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Introduction

The T-P phase diagram of the Mo-D system is
constructed via the measurement of isotherms of
the electrical resistance of molybdenum in a
deuterium atmosphere at temperatures to 550°C
and pressures to 6 GPa. The diagram differs
significantly from that of the Mo-H system
studied earlier [1]. Assuming that the line of
deuteride or hydride decomposition is close to the
line of thermodynamic equilibrium, the standard
entropy, enthalpy and Gibbs energy of formation
are estimated for molybdenum deuteride and
hydride.

Results and discussion

Presently, 7-P diagrams are known for most
binary metal-hydrogen systems that form hydrides
at high hydrogen pressures [2]. Phase
transformations in the metal-deuterium systems
are studied to a much less extent. The T7-P
diagram was earlier constructed for the Ni-D
system only. The pressures of formation and
decomposition of nickel deuteride were shown to
be higher than those for nickel hydride, the
difference increasing with increasing temperature.

As seen from Figs. 1 and 2, the pressures of
formation and decomposition of molybdenum
deuteride also exceed the corresponding pressures
for molybdenum hydride at temperatures up to
about 350°C. However, the curves of MoD and
MoH decomposition converge at higher
temperatures and seem to intersect.

Under high hydrogen pressures, the curves of
hydride decomposition represent phase equilibrium
rather well already at moderate temperatures [3].
Together with the negligibly small H and D
solubility in bcc Mo (a-phase) and the nearly
invariable composition MoH or MoD of the &-
phase throughout its stability region, this allows a
simple thermodynamic analysis of the reactions:

Mo + 2H, — MoH and Mo + %D, — MoD.

Inasmuch as the Gibbs free energy AG(Peq,T)
= 0 in equilibrium conditions, the value of AG*(T)
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reduced to the atmospheric pressure P, can be

calculated as:
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Fig. 1. 7P phase diagram of the Mo-H system [1].
1 - o — ¢ transformation at increasing pressure;
2 - ¢ — o transformation at decreasing pressure;
3 - ¢ > o transformation at increasing temperature.
o is the dilute hydrogen solid solution in bcc Mo

with H/Mo<0.01; € is the approximately
stoichiometric e-MoH hydride with an Acp metal
lattice.
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Fig. 2. T-P phase diagram of the Mo-D system. The
notation is analogous to that for Fig. 1. The dashed
lines show the phase diagram of the Mo-H system
presented in Fig. 1.
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Fig. 3. Standard (P, = 0.1 MPa) free energy AG*(T)
of formation of MoH and MoD.
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Fig. 4. AG*(T)/T for the Mo-H and Mo-D systems
as a function of reciprocal temperature.
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= IBH j Vu dP where L= Vo — VMo =

1.3 cm*/mol MoH is the partial molar volume of
hydrogen in the solid phase nearly independent of
pressure and temperature; V7, (P,T)is the molar
Volume of gaseous hydrogen The equation for
AG) (T) has the same form, and £, ~ ,BH

Fig. 3 shows the AG . (T) and AG}(T) depen-
dences, which were calculated using the equations
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of state of H, and D, from Ref 4. Both
dependences being approximately linear, this points
to the nearly constant value of the standard entropies
of formation of molybdenum hydride and deuteride
in the studied temperature range:

S° = —(6AG" /8T), = 10310 J/K/mol MoH and
77+10 J/K/mol MoD.

The linearity of the dependences of AG"/T vs.
1/T for MoH and MoD presented in Fig. 4 show
that the standard enthalpies of formation of
molybdenum hydride and deuteride also are nearly
temperature-independent:

AHOZ{G(AGO/T)} _
ou/T) |,

—23+5 kJ/mol MoH and
—7+5 kJ/mol MoD.

If the dependences of AG® vs. T'and AG/T'vs. 1/T
are assumed to remain linear down to 7 =298 K as
shown by the dashed lines in Figs.3 and 4, the
above values of AS” and AH’ can be referred to
room temperature as well. This results in the
standard free energy of the reaction at ambient
conditions equal to:

AGoes = AH Joe — TASS0e = 7.5 kJ/mol MoH
16 kJ/mol MoD.

and

The values of AGhg thus obtained agree with
the linear extrapolation of the AG’(T) dependences
shown in Fig. 3. The approximations used are
therefore self-consistent in this respect.

