 1,073 °K, and also at 161230 and at S-deg
intervale from 1,143 o 1,173 “K. The following
equation fin the notation of ssc. 2) was derived to
fit their date for the o form and to satisfy eq (42):

Hi—H a1 =4.050471 5.3112 {107% T7
—4. 4945 (107" T3 18785 (10%) T+—1573.9, (44)

The mean observed values differ from this equation
by tha amounts shown in tahls 2,

and

TabpLk 2. Devdaliont of e (54) from obeerved valtes of enthalpy
of o-2iroanium

MHE_ M ean phearved—

Temperatire 1 o L=TENTTETN |

Moan chosved wnk R Rlpor

*H ral mode-1 e mofamt
7 10 iy
I’z il —+1
474.2 1184 —1
a2 108 -+
678.2 o] -1
T8, 2 9 q
8.2 4147 -
a7 2y =+
1073, 2 Eriss -7
1124, 2 {33 +1

For the entropy of c-zirconium, eq (43) and (44)
give

§:=9.32645 log T+1.06226 (10-5 T

—6. 74175010~ 42,238 (107% FP—16.4145. {d4)

The thermodynsmic propertieaof F-zirconium wiil
be evaluated in sestion 7 in connection with the 8 Geld
of the Zr-H system, of which it forms a part,

8. The « and {#44) FPhase Fields

The thermodynamic properties of the « and
{@4-4) phaee fields as derived in this paper ars
closely related, and will be discussed togethar.
(Other parts of the Zr-H system will be similarly
treated in the following two sections.

5.1. Choice of the oFhasa Entecteid Point

Values for the eutectoid temperature, where the

g, and & phases of fixed compositions coemist in
equlijhrimn, are in fair agreement as reported by
various investizutors. Vaughan and Bridge [10]
cave 8329310 °K, hut the values most commonl
reported have heon cloger to that of Ellz &nd McQuif:
lan [8], which is 820°+2 °K. In an enthalpy
in‘mat&ﬁ.iﬂn 18], lowr samples ftrapeforraed some-
where between 823 and 833 K, and one sample
aomewhers hetween 313 and 823 °KE. The axact
tempersture is probably uncertain by a fow degrees
owing to some slugpishness in the (ali solid) trens-
formation, but for the purposes of the calculations
of thiz paper the following velug has been adopted:

(46}

Another constant evalunted smpirically here is the
cutectoid composition of the « phase.  As indicated
in figura 1, the o/(at3 aud ofiz+8) boundaries
of different investigators [4,6,7,8,9] are in fairly good
agrecment,  {m the basis of theseresults the composition
at 820°K salacted here is

Eutectoid temperature=3820 °K.

#aleuteotoid) =0.0650. {47)

The equilibrium properties of the {x+43) field are
of course the appropriate combinations of the
propertiea of the component phases along the two
phase-field houndsries, which if known can be used
to derive the two-phase-field properties, This pro-
cedure hae boon followsd for the («+8) field (sec, 7).
If, however, more complete data are ayailable in
the two-phase field, these muy be used to derive
its properties even without knowing the boundaries
of the field. In the present case some hydrogen-
pressure dats sre available for the higher tempers-
tures of the field, but not &t the lower tamperatures
near room temperature, meinly because the equilib-
rium presaures are negligibly small.

5.2. Enthalpy and Belaied Propetties

The enthalpy measurements on five well-=paced
compositionz n the {«+45) feld [16,17] show good
precision snd good consistency, and will he used as
the basis for extending other properties below the
eutectoid temperature. These dats show not only
the linearity with z of isotherins expected for s
two-phase field [lﬂ,l'?li, but shew alse other evidence,
soon to be presented, that phase equilibriom was
approximately maintsined during the rather rapid
gooling involved in the measurements.* Repre-
semting an isotherm of enthalpy by

{H"—H g 10} =A+ Br, {48)

the values of A and B {referred to the experimental
basa ternperaturs of 273.15 K} were determined

—

I Even I the enlectoll] ternparaturs 13 reslly gy I [l oo . th
ba mthnlnrmthﬂmatm'zumthbihur;tudmhv .mth:
ram wars niok hasted abave B3 0K o thess wwpnarcownts and the § phass
eould sxslly have falbed Lo sppear.




fromm the date by the least-square method, and are
given in table 3 referred to the experimental hease
tempernivre 273.15 "K—i.e., for the equation

(H'—Hom ) =4+ Bx {49}

TasLe 3. Jatherms af enthalpy in the (o+ 80 field of Er-H
{In cal mele of ZrA )

T A ineg 4 | B ineq (4%
R

731X ) i}

37313 a3av. 3 1144
473.13 1302 2. 6
51315 o U] B,
473,15 WD 4 103, 7
7314 3T X 1410. 1
BI3.1% 2T 0 1705, B

The lollowing equations were derived to represent
A and B in eq (48) sz functions of temperature
(=273 to 825"
A=3391211T—5.051385(107%) T*4-4.76757(10°% T*
— 16034961074 T 1.373028(1 08 T
—R 2280104107 T2 — 10324 .4;  (5D)

B=3.05464 T4 5.5805({10~") 7" —7.008805 {105 I®

+2.608868(10~") T —3.393270( 10" T

+ 1.520416{10%) TE—447 .8, {61)

From ens (50) and {51}, the eonstants in ega {48}
und {49} ara related by

A'=44158.1; (52
B=0419.0. {53
From ags (1), {8, (83, and (48)
(Co)y=H=dA/dT (54)
anrd _
(T )et== DT RIAT. {55)

From eqs (26}, {28}, (29), (48), and {51}

(Heri= Hf T=—40404—0.56072T 4 5.483¢ 10~ 9T
— 141977910~ T2+ 5217736107 T
—6.78654(10~ ") T5+3.040832(10~ ') 7"
1200071, (56}

The same properties were next [orioulated in the
e field. Apparently no measurements of enthalpy
are ﬂ,vailablie exc@qt for zirconium metal {Fec. 4).
However, the o Pmses are all low in hydrogen
{fig. 1), wnd the laws of dilute selutions showld be
applicable to good approximation. This involves
the mssumption that the enthalpy and heat-capacity
* num{mumemgmth tabbe 5. Howerer, owing bi & il ok

w . ely 1507 difers aliehily [rom the lable abdere 473 OK (By &0 aTéks
E?'md?'ﬂi. . wehleh la -nt[ifm (s praetnlem o Che data b, ¥

izotherms are linear with z It will presently be
shown that at 273.15 °K the & field 15 extremely
narrow; consequently, it i= convenlent to assume
that at thiz temperature «-Zr is in the (a+-58) feld.
Ab 820 *K aq {Hﬁhen zives

{Han'— HaZ i ).—e=5753.0, {57}
while eqs (47}, (48), (50}, (51}, {52), and (53) give

(Hai' — H s 18 Jo. o= 4359 8. (58)
Thus, using eqa (52} and {53},
Hys— He 49 3504949316 4z, (59)

By sssuming the hydrogen vibrution frequency in
ZrH; found by Flotow and Osborne {15), 1190 cm™,
the following empirical aquationa were derived:

T=20R—820: (3,18 =—"5.9446+-2.7364{ 10~ T

—1.185(10-5T* {60)

{61)

Bince these arc mdependent of %, by eqgs (03 and

)9 is identical with the heat ecapacity of

(8) {{]
a-Zr {from an (44)). When the latter and eq (60}

{or (61}) are substituted into eq (3) and then inte-
grated to zatisfy eq (59), we have;

F=208—#&20: (™= — Hs P T —=4.0504
+5.3113010*} T — 4 4945(10~*) T4+ 1.6755(10~ %) T®
— 1578 5T+ [R243.0/T—Z 07234654 L{(10 T
—1.975{10-%T?)x;

T=3820—1136: ({,)2=4.836-+4.5{10~0)T

T=820-1136: (H"* —~Hafe oW T ©2
=4.0504+5.3113(10- 3T —4 4945(10- ) T
+ 16785010~ T*—15678.5/T
H(B57T.4/ TH2 41841 125(10-T Jx.  (43)

The application of aqs (26}, (28), and {20) io0 ega
(62) or {63) gives reapectively:

T=208-520: (HT =2 T=—23005/T

—12.608541.3414 (10~ BT —3 950{10-% T2, (64}
P—820—1136: (Hz—H/T
= —26336/T— 1828+ 1. OR2(10-3) 7.  (85)

5.3. Hydrogen Activity and the af{a+$) Boundory

The thermodynamic functions (G~GIYT, giving
{by eq (10)) the hydrogen equilibrium pressures,
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will now be formulated for the a and (a5 fialds.
As discussed in section 3, these will be based on eq
(21 and the pertinent thermal properties. The
invarisnt eutectoid pressure derived in section 6 is
the {x18&) value at t temperaturs;

altl, =1.0442{1074), (66}
Tt i= reasonable to aszume that in the dilute o phascs
the activity of atomic hydrogen ia proportional to
its eoncenlration at sny telnperature, and hence af

iz proportional to 22, as has been observed [4].  Then
from eqs {10} and {66
[(Grs+— G20 T lam— — 18.2174, (67}
and, using eq (47},
(G2 — G T lie="5.1517 log 2—7.35268.  (68)

Substitution of eq (56) into eq {11} and integrating
to satisly eq (87),

(@rtdm G2/ T—=— d0,403.48/ T+ 1.26706 log T
—§.4820¢107) T4 6000/ T2+ 7.098542(10~%) T
—1.739932(10~T) 77+ 1.696622(10~ %) T+
—8.08162(10~ 1T 4220491,

The sinilar use of eqs (113, (64), and {68} gives

(69)

T=1305-520; (GE—GNT=9.1517 log z
— 23005/ T+29.02815 log 7'—1.34113(10° 8T
+ LUT447 (107 T2— 54,2116,

while eqs {11}, {65), and {68} give

(70

T=520—1136: (G4—G2){T=0.1517 log = —2633¢/T
+4.20876 log T—1.98179(10~%) T+14.1221.  (71)

The «f{x+4) boundary st E20 °K has been re-
quired to have a composition of F.=0.0680, but no
other restrictions on it have beon explicitly imposed.
The boundary compositions at other temperatures
can be found by equating either the E}rdmgan
activities {eqs (69 snd (70)) or the enthalpies (eqs
(48}, (50), (51), (62)) in the two fields. The results
by these two methods are compared in table 4.%
The agreement for the two methods shove 400 K
iz rother striking, snd givez strong support fo the
wesumption made earlier that in the « field a; is
proportional to 2% If this assumption is correct,
the agreement in the table indicetea that phase
equilibrium, especially with respect to the af£z+ﬁ]
boundary, was approximately nmaintained in the
enthalpy measurements in the (4-4) field, a result

10Ihe vulies ln ke seeomd eolumn of Lhe Lsble are reositime to Lbe power of 7

nasumed.  With the aspumpticn of Lha 840 *H valoe 8 hefore, Lbe second column

wist recalonlated with 11": Troportiomal to #0R, buk the dlsasmeement with the
thlrd oalumm =ss much worse, Tt may ba ooted, howevor, that the extent af
dlzagresmwent ko independent ot the ue sesnosdd koo th: matecbokl hydrogen
Aatlvlty, or e 3ama valus wasasnnaed In dedwingegs () aod (70, and csmcela
when the twa egquathmos ar st equal Lo gach ather,

TapLE 4. The tompogilions ? the oxf{a+§) boundary by oo
medfoly

e Al boandery
™
Egoglily of Eqoallty ol
hydeogen mihel
pelivity at
L
Bl I . OHKML S . Ol
SH - HH A - D
a30 - KHHELIN - 010
HH - W i)
A5 .13 0013
S Nk x5
550 _ons3
B oL - Qnoe
|50 0188 0178
H Q288 282
5 LILRE:) L0
S{H 0578 Q558
1) LU ] OB

ion accord with the observetion of Sehwartz and
Mallett [B] that hydrogen diffuars in zircomium
msatal very rapidly at these tempersturss. Aside
from the small meertainty in the value selected for
820 "K, the values in the aecond column of table 4
are probably more relinble than those in the third
columpn; this is certainly true at the lowest tempera-
tures, where the fslure of the o phase to the
final equilibrium compositions would huave ceused
hut littla error in eq (56) and hence in g (69). In
this paper, however, the properties of the (a+8)
field depending on the af{e+8) boundary are caleu-
Jated from the third golumn of the table in order to
avoid amall discrepancies with other properiies
calewlated from the thermal dafa, Thess discrep-
ancics would have been minor, because the bwo
columna of table: 4 never differ by more than about
0.001 in = For the same resson, no elfort was
made to adjust the {a+3) enthalpy values to make
them consistent with the secemd-column boundary
COMmpot1ons.

54, Entropy

The abeolute entropies of the various hydride eoin-
poaitions are caleulated in this paper frorn those of

zirconium metal (eq (45Y). 57 ean be calewlated from
2q (4} by subatituting either eqs (64) and {70) or eas

{653 and (71), depending on the temperature.  Spe-
cifieally, at 320 °KK 5;=28.255, and 50 wo get
Sl =13.3157—9.1516 log z. (72}
Since from eq (45
8 a0, = 16,1723, (78}

eqs {72) and (73) may be substituted into eq {77 and
the integration performad from x=0 to », giving

S =18.1723+8.6486r—4.5758x log =, (74)

Thu‘entmp;r may be formulated from the enthalpy
by performimg the integration (of eq (2)) to satisfy
&g (];’43. When eq (63) i used for the enthalpy, the
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rezult is

T—=220—1136: §"'—=(0.32845-5.5677) log T
+[0.0106226 4 2.25(10- Hx}T—6 741 75{10~%) T*
+2.238(10~} T —16.4145—9.42162 —4.5755z log a.

{(75)

Equation (74} gives fin view of eqa (48) and (47)

S3iis, sase =155 3 Moo= 17.0874. (76}
At this temperature eqs {4), (46), and (60} and the
value of {85y aive

Sibd, = 5.6207. (77
The substitution Mromn eqs (76) and {77} into eq (5)
then gives

z—-

ik = 16.9080. (78}
[G',}“” and [ £*? aa funciions of temperature were
then avaluateé from eqs (50, 54) and (51, A5} re-
spectively, and when each of these functions was
substituted into the equation for the partial nolal

properties analogous to eq (2) and the subsequent |

integration was required to satisly eq (78%) or {77}
respectively, the partial melal and {from eq {(5)) thae
fotal entropies in the (a43) field were completely
determined. The resulta for the parctinl nolel
entropies are

Bpti=78.08602 log 7—0.10102777+7.151365{10~%) T'*
—2. 13789467 (10T +6.86614 (105 T

—6.15260695(107) T—"—164.9841;  (79)
Se+1_14.06722 log T-+2.2322(10~9)7
— 2. 120868510~ M 4 695605 L32(10~") 1
—8.483175(10~ ") T 3. 0480084 (10~ 5) T4
—20.4258,  (80)

5.5. Bome Partial Molal Properties With Hespect
to Zirconium

In the « field the partial molal relative frec energy
and relative enthalpy of zirconium may be found
readily from those Ior lwdmnran by intecrating the
(ibbs-Duhem equation {eq (&? , BINCE mcamum in
its standard atate is a terminal eompogition (z = 0}
of thiz field. Egqusations {(70) and (71} both give the
same rezplt for relative free energy,

(Fr— G0/ T=—1.08722,

snd eqs {#4) and {65) pive the saine result for the

relative enthalpy,

(H:—HY/T=0.

(81}

(82} i1

In the {a+35) field the parliial molal relative fres
enargy of mreoniwm is simply the values given Ly
eq (81) along the a/{od-§ boundary:

(Gt — ) T=—1.087220s.

The values of iz, wre given in table 2, whers, 83

explamed earlier, these in the third mlumn WeTE

used to obtain the tabulated values of (Gt — O/T.
The partial molal relative snthalpy of zxrcumum

(83)

in the (a8 field may be obtained from eq (4),
which in this case i=
(Epti - I T— (G — GO T+ Se+— 8%,

by substituting from eqs (43), (79), and (83). For
the zirconiom-bydrogen syatem this pru?-erty may
he derived more directly {rom the enthalpies alone
by what js equivelent to the “method of interccpts,™
From eq {8)

H =H"—xalfom.

By writing the same eqguation for 273 °K and the
{eet-8) field ond subtracting from eq (85), we may

write
of & a—mmg |
T

_HO=(H
—(H—H oy} HOHT —H e (36)

(88)

Hﬂf¢+$:l

It was atated earlier, however, that a-Zr will be
assumed to lic in the {a+4§) field at 273 °K =0 that

(EFt— F %)y =0.
From egs {483, {49}, (42}, and (53,

{87)

(B~ Hig e | & (g —Hgse) | =103,
T

{85}
and from cq (44},

H?cm _H{i'imz =154. {39)

Subtractimg eq (88) irom the sum ol ega (88), (BT},
and {88),

@ yr—y { -3
'—E[L:wl]r—(fﬂ—ﬂ?m}+4}' )

For the (=43} field ot T'=298, 2q (9) gives the value
of eq (25). Equation (90) ie applicable to any phase
field and any composition lying inside the (a5
field at 298 *K. In the special ca=s of the [n&)
field, substitution from ag {48) gives the simple result:

+!]}

I Boootiom {227 fodlows nbao It {11} amnd [31] Foth equathons (813 aod
1 pre mamﬁtmtm mumph.ﬁsm- wmrlier vhat qunmm Edeally
uj.a BelkirmA of ptomir Dy dTpen 0 o -LARCOTiam.
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(He+ — Y/ T=(A— (F— Hipe, ) H4)/T. (1)

Values caleulated from eqe {84) and (91) did not. differ
by mars than §.008, and were averaged for tabulaticn.

6. The g (Hydrogen-Rich), (§+4), and & Phaose
Fields

Having formulated thermodynamic properties for
the (= &) field, those formulated for the 8, g84-4, and
5 fislds should be consistent not only with the most
raliable dats for these fields but alzo with & single set
of 3/(8+8), 3/{F+ 5, and §/(e+ & boundaries. There-
fore the properties of these three fields are conaiderad
together. .