The difference between the 7—P phase
diagrams of the Mo-D and Mo-H systems is mostly
caused by the large difference in the standard
thermodynamic parameters of MoD and MoH. The
difference in the AG(T) values due to the different
partial molar volumes £ of D and H in the solid
phase and different Vy (P,T)  dependences of
gaseous D, and H; is insignificant.
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T-P ®A30BBIE IMATPAMMBI 1 U3OTOITHBIE D®®EKTHI B
CUCTEMAX Mo-H/D

AntonoB B.E., Tatbinun A.W., Tkau M.(m, 3aBapunkas B.A.
Wuctutyt ¢pusuku tBepaoro tena PAH, 142432 Yepuoronoska MockoBckoit 00:1., Poccust
M WNuctutyt dpusnueckoit xumuu [1AH, yn. Kammaxka 44/52, 01-224 Bapmiasa, [Tonbia

Beenenue T(°C) ' ' ' ' ' T (K)
[To pesynbraTam H3MEpEHHS] U30TEPM IJIEKTPOCO- 1800
MPOTHUBJICHUSI MOIHOAEHa B aTMocdepe neiirepus 500

npu teMmieparypax Ao 550°C u naBieHusX A0 1700
6 I'Tla moctpoena TP azoBast IMarpamMma CHCTEMBI 400

Mo-D. /luarpaMma 3HaYMTEIBHO OTIWYAETCA OT 1600
HU3Y4YEHHOM paHee auarpammbl cuctemsl Mo-H 300

[1]. B mpenmonoxeHuu, 9To0 JUHUSA pacraga Kak 1500
JeTepuIa, TaK ¥ THApHAA OIM3Ka K JIMHUM TEPMO- 200

JMHAMHAYECKOTO PABHOBECHSI, OLICHEHBI CTaHAapTHAs 1400
SHTPOIINSL, SHTAILINA U CBOOOAHAs dHeprust ['no6ca 100

o0pa3oBaHus AedTepuIa U THAPUIA MOJINOICHA. . 1300
Pe3ynbTaThl H 00cy:KIeHHE 1200
B macTosimee BpeMs W3BeCTHBI 7—P nuarpambl -100 6
OOJIBIIMHCTBA OMHAPHBIX CUCTEM METAI-BOJIOPO/, P.,, (GPa)

00pa3yroIuX TUAPHUIBI IPH BBICOKUX NaBJICHHIX
Boziopoza [2]. Pa3oBbIe pEeBpaIIEeHUS B CUCTEMAX
METaJUI-AEHTEpUA  HM3y4YeHbl B  3HAYUTEIIHHO
MeHbIIeH cTerneHn. 7—P nuarpamma Obuia paHee

Puc. 1. T-P dazoBas muarpamma cucremsl Mo-H [1].
1 - o0 — € mpeBpalleHe Npy YBEIUICHUH JaBICHNS;
2 - £ — oL TIpeBpalleHe PU YMEHBIIEHHN JaBJICHNS;

mocTpoeHa Toibko mist cucteMbl Ni-D. beuto 3-eoa HPEBPAIICHUC HPH nyHquHHH
MOKa3aHo, 4TO JaBJIe€HHs 0Opa3oBaHUs U pacraja TEMIIePaTyphl. 0L — Pa3sOaB/ICHHBIN TBEPBIA PaCTBOP
y NEWTEepUAA HUKEI BbIIIE, YeM y THIPUAA, U Bozopona B oyk Mo ¢ H/Mo <0.01; & — mpubu-
pa3inyuue yBEIMYMBAETCS C POCTOM TEMIIEPATYPHI. 3UTENIBHO CTeXHOMeTpHueckuil ruapun e-MoH c
Kax Bugno u3 Puc. 