An isotherin of o, at 1073.2 °K for the 8 field has
glready been formulated in section 3 (eq (23)). As
the hydrogen concentration (z) increnses, the second
term in this egquation beromes reletively important
fseversl percent of the frst term) in the region =
0.5 to 0.6; other properties such as the heat capacity
and the heat of hydriding (F:—H?), at similar tem-
peratures and the same general range of concentra-
tions, show similar changss. This fact malkes it
convenisnt to treat the wide g field saﬁamtely in twao

arts. Somewhat arbitrarily, the field has been
Eividnd in this paper by the composition selected as
that of the 8 eutectoid phase, x=0.67. Tha propar-
ties of the 7 phases richer in hydrogen will be con-
gidered quantitatively in the prezent =ection, and
those poorer in hydrogen, in section 7. The most
appropriate dividing eomposition probably shifts
with temperature, but the exact choice is probably
not of major importance hacause all the important
thermodynemic .properties are mades to have con-
tinmty at thix compaosition.

6.1. The 2 Enthalpy and Cther Poperties (x=0.57)

A simple equation was =elected to fit the enthalpy
measurements [16] in the g field for the higher values
of z:

b7 (HUe IR = (0.664}-2.1442) T
+ 1600z —2521.1. {92}

The values calculsted from this equation are com-
ared in table 5 with the mean observad enthalpies.'
The latter were nctually measured relative to 273.15

°E, but have been made relative to 283.15 °K by

gubtracting the quantities indicated by age (52}

and (53}.) o

If any of the samples was actually inside the

{f+2) feld when measured, its enthalpy would be

found to bae lower than if at the same teoperature 1t

were in the # field, Messurements were made oh
the compoeitions r=0.6566 and 0.701 alao at 873.2 °K,

b, (:.anl‘ﬁ.lc?' to fizera 1, these enthalpies gave

definite evidencse (poor precision, large thermel

hystaresis, and large negative deviations from eq
fa21) that for some reason the 8 field hed not been

H The potaposition =084 {n tohle &, whila agtede the range to which a3 (&)
I ooty Pe e, 18 boo clobl bo ai) 37 o lnvalkiate apprecebd ¥ the dilerences
Sgharrred minu calonlatad™ moted Loy the ke

TABLE & Devfafion from eg (0% aof the mean obeereed
enthalyick

{For esch temperntore sod compoeltken tha first valun ks the mean obsarverl

(ITHM—ppaleslty npd the waloe iR perentbares 15 the gbsereed — endoginted,

bath in ealfmaols nt EriT:0H

T J =i W | =i TL I EETIRG! ] l =l 07l
K
ik ] 2191 LA —H) 2878 =l;l]{+3&-:l
AT 2830 — I e bl
| [ 4 BAYL [+E 10528 4133 JH15050{ = 16])
nnia ilﬂllE—ﬁﬂ TIEH()
NIs.zr 11{H [—P) 11440 {44} 1TRHG0) L0
reached. By slmilar considerations the observed

volues in table 5 for 2=0.000 st T=1122.2 and for
r=1.071 at T=1123.2 and 1073.2 would be expected
1o fall below ag (92}, The fact that the last valus is
only slightly lower is evidence that the Issrecadjng
vialua for x=1.071 and T=1123.2)} probably corre-
sponds to tha g field, despite the 2/(74+#) boundery
selected in figure 1. Most likely, small percentages
of impurities in each sample, while corrected for
additively, probshly invalidated the observed en-
thalpy a cisrecia,hl only if the impuritics shifted this
phase-fi boundary enough to place the point
erroneously in & two-phase field. The doubtiul
values mentioned were not used in deriving eq (82),
It may be noted from table 5 that the fit is poorer
and with & trend for the two lowest tetnperatures
tabulatad (up to 0.5%%; diﬂcurﬁgancy}, but these four
points were cousidered ineufficient justification for

mpdityin (a2).

_With ¢ :%E]p of eqs (23), (29), and (92), eq (28]
o= H

22057 (B —HY) [ T—--36508.3/T—2.372

=2.678(107%) T 120004/ 7%, {03}
When eq (B3} 18 substituted inta eqg {11), and the
suhseguent in ation is made to satisfy eq (24),
thera is ebiained:

7z 0.570: {4—a0/T=6.2231log =
+4.5758 log {14 1.8493z%77)
F11.6100—236508.3/ T+565 4617 log T

42677107 I+ 6000/T7. (34}

Though eq {24} was derived from data up to about
z=1, where ihe 8 fiald terminates at 1073 °K, eq {04)
is sasumed to hold up to 1200 K and also for the
slightly greater values of = (up to sbout 1.1) which
lie in the g field above 1073 © An empirical equa-
tion was derived for tha standard entropy of hydrogen
gas from eq (28) (using eqs (1} and (2)}. Sinee eq
{28) is nob quite exact, the integrated equation was
adjusted to give the baast fit for T=820:

T2820: $3=15.323532 log T+ 5.356{10~ 9T
—6000; T°—6.8288. (95

IH] iolerances nitachid bo two of the valoe in the tabls rapresent nod pre-
s, e e o M sty s o e, T O
g;ﬂ to.series af roos).  The efthalphet fund were bilgiver o L former
In tha immm by bbeliss Kbey plaled Lobeamor, and Ll meen of the w0 satle
hean by fRlubibed.
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Substitution from age (93), (84), and (85) into ag (4)
then pives:

r=0.57 H=—62231log x

—4.5758 log (14-1.8493 %)L 08736 log T
—20.8108, (86)
Substituting from eqs (44} and (92) into eq {90},

=057 (FF—H)/T=—042.6/T1+ 56135
—5.3113{11]'“} T3 4.4945(1[]“'}5"*— 1.6TRE(10-% 7%,
{97}

(rther proparties to be denved for the hydrogen-rich
part of the g field will depend on how the (3435
properties are formuleted, because tlese, together
Witﬁ the @ properties, will determine the unique
composition of the @ eutectoid phase with which they
ara consistant,

6.2. Procedure Giving Thermodynomic Consistency

Of the twelve thermodynamic functions derived
and tabulated in this paper (tables 3-14), five musi
he continuous at each phasefleld boundury: H, S,
@, &, and &.  Bothrelative-enthalpy and hydrogen-
activity data have been obtained in the (8- 48) ficld.
The enthalpy data were cbtainsd by Douglas and
Vietor [16] tor the compositione #=0.701, 0.999, and
1.071, but the valuss show serious inconsistencies
between two of the sample compositions® and
therefore were given no walpht in deriving properties
in this field. Hydrogen-activity values in the
{8+ 48 ficld were reported as follows: by Fdwards
et al. [5] for x=1.222 ot 973, 1,023, 1,073, 1,008,
1,123, 1,132, 1,123, and 1,148 *K; by LaGrange ot al.
[8] for several compositions at 343, 888, 915, 087
1,022, and 1,073 °K. The values of the two sets
of workers, which dissgree somewhat at the lower
temperatures, show excellent agresment as well as
amooth temperature dependence at and abovo 1,023
°K, and were used to define the adopted values in
thi= higher temperature range. With the complete
formulation of the hydrogen a.ctivig {or A0} from
the entectoid temperature {820 °K) to 1,200 °IC,
soon to be given, the B/{(f48) boundary wes =0
determined a2 to make & and %% equal aloay the
boundary, and the values of the other four of the
above fiva Emparues in tha {#4+35 fiald were dater-
mined so that slong the boundsry they would be
agual at each tempersture to the corresponding
B-field properties.

Representing the boundary cumaiwsitiun at tem-

tare T by xs, the relative enthalpy in the {8490
gcld at z and T can be found by integrating eq (28}
hetween z and Ea

EH"(gH}

i "[he dittrapatclen ara moch Larger than those found In spvoral teato af Tweklng-
qnil-ceallng byaleseals, and deam €0 be dne to diderant locatluns nf the HGH-0)
i lery eatizad by diffepsnt impardtles in the twe samples,

—HG 10T = (" —H ) T —

The complete datermination of (¥t —FH2) at the
lower temperatures down to 320 °K will then com-
plete the determination of the (§+8) properties
wnd the F/{(f+8& boundary. In particelar, the
composition of the eutectoid g phage will Iie on this
boundary, snd the composition of the ettectoid
:Olphasa will ba that resulting from simultancous
ution of eqs (48) and (95) at 820 °K, the eutectoid
temperature. It was decided to formulate therno-
dynemic properties of the Ze-H systern only up
to z=1.23, partly because there aro fewer over-
lapping datn for eompositions richer in hydrogen
and thosze that do exist show some major incon-
alatencies,
# less than 1.25, then as the temperature rises the
compozition ¥=1.25 passes from the («48) field into
the & field at somne temperature (1), and from the
§ into the (#4-8) field at & higher temperature (T,
For thermodynamic consistency, it must be possible
to formulate the &-phase properiies so that the five
roperties rmentioned above agree with those of the
ﬁ:z-l— &) and (84 &) fields ot the eutectoid § composition
and temperature (520 “K), with tha (a1 8} properties
et =125 and T, and with the (8435} propertics at
z=1.25 nng T
The (8435} hydrogon-activity data sbove 1073 °K
menttoned above indicate a value of (HEH—HY)
essentinlly independent of temperature (approxi-
mately —51800), and in a prehminary triol the same
value was assumed down to the cutectoid temper-
ature. This assumption led, in the manner outlined
above, to sutectoid compositions of approximately
£e="0.54 and z;=0.99. The next step tuken was to
formulete an enthalpy funciion for the 3 phases
whoee temperature derivative corresponded to a
Lhydrogen vibration frequency of between 1050 and
1200 em™! [15] and which at the same tima satisfied
the (a+4) enthalpy equation {eq (48)) at the sotec-
toid 5 point and also on the &/{a+4) boundary at
673 K. With =125, this equation was then
golved simultaneously with pg (48) to determine T,
and with Etl {98) to determine T3 To test the mop-
tinuity of the other four properties at the points T
and T, entrrglpy is an insensitive criterion, but &
roves ontivcly adeguate. The dphisa enthalpy
unction mentioned above and eq (26} gave a value
of approximaiely (H]— )= —42000, and on sub-
stituting this value, eq {11} integrated to give for
[{'gi_G;].'IIT]Tg.].?.l-_[{Gg"‘G::IJ'IT]Tl.LEH about 0.7

lesa than [(GEY— G Tlr 1 s— (G5 — G 17, 1 2.
(The discrepancy of 0.7 was approximetcly 15%, of
either of the two differences.)

This gericus discrapancy was practically eliminated
by making two changes, The first change was to
Ermeﬂrc the fit to the hydrogen-activity data at the

icher tamperatures but to assume shightly higher

values of (HPH—E;) Bt the lowest temperatures
HY) —Het = H et (Hy = Hiow Y [ (£—30}/2T).  (98)
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{near 820 "K). The final aquations are
(HyH— H)T=

[—51678.2- 2.1277(107%) (1200 — TY)/T  (99)
and [from eq (11) after substituting from eq (99}

(@ — gy T =7265092.5/ T4 746681126 log T
— 54465827 2.2510408(107%) I?
—6.2553015(10°7) T 4-7 8192401971 M
— 104340250, (103

The additional eutectoid compoeitions (at 820 “K)
were then found in the ways outlined above, Simul-
taneous solution of eqs (94) and (1K) pave

rp{eutectoid) =0.570. {101}

Using this value, simultanéous solution of ags {48)
and {08) {(after substitution from eqs (50 and (51}
into the former, and from eqa (28), (29}, (92), and
{99) into the Intter) gave

Fi{eutectoid) =1.171. {102}

The effect of increasing the value of x; (eutectond)
from 0.99 to 1,171 was to bring the beundary tem-
poratures 1 ond T (at 2=1.25) much closer to-
gether with the result that the diserepanecy in the
interval of (()—@3).- 1 referred to above was now
greatly reduced, but still had the same sign, and &
magnitude of 0.14. To repeat tha above change on
an ineressed scale and thue to ineresse the eutectoid
composition e still further would have inereased
the discrepantcies of the §/{e+ 8} boundary (sec. T}
but apparently without eliminating the present
discrepaney in (Hf— ), . This discrepsncy was,
however, practically eliminated by a second change
which, by lowsring (4%~ H?), inakes a zmull incresse
in the temperature coefheient of {— &) T io the
6 field. Thin was acmmglished by replacing the
4-phase enthalpy function by the simple equation

z=1.17 to 1.4, T=790 to 850: (HF—H3 /T
=13.115— (4692.5-19.0z)/T. (103}

With the use of eqs (103}, {28), and (29), eg (26)
now gives

z=1.17 to 1.4, T="790 to 850: (H|—H)/T
= —38546.3/T—8.660
--2.678(10°9 T4 12000/ 77, (104}

Equation (104) gives approximately (Hl—Ho—
—45200, which incidentully i= much closor than the
?‘re]imiunry value —42000 to that derived by
Tulbransen and Andrew [4] from their data, — 457510,
The 8/{#+8 boundary on which eqs (%4} and (10
give the same values of &, iz that shown in figura 1,
and for convepience may be reprezentad {to within
+0.001 in 2} by the empirical equation

=820 to 1200 "K: 2s=—1.39854+3.5168{10"1T

—1.2{107% T+ [1.19853 (107 "%} — 2.8T032(10~ ¥} T4+ 1.6655(10~%) 1] [1200-T}.

Equation (101), when substituted into eq (94} f{or
(100)), gives for the entectord activity of hydrogen
the value of eq (66) given earlier, 1.0442(10~%) atin.l®
The heal cepaeity which eq (103} gives corre-
gponds {(by ege {1) and [§)) to
(CRE=0, (106

end this deserves pome eomment. Though eq (103}
was derived to fit only a narrow range of temperatures
and compozitions, no claim ¢an be mades that aq {106)
i3 highly eccurnte snd hence that the addition of
hydregen to the 3 phases produces sn intrinsic addi-
tion te the heat m;;lac:ity by the vibration of the
added hydrogen which is exactly offset by a reduction
of the intrinsic contribution by the vibration of the
zitconium. It seems not unreasonable, howewver,
that a considerahle compensation of this kind may
actually exist. Equation (30) gives negative values
for 8™ at the lowest tﬂg}dpemtures sach a= 208 K,
which means that the addition of hydrogen o -
zirconitm to form the coexistent S-phases lowers
vhe entm&y at. thesa temperatures, and hence pre-
aumahbly the heat capacities at all Jower temperatures.
In these cases it is reasonable to assume that a major
result, of adding the hydrogen has been to stiffen the
sirconigm lattice, and ihat this relative effect is
dependent on composition as well as on temparature.

6.3. Cthar 2 Properties (x=0.87)

With the valua of eq (101}, furiher propertics
mai' be derived in the 8 field. From eqs (5), {(¥7),
nn

{78),
de i ie=18.4814, (107}
Equations (48), 150}, and (51} pive
(H°— Hap, 18) Wik, s70=5040.5, {108)
and eq (1) pives
whetice (ELP08 e Tt oy b, 320 == 726005, {1049}
A8 =2.7073 for ZrHy mlat+8) —» ZrH, o {8). (110}
Adding eqs (107) and (110),
Sy s=21.1887. {111}

For ths compesition x=0.57¢ egs {92} end (111)
readily give the entropy:
So'fh=25.06020 log I—51.8497. {112}

After substitubin
can be usad to

frotn egs (98) and {112}, eq {7}
erivo the @ entropies for &>0.570.

N The walues lodisated LY the presure messurements of Gulbeanson and
Andrew (4] and of ELS wed MeQullan (8] secn to Bl within a range of =10
perpamef of Thin value.

(105}
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This involves the integral
—a. EST‘JI log (1418453 z*¥) dr. Betauze the
i, 47T}

expansion of the integral about #=0 does not eon-
verge rapidly for values of = appma.chg:ig unity, the
following empirical equation was deriv

&
z=100,57 to 1.1:—2.2879f log {1+1.8403 2™ i
L

=0.4202—2.12581z+3.72544 7

— 2367742+ 0185654, (113)

The general entropy equation then found waa

& 0.57: &% = (22 25230 4-4.93681%) log T—46.7017
—11.17081z-3.725442" —2.367742>

4-0.1855821—3.111552 log x. (114}

-{51’1{:;)2{}5?} was calculated from eqs (5), (96), und
Sinee from eqs (47) and (101} ZrH, wmfe) and
ZrHy o(f) are cosxistent phases at 820 K, eq {(81)
{with z,=0.0850) evaluates G, for huth phages:

(B — G0/ T lgny, 0.6 = —0.1202, (115)

When eq (37) iz substituted into eq (11} and the
integration is mada to satisfly eq ?115}, there is
obtamed for the one composition £=0.570

[ =G0 T go— —42.6/T—13,92588 log T
4 5.2113{10-%) T—2.24725(10~% T7+5.505(10~ " 7
++35.5812. (118)

(Tt i= [ DUFP@ — Fa 3 [T, +[D( HYe — HY

(OB =d[(FH— HD+ (H— e ) 1T

Equations (34) and (116) may be substituted inte
the Gibbs-Duhem equation {eq {9]{) the integration
froin z=10.57C to higher x giving {with the help of
e {113) in integration by parts}

r=0.57: (G —
4-2.3677403—0.18558x+—2.28707 log (14-1.84932%%)
— 042 6/T—12.02588 log T+5.3113(10-4T

— 224725000~ 9 T4 5.595(10~ ) T,

G/ T=35.9017 +0.77449x — 3.726444"

{117)

6.4, Othar (348 Prapesties

The remaining (#485) properlies may be readily
derived from fo ing relationships. St may be
found frorn egs (43, (05}, (991, and {100). The
mtrﬂ]:g was found from that st the g/{F+ 8 bound-

Wt caloolated from ege (105} and (114)}

and eq {7) in the form

S _sEo F e, (118)

58+ waz calenlated by substituting SY5t4 apd St
inte eq (5)., (@ —G0/T, which ie independent of
@, 18 the f value given by eq {117) on the boundary
and at the termperature in question. (H{*—H)/T
wea caleulated from eq (4) from Tasd (G0N T,
and Seq (45)). ﬂ"””” i9 the tutal derivative of eq
{08) with respest to temperature (with = but not
¥a mdependent of temperature); by ey (5) this may
ha broken up into the partisl molal properties:

Hys i ol [dagfdT|— $aol] (B2 — HY A (H— H yony) AT

— ((FTgrt —HYD —(E st — HY o (H— FY o) 2T (119}
{120) £—1.25:8/{z—+48) boundary,
I =791.5;5{5+8 boundary, T:=5845.6. {122}

{The quantities nesded in

g (118} and (120} ran
he obtsined from eqs (28}, {29

. {92}, (99), and (105).)

6.5, Other 5 Properties

The remaining properties in the small part of the
i field considered here (from F=790 m 850, and
from y=1.171 to 1.25) were derived as follows.
From eqs {90}, {103}, and (44),

r=1.17 to 1.4, T=790 to 850: (Hi—HYT
=0.0646—5.3113(10- )T+ 4. 4045(10-% T

—=1.6785(10-%) 77 —3114.0/T" (121)

The following boundary points were selected as
%lhwng the best overall continuity of properties at
¢ points:

At these pointe eqs {69 and {100Q) give respectively
[(EE*‘—GEHT]m. s, 2= — 20.0576;

(G — G0 Tlers 0.1 25=— 16,3872, {123}
However, the intepration between these two tem-

perstures of eq {11}, after substitution from eq (104)

gives & corresponding inerement of (Gi—@R)/T
which i3 0.0203 Jesa thon that of eq {123); but by
adjusting the integraticn constant so that the dis-
crepancy has at the two ponits the sane magnitude
but opposite signz, the same squation then gives

‘ [(E5— G5/ T sz 1.25= —18.0684. (124)
From egs (87) and {102)
[ (G5 — G5}/ Toaw, . 1= — 182174, (125}
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By making the reasonable assumption that in this
small composition range ol i= proportional to some
conatant power of 7, eqs (124) and {125) give:

2=1.17 to 1.25: [(Gi— G0/ Tl

=5.2281 log z—1R.5751.  (128)

eral inte-
then pives:

After substitution from eq {14}, the
pration of eq (11} w0 az {0 satisafy eq (126
z=1.17 to 1.25, T=790 to 850! (G2—GW/T
=5.2281 log +—15.2606—38546.3/T+15.33532 log T
+2.678(10~9) T -6000/74, {127)
From egs (90), (103), and (44),

x=1.17 to 1.4, =790 to 850: (Fi—H)/T
=0.0646—5. 3113 (10~ -4 404 5(10-% T2
—1.6785{10- 9T —3114.0/T.
From eqe (102} and {115} we have

{128)

[ — 60Tl 1 1= —0.1292. {129

Equations {126) and (129) may be substituted nto
the Gibbe-Duhem equation (eq (9)), the integration
from z=1.171 to higher & giving

z=1.17 to 1.25: {{F}— G}/ T)en=1.1997— 1.13526 ».

{1300

When &q (128) is substituted into eq (117 and the
latter i= then integrated so as to satisfy eg (13D,
there is obiained

x=1.17 to 1.25, T=790 10 850: (G—&0,T
=—1.13526 x {62 6621—3114.0{T—20.87215 Jog T
+5.3113( 10T —2.24725(10- 5y T2 5.505(10~°) T=,

{131}

The partial molal entropies can be derived from
ef (4). Substitution from eqs {45}, {128), and {131}
gives 8f, and substitution from eqs (95), (104}, and
{127} gives 8%

x=1.17 to 1.25, =790 to 850; 5!
=30,10880 log T4 1.13526 z—70.0120; (132)

2=1.17 to 1.35, T=790 to 850: &%

=1.7718—5.2281 log ». {143}

The =ubstiiution of ags {132} and {133) into eg {5)
gives the entropy:

r=1.17 to 1.25, T=790 to 850; S
=30.19860 log T42.02116 =

—2.51405 z log z—T0.0120. {134 ™

For the romposition =125 the discrepancy at
each ndopted phase-field boundary between the finol
equations for the § and the fwo-phase fields is given
in table 6 for sach of the five properties which should
have identical values. {In each such cyse, the
averaga value i tabulated.) Sioce continuity waa
required at the baund.a.r'\; at z=1.171, presumably
the discrepencies would be small &t the boundearies
for all intervening values of 1.

TARLE & Divtreponticr of formiuloted propeciies of ZeH)
af the gdopled plage-feld boundarics

'y gy el migre_n a1
roperty T itR | smsaiK
(H*—H;;; Y 10005 14007
Bu?': i} +owa +me
L.}
—(g—p | e +
ti—auT — .o + %
(-7 + .00 =

6.6, Discussion of the & Phase-Fisld Boundaries

The §(a+é8 snd §{51 & boundariez have been
drawn in fipure 1 through the adopted & eutectoid
point (eq (102)) and the adopted teinperatures for
=125 (eq (122%). Thouph no effort is made in
this paper to derive consisient thermodynamic
Eropert;iea for higher valuea of x, these two boundaries

ave been extended in figure 1 in a ressonable but
empirical way. In particular, the ensemble of
axperimental points shown for the §{(§-+4) boundury
shows wide discrepancies,” but the boundary drawn
has bheen made to dpaaa through the ‘“hydrogen-
pressure’” values of Edwards et al, [5] and of LatGrange
et al. [8]. The poeints of LaGrange et al. indicate
some curvature in the boundary, but those of
Edwerds et gl. (at seven temperatures from 973 to
1,143 °K} show a vertical Eound&ry within the
experimental error. In a previous paper [I7] thoe
author criticized a vertical boundary on thermody-
namic grounds which would lead one to predict that
it has & poeitive finite slopa. The same argument
still bolds, but may be reexamined somewhat more
quantitatively. o )

The hydrogen activity in & one-phase field b is of
courss & function of both temperature and compo-
sition, and its varietion with temperature salon
the boundary 2.(7) sepurating the & snd {hfe
fields may be written as a total derivetive:

& 10 aydT=1(dIn a2, (0 ln axfoz) =/ (4T idz,),

{135}
or in the prescnt cose

d In af*<dT=(d In aydT),, (2 In alfda)r/(dT}dz,).
(136)

IE oy theg culsptald & phate (el 171, T'=B23H, e-? {134) sheoulil of course glve
the 3amg vulwa of B¢ s eqs (5, (T, and o80) fof Abe (o401 Aeld,  The two velues
ealeulatad were tovud bo diTer by only 0002, However, tha s p check ol thermg-
dynamnbe comslviseey Y. }

1 Eabatlwely pesemunled i higher walued of £ In fure | compeied with P
nﬁ-mfuﬂ te ¢f the pHiese QAETET 35 WM PEFEIN ¥ITSAS Eamic mercotiape
of hpdrogen.
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Substituting for the first two derivatives from eqs
{10) and {11}, eg {136) hecomes

(0 1n alfow)y
= (BT {dTide, N (i —Hp— (Hi*—H)L  (137)

If the thermodynamic properties ss formulated are
consistent, regardless of how pesr to correct they
are, they must satiafy eq (137) along evary phase-
field houndary. For axample, the sguation may be
applied to the §{a+-6) and §/{#+6) bounderies at
#=1.25. In the former case the bracketad quantity
in eq (137} ia —3008 {Irom eqs {56) and (1{4))}, and
in the latter case it is +4577 {from eqs (99) and
f104)). Since, as expected, (@ In o8/22) - 15 positive
in both cases {eq {127)), the slopes of tha §f(«o4-35)
end &/{F+8 boundaries at this ecinposition will
thue be negative and positive respectively, as they
are in figure 1.

The mensured $-phase isotherme of hydrogen
pressure [3.5,5] are m general eonaiderably steeper
than mdirated by eq (127), according to which &2 is
at copstant temperature approximately proportional
to x4 {u_p tor=1.25). It may be noted furthermore
that the isotherms cited usually show & more gradual
changs in slope,™ ss the hydrogen content changes
and the sampla crosses a phase-field boundary,
when the latter is contipuous with the § field than
when it 18 contigwous with some other one-phase
field. If, as seems to be the case, the heats of
hydriding do not change rapidly with temperature,
eq {137} indicates thet at values of x considerably
greater than 1.25 the far steeper 4/{(848 boundary
mmdicates s much ter value of (0 In a/dz)r than
at lower values of 2, 88 experiment indicates. By
the same reasoning, the §/{e+ 3 boundary would be
expected to become much steeper as T increases,
This boundary in figure 1 was drawn to pasg through
the points indicated by thermal-expansion studies
from 293 to 673 K [12,14], and does become
gomewhat steeper. If this boundary were assmned
to be an equilibrium one, it would be possible to
draw some conclusions about the ﬁ-ﬁe]dp hydrogen
activities at temperatures too low for direct accurate
measuremenis.

A sanple such as ZrH, » shows the interesting bre-
havior of being in the one-phase § field at some
temperatures, but in a two- e field at highor or
lower temperatures. According to equations derived
eachier (&, 50, §1, 54, 55, 103, 119, and 120), the
equilibriun heat capacity increases diecontinuonsly
as the sample passes from the &field into esither
contipiuous two-phasa feld, becrose 2 new phase of
different enorgy starts to form at a finite rata. A
simple proof may be given that the heat capacity is
nacessatily greater, nesr the boundary, in the two-
phase thun in the one-phase fleld. If * and ** indi-
cata respectively the one- and two-phase gmpert-ieﬁ,
at the houndwmy &=, 37=58, and =o
2l T=d@"/dT since S=—dG/dT. But zince fa-

e Thls corvaitrs of Lhe &~Reld isotberms Looeeasiy (he cLLMlemakty of Ligting (hig
eopeditlons of che Drralk peebrately, ol s Lhal sobue of Ehe values af
Faaloeted 1T e Fofersmeen sibed mey ey aouLew o Loo high

side the two-phase fiald & "<&, then the & {T)
curve for the sample must be more negatively enrvad
than the partly metastable & (T curve, or %G”MTE
< T onca d87 /AT =48 /AT, and since 457
dT=0,/T, it follows that &>,

7. The g (Hydrogen-Poor) and {«+#) FPhasa
Fields

Unlike the thermodynamic properties in the (a+3)
and {g-+& fields derived in sections 5 and 6, those
i the (o4 8) field were derived from the properties
of tha two adjacent one-phase fields nsing phase-fisld

L]

houndaries thermedynemically consistent with these - -

properties. This eonsistency was imEo-sed by find-
ing two boundaries such that at each temperature
GFe—=G% and Ge=16 (.u\s (18} and (22)). The a-fiald
properties were formulated in section 5, and the
g-fisld propertiea for = 0.570, in section 6. How-
ever, sines it e aseumed in this paper that 2=0.570
in all of the (=+5) field {eq (101} and fig. 1), the
pertinent S-field properties are those for the lower
range of », and sre derived in the present section.
Thiz includes g-ziveonium {2=0) from ita trans
formation temperature, 1,138% up to 1,200 °K.

7.1, Discussion of Thermodynamic Consistency

The thermodynamic dats in the presently con-
sidered runpes of temperaturs and compozition which
were given greatest weight are as follows.  Figure 1
shows, in addition to the e/{a+g and Fi(e45
boundaries finally arrived at in this paper, various
points on these boundariez indicated by three ex-

erimental investigations [B, 5, 101, %’he pointa
rom the two investizations of hydrogen pressure
[6, 8] showed genernl & ent, but the X-ray
measurements ﬁﬂ_] which did not invelve the ef
{8 boundary, indicated a much higher curve {or
the §f{z+8) boundary. The compositions of the
eutectoid 8 phasa reported by these 1nvestipators are
equivalent to the Eﬁlﬂwing valuez of o Ells and
McQuillan [6], 047; LaGrange et al. [8], 0.50;
Vaughatt and Dridge [10], 0.72. Dwuplas and
Victor's |16] measurements of the enthalpy of
Zr{g) snd of ZrHy 5 (8}, when reduced to a tasis of
29815 °K by eqs (52) and (53), give the following
mean values:

(Hnl o IT a8, Ly =T314;

(H 8 eI 51 b e =9701;  (138)
in addition, their mesan observed values of (H™W®
—H iy e Were 5836 st T=1073.2 and 8004 42 "
at F=975.2, They actually measured the enthalpy
of Zr(f) at five temperatures over the very shott
tamperatura range 1,153 to 1,173 °K, the valuss
varying linearly with temperature with a heat capa-
city averagiog 9.0. Skinoer's linear heat capacity-
temperature equation, which is hesed on his enthalpy
messurements of Zr{d from the transformation

W Bree fomtnate 13 Ctnlile &

g
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" temperature of zirconium {eq (41))

tempersture to 1,800 °K [22], gives 6.73 in the same
%mpamture range and extrapolates to 6.46 at 1,000

Development of g-phase properties for z=0.570
hegan with the assumption of the entectoid tem-
erature o and g-compositions alrcady adopted
](]eq$ {47) end {101}, the adopted transformation
and the basic
relations in sections 2 and 3. In the first toisl an
enthalpy equation for the § region was formulated
in the foliowing way. Tt was required to satiafy
the values of eq (138}, to agree at 2=0.57 in H and
(0H {8z} with tho equntion aiready derived for
2057 (eq (92)), and to correspond to a heat

" capacity independent of teinperature but equaling

Skinnar’s 1,000 °K value for x=0 (6.46) and Douglas
and Victor's mean wvalue for »=0.324 (5.45).%
In the manner cutlined later, poinis on the of (a4 g}
and ff{a+ 8] boundaries at severn] temperatures
were then found by imposing the requirement that

_ tha two partial molal free ener;gim he equal.

above that indiceted

- 16 less somsitive than the h

- mated

i

=

The 8/{e+8) boundary =0 found lay conasiderably
a ¥ the hydrogen-pressure
studies of Ells apd MoQuillan [6] sud LaGrange
ot al. (8] and considerably below that of Vaughan
and Bridge [10] (exeept at z=0, where there is
general agresment). While the ‘X—m}r tachnique
en-pressure method,
it reems ressonable to conclude that unless Vaughan
and Bridge made a gross misinterpretation of their
data their samplee sctually did correspond to a
boundary in the neighborhood of what they re-
ported and that some factor such as unknown

. umpurities sccounts for the large differences from

the reportad hydrogen-pressura curves.” Neverthe-
less the latter two curves, although they show some
differences at the Jower temperatures, are in sub-
gtantisl ogresment, and zeem much more cradibie.
In the suthor's derivation of the two boundaries us
outlined sbove, the mingle requirement that the
hydrogen aotivitieze be equal (£2=GF) gives of
course an infinite set of curves, ona of which approxi-
the experimentally observed “hydrogen pres-
sure’’ boundaries, but st intermediats temperaturas

. with girconium sctivities of approximately .84 on

the o boundary and 0.97 on the g boundary. Just
how gensitive these zireonium activities are to shifts
under the experimental conditions of the hydrogen-

- pressure measurements is not apparent.

It 1g appropriate of course to examine eritically the
assumptions and basic data used by the author in
deriving the bounderies. The a-field activities of

drogen and zirconium given by egs (70), (71), and
{81}, which are related by the exact (Gibhs-Dahem
equation,* are not ooly reasonable but are supporied
by the agreement in table 4 below 520 *K. An
independent entropy caleulation showing excellent

M 1ouglas And Yickar's voliee of B0 fae §-Zr, Which b greatar than they fomd
For Frlleay, ks ot preclee hecanse of the Shert tetnperaturs prd ey he
Lo bigh I the amrL!l ROWmE o Y EETY ATl TItPogen (AN Blam I the
transfrrmoation temperotire atove 1,153 *K IR,

i Bk and MeQadllan [8] eotvslnded, 8.,

thiz boundarr. .
& Tha boamdrrics are nsensibive W the eubectald bydrcgen praman: wsHl s
Lrubegrs lan coarstiel-

At ¢XFEen #8 AR Tmparity nidess

agresrent. will be made later in this section, and
supportz the basic hydrogen-sctivity isotherm ss-
somed (aq {231, The houndaries are insensitive at
the lower temparatures to the heat capacity sssmned
for A-zirconiumn. The enthelpy messurements on
&rHy, zs, were of high precision (£ 5 cal mele™), the
ssmple wae of fairly high purity, and there are good
reasons for believiog that in the temperature range
cited above gﬁ?ﬁ o 1,173 °K) the sample was entirely
in the one-phase 3 field and hence not subject to the
uncertainties caused hﬁ phase reproportionation.
Nor did it seern justified to maodify eg (92} for the
“hydrogen-rich”” 2 enthalpies. In fact, it scoms clear
that enthalpies corrected additively for small amounts
of impuritiss ey still be seriously in error in multi-
phase fields owing to inproper phass compositions,
but reliable in one-phase fislda. In saveral attempta
it was found impossible to raformulate the §-phase
enthalpies for 2 £0.570 with the restrictions men-
tioned sbove and still obtain & credible approximately
moenotonie function which had an appreciable effect
oti the derived /(e and g/{a+5 boundaries.
Furthermore, the choice of & somewhat lower value
of Ltha eutectoid @ composition would do some violence
to the fit which led to eq {101} without leading to &
mnuch better fit to the ecperimentsl “hydrogen-
ressure’’ ffle+8) boundaries. This is because tha
atter suggest s boundary slope near the sutectoid
temperature which is several times less steep than
that required by eq (137).

7.2. The 3 Properiies [z =0.57)

In order to derive 2 thermodynamically consistent
get of properties in the range of temperature end
composition under consideraion (727820, x<0.570),
it was decided to give approximataly equal weight
to the hydrogen—pressure results [6, #] and the en-
thulpy datsa {16]) by meking such changes in the latter
a8 would lead to a derived B/{a+8) boundary ap-
proximately halfway between the experimenta)
"hydrogen-pressure” boundary snd that derived
shove, A new g-field enthalpy function was derived
by the procedure described earlier except that the
heat capacity of Zr(g) was raised from 8.46 to 7.76
and that of ZeH, 5, (3 was raized from 8.48 to $.00:2

—Hot ) T=7.783+2.144x
+B0047 20— 1 26 38275
+ (499012 — 109834524 4 147541625 — 1 TO3.8)/ T (136)

¥=0.570; (H°W

From the temperature derivative of eq (13%), eqgs
(@) wnd (3) give the partial melel heat capacities:

2= 05700 (0, )=7.763-270.14 10"+ 505.525z%; (140}

= 0,570 (D, =4 2884 72037605 —1263.322°.  (141)

From eqa (44), (80), and (139):

+ By refubnibg 1oe values of B CITH), the enthahpm: ol 2rETgap lwlow 1,178 *K
et Yacled LY kvany Limeg what seems the probahilc enpeetabaly of the aeryed
dalte  Howeser, Chils rrocedure had the deslrard efeck gt iocreasiog (2R8I ot
tlee Iowier Letnperatiores near the phose-fheld Tonndury .
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T Z0.570: (I—HNT
=[—215.3 4320503, 52— 500166 424/ T
+3.7126—270.141x* 505,528 — 5. 31 12 {10~ T
4 4G45(10-O T2 1.6785(10-% T2,  (142)

From eqa (26}, (28;, (201, and (139):

= 0.570: {Hi— H)jT—--2 3721 720,376 —1263.52x
+(—20528, 1 —RTE7 Rz +- 147 M165Y T

—2.6T8(10- I 12000/7=. (143}

By substituting from eq (143) in eq (11), integrating
0 s&tmf;j' e (24), and addiog a small correction
term A" {a function of x only) which will be pres-
ently eveluated (eg (151)), there is obtained
T<0.670: (§—~G/T
=6.22313 log =4 4.5758 log (14 1.84932%7)
+5.1062 1 58458474 — 10194, 2738 ¢
+{—29528.1—8TROTG2" 1 14754 1827)/ T
+(5.48177— 1858. 7377827 +2010.071932%) log T
+2.678(10- Y T4 6000/ T A, (144)
On substitution from egs {85}, (143), and (144}, eq

{4} gives (with [og (1--1.8493:*%) expanded to one
term}:

#%0.570: §3=—86.22313 log x—3.675:4%
—14.3061 —5125 47145+ 5030.4588z¢
+- {87355+ 1658, 7377827 —2910.071932"} log T—A.
(145)

The entropy will next bz found. From eq [45)
the entropy of e-zirconium at the tramsformmation
temperature 1s

S L o=18.7203. (146)

Equsations {44} and (139} give for the heat of frans-
formation of mreonium

{8 — H* 1109 1ap=937.1, {147)
Adding the corresponding entropy of transformation
to eq {148,

S8, =19.5542. {148)

The entropy at 1,136 "K aod any value of 2 up to
0.570, found from eq {7} by integrating from z=0
to z after subatituting from ege (145) and (148, is
22 0.570: ST =19.55421-9.28222x —3,111566x log =
—u.:faxr-ﬂ—7.1?4ﬁ4zi+3.9033m=—aJ"M:. (149)
1]

Wher, using the heat capacity from eq (139), eq (2)
is integrated to satisly eq {149}, the result i3

5 0LAT0: 87 ={17 RT508+4 BI677x
20734225 — 291007225 log T—55.0610
—5.80130—3.11156x log £—0.23™ ¥

—ﬁ-ll]ﬁ&ﬁﬁa:‘+393.ﬂd$ﬂz’—§fzﬁdz. (150%
]

The way in which eq {150) was derived indicates no
value of A other than zero.  With A=0, the equation
gives Tor £=0.570 values of antropy which are higher
than those of egq (112) by 0.016 at all temperatures.
To meke the two equations agres, A was arbitranly
chosen fo be :

A=—0.12 Jog (x/0.570) f141)
in eqs (124), (145), (149}, and (150). Agroement
with the valye of eq (148) is maintaimed, and fer

=057 eqs (94) ond (144} still agree. Since eq (151}
choanges the caiculated valuea of hydrogen activity
by ouly 3 percent tor z=0.2 and by less for hizher
values of 7, the agreement with the obzerved values
a3 tabulated in table 1 is still good and within the
experitnental error,

quations {112) and (150) {with A=0) both
depend on the entropy of zirconium metsa) at 820 °K
but were otherwise derived by different paths of
composition- and temperature-chenge from this
coromon point. The small disegreement of 0.016
nated above is thus & good check on some of the
data entering the derivafions, psrticularly oo the
bazic hydrogen-gctivity equation {eq (23)) =ince
this equation enters into the derivatiom of eq (150)
only. However, some of the thermal data assumed
gffect both equations to comparable extents. Spe-
cifically the glnﬁn agresment 13 no raal check on tha
] enth.&ipy functions (eqs {13%) and {143)), nor on
the axact choice of the entectoid # composition {eq
f101}3, for to these it is rather insensitive.

Whon eq {144} {(with A from oq [151}} is substi-
tuted into the Gihbs-Duhemn relation {eq (9)) and
the integration is required to satisfy eq {118), there
15 obteined

220.570: (-6 T=22.3595~1.32311z
—2102.10277244 4077.711 525 — 16072 "4 1 621N
+{—215.34320503.524— 590166 408/ T
+{— 8 54BGI+ 622026672 — 1164028772 log T
+5.3113(107%) T—2.24725(10~%) T2
+ 5585010710 19,

For x=0 and T=1138, this equation gives <$-0.004.
This value should be zero, since 1,136 K has heen
aggumed o be the transformation tempersture of
ZATCOMI WM. B for %0570 can readily be found
from eq (4} or (5) nsing equations already given (45,
142, and 152},

L]
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2.5, Derived (a4 5} Boundaries

FPoints z, and 25 on the afia+d) and &/{a-+8)
houndaries as determined by the formulations for the
o and g fields Igivﬂn in this paper were then caleu-
lated et several temperatures, and are listed in tekle
7. 'This was done by requiring the respective partial
at the boundary com-
positions at the temperature in question (eqs (71),
(81}, (144}, (151), and (152)). The compaositions at
the entactoid temperature had already been deter-
mined {eqs {47} and {101}). The beundarne meet
at the transformetion temperature of zirconium.
The =olid «f{a+8) and 8/{e+8) boundaries in figurs
| were drawn through the points in table 7, mgﬁt
that they were allowed to deviste slightly from the
1,000 *K points, meeting as straight lines at T=1136
snd z=0, La(irange ot al.[8] bhave pointed out that
the two hovndsries are required thermodynamically
to meet at this point with & difference in slope squal
ko the heat of transformation of zireonium divided
by ET®. In the notetion of the preseni paper thia

dia e Fitial

relation is
d_TT-_ﬁT uamr-n= RF )uam:-n-’ [153]

dr,

and i9 true provided the activity of diatomic hydro-
%en is proportional to 2* in hoth aolid solutions.

espite eq (23], thie iz a reasonable assumption for
wary dilate solutions, and the two boundaries have
been drawn in figure 1 80 as to meet with slopes
satisflying 2q (153) with the heat of trapeformation
of eq (147). At the higher temperatures the pro-
cedurs of this section in defining the bounderies be-
comes increasingly sensitive to errors In the datn, and
no caicllélations of this nature were attempted above
1,000 *E,

TanLe T.—Calewlated boundery compesitions of the
(e 4 ) phese feld

T Pa I
.8

-7 1] L iL ] 0. 70
&M Wi . 5i6
-] 0717 + 5
BTS. 2 Mirrir) ATE
iy L] T4 ]
5l o (746 260
s f (T4l o]
1{eMF _OrE |
113 + (NHHD « HM

7.4, The (=1 8) Properties

The values of (F7+i— @)/ T and (Ge*# = )T are
of couras the values at the bovndaries given by the
equations just eited. The enthalpy function and the

ontropy, (H+® —HiGHT and 808, are given
by eq (18) after substituting from egz (62), {75},
{139), (160), and (151} and table 7. S7*% and S7t¢
wera caleulated from ega (6) and (5) respectively.
(Hy+9—H0/T end (He+o— AT were then obtained
from eq {4). The latter function was also caleulated
from eq (26), which takes the form

(Hyr—H)IT=
(2T {1ty —2.) (8 — FISg+ 0} — (HO — [T+ 9),. ]

A (H ' — HVaoaf T— (I — o )T {154}

The values calculated by the two methods differed
fowing to small computational inconsistencies) bﬁ
0.007 on the average, and the mesn was tabulsted.

The heat capacity in the (=+8) field was formu-
lated by substituting the « and § enthalpies (given by
eqs (63) and (139) mto oq {16) and then ng the
total derivative with respect to temperature. For
simplicity replacing (A® —HE+), by “H*" and
(H'® = HIE+ P}, by “HP’ and omitting the aub-
BCIipis . and iy, the result is

aH&'hﬁ
pargepy _ff ST
< of ),
[ [aHn +(an_HH—H« das
H[Is—la] ot o wp—Ts JdT

He—He

Ly —

r—x, 17 P al
+ ] T +(E;

das
ey ) a7 (158

The phase-field boundary slopes in eghl[lﬁﬁ]l may be

replaced in terms of more common thermoedynamic
funetions. Since

=G =0L, (156)
we hava
(G —@YT_d(—GDIT
4T o al

ABR— T dny .,
+ o ar (157}

where b iz either « or 8. dz.JET and drgld T may be
subatituted into eq (155) from egs {157}, If the
tempersture derivatives sppearing in eq (157) are
reptaced from eq {11}, some simplitieation is achieved
hy subatituting for the resulting partial molal
enthalpies from eqs (26) and (154). Equation (155)
finall¥ becomes

. [ @e—z | 0H= pH«  HP—H- */ 2 G";—_Gg’):l
s = za—z..] aT“H"(a; :e—z«) T’m( 7

+ T+ ¥n

The partial molsal hent capacitiea ¢an be found from
eq (158) by using eq {5}.

DEP
o x-a] ﬁ-k

D YLy R

M A5 & furthar check, the valnee of (S —HEWT snd ("~ Frgh Tagreed
approzimately with fbape egtimatad from g (123,
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The procedure sutlined in this seetion iz generally
applicable to determining the phage-fiald boundaries
and the thermodynamie properties of two-pheze
ficlds from the properties of the adjoining one-phase
fields. Tn the present case, thers iz considerahble
uncertainty in tha (o4 properties becanse of
uncertainty in the exact locations and shapes of the
boundsries, and this 13 particularly true of the heat

capacily, which eq (156) shows to be highly de-
pendent on the slopes of the boundaries. Howerer,
a3 noted oarlier, small cha in the one-phass
Empmim often have large effects on the calculated

cundariez. For this reason, due eonsideration of
direct evidence as to the positions of the boundarics
can serva in & trestment of the present type to define
the properties of the neighboring one-phase fields
more accurately.

Taruz 8. Thermodynamic functions for siwontum, Zr
T L deg K, therstod yIvee o Doved bins Ly eald (deg 30— mole <L, Sutecript1vefarato Rrimh.  Bubeoript 2 refers tn targ),

Th=Cpr  TmS Bpm—AF— O T
T | Phosen | A-HPmen | o £ | o= | F-E | Bt | MR | T
prosent T T T T T

26810 & 1] fi 83 9.20 —B. X0 L} o - 12 1.16
E LI = 17 L .05 LB ol —b.Hl 1 0 -5 A2 1.
a0 & o LR 301 —b.3aT a & =14 FAL]
HN| - [ Ly (1Ll —B 53 a 0 =i 3 .10
+0 - 3. 18 .71 1.9 —B. TG L} L =G Al R
I - 2.5 h B30 12 853 = 1 L a 1] L 1,74
Sl o 3 [5G ol 13 319 — 1. TR a ] — 4. &0
L] o 3 A58 7020 13 .00 = 10T a ] — 32 5.2
L] o 3043 T.m I4 431 s fl 1o — Ml Ah B
i o 3 383 T.182 15 12 =-11.127 Q L] —dR A2 T
50 a@ . 1135 TR 16.61% =114 o o —diH 7.5
.6 a@ 4 23T 7.0 152 =11 A ) b —3 .5 ]
[ 1] o 4,315 7.3 15 0 =11 45 o 1 —33.14 B3
R o & im0 T .56 k172 —1] JB2 i i —ar a2 %53
R0 o 4452 TSl | IhaM | —i1Be | 0 ] —ala | B
L] a 4.4 748 15433 — 1l T o i —3L.3A B.ga
A3 n 4,590 149 | 1gm3 | —imm | oo i -85 | RT3
A3I 3 n 4637 joa | IR | —i2dw | oo i -2000 | B.BS
00 " 4,685 T8l | 1689 | —@E3M | o i -2 | BED
a5 a L. 1.1H 17093 — 13441 o i e {iT) 2.l
L] a L] 1.T3E 17 .3 —134H ] T o 14
1O i i BT 1.BH 17 484 —1231T 0 T =] b
106k o b1 B_11k 18074 — 13 f54 0 U =-H, ']
1083 D o 3 .M BB 18312 —13.1d 0 L =24 O .70
110 i LR B_A5T 19 457 -13.19 T ] =2, .77
1146 [ T B_560 19728 =15.5mM i LI —a T o0
1136 I3 B.1E 7.8 18 6B —15.37 i A2 L] —ZA 1.2
1160 [ B2 173 18 46 — 1540 W -0 —5 a0 1.7
10 [ B.27 173 1848 =13.71 .13 — A - ;. L)

TABLE 9. Thermodpmanite functiona for Briy gy
T ia deg K, Lharmolymamic foncklona Lo cad (dog bt moled,  Subsoripd L celsrs [o Zeia). Sobacripl T refers to Ihigh.

v | hews | M g 4@ | TR | Temy | gy, | OB | W0y | Ry | @y | % | R
prestat T ¥ —F —
T Ea T r

FiL AR . 2 a .5 P —b.5 0.0z . —. —13812 1.71 =0 5 = I07 A2
F.L] i g .54 B.31 —B. nz o4e — _IWy =131, 3 1.14 - = LW, 7H
Aol m1 .Eﬂ- . e 53 —0.35 0z 04 — iy —Hﬂ-?] R -+ 07 =i B
"0 et N5 7.1 1. —B.53 iz .54 —an | —191Td 4,94 S -
HA e 220 7.61 1212 —B 3 04 — i 331 .k (N E] —80 3
hL1J el 3,50 T 11 =1} 5 i L] — Ml —&4.a7 [ =] 1.8 —H .03
LhO e a7 4.3 1411 = 1045 I T M — a1 —afi. L] Tl —i3 .35
bLLL e 480 4.0 1 AD =10 .84 Jd e — A2 —10.06 L] &0 —a7 Al
Lo 1 a+d LR .3 18,10 - 10, a1 948 - B ] &.73 3 .28 =31 .A2
MW b 458 B 005 16, —11.430 A1 1 - {8 —.08 5.TG L =27 N
T30 -k 187 LI 4 16 =118 A3 .53 - A -5 .07 K. 1,58 =15 .m
B0 b 5. 11 45 171,81 —11 .97 i) 10 Ik —-.11 —52.41 11.84 .20 —19.49
120 a-& 5.60 11.08 17 fp =121 Al wmlT - .13 —50. 88 14 54 5.9 =15 .22
B20 - B_4D LR ] 18 .M =12,k R 1.54 - 14 —40_28 1941 16,24 —I5 21
B50 - B_B4 11.80 18 897 —12,34 - & _BE -1 —38.15 N4 17.1% —In 81
L] L] I.18 17.82 16 B0 B P ] -+ 7 3.0 - 14 ki 106 # W w4 5D
i) a4 T 14 K2 o .74 —13.13 — 6 LM .14 -5 N FLN .0 =3Iy
6 5 a 105 14,54 . =315 — _ | ] —-.14 = B 7.1 w6l =3.10
A} B Eﬁﬂ B.5E 20 B4 —L3.15 +1.1 7. -5 =Jn_gy 10,41 Iﬁ.fm =13.10
1000 ] ¥ ualt B.63 1.1 —L3.52 1.15 1.0 —.m =i 10,61 17 Adi =I1.56
10 B .l L. 9] o+ —L15 .90 1. 7. —.25 - 01 1768 —4.0
1100 [ a7 .- Fr il —b4. 20 .05 ] e 1] i 42 LIRS 1847 —5.00
1134 & 1.8 L] 251 —14.51 _Ed 7. -3 —hy .3 LI 18-B2 —¥ .04
1140 g i B -] =il =14 .51 il C T - M — 10.5E 1R.Bet —¥ 4
1200 B E ] .- ] 2.7 =14 il T.20 — 3B —'y Al 180 184} —n.hB

422




e

8. Tables of Thermodynamic Functions

The common infegral and differential thermo-
dynamic properties were cailculated as described
previously in this paper, snd are listed in tables
5-14 for =zirconium and severa]l compositions of
zitconium hydride (ZrH,). In addition, table i3
ives the properties of ideal “normal” hydrogen gas
%Il-lg, 250, pera and 759, ortho) [20], whieh are
clogely rﬁ&ted to those of the Zr-H systsm. The
tables cover evenly spaced compositions of ZrH,
with z=0, .25, 0.50, 0.75, 1.00, and 1.25; in addi-
tion, the compesition £~ 0.57 iz also included in the
tabulation, partly hecause this composition is of

special intorest na the mssumed S-phuse eutectoid
composition, and partly becausa tha g-field propertias
are separately formmulated on both sides of this
composition. In conformity with the conventions
uaedpat-shmu hout this peper, temperatures are in
deprees Kelvin and the thermodymamie properties
are given in defined thermochemical ealories 'Fer
dagres per mole of ZrH, (or H,, in table 15). The
temperatures tabulated, which begin with 298.15
K, run every 50° from 300 to 1,200 K except that
the eutectoid temparature, 320 °K, and the trans-
formation temperature, 1,138 °K, are included in
all the tables becnuse of soma interest in these par-
ticular izotherms. In addition, each table ineludes
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the temperature at which the derived properties
indieate that the particular compogition crosses =
phase-field boundery, with properties being tabu-
lated for both the fields which meet at that boundary.
Exzcept for the propertiea of hydrogen gas and for
those of a-zireonium which were not derivoed from
those of the girconium hydrides, the waluss of the
properties have been rounded off to two decimol
places as heing more in keeping with their uncer-
teinties in general,
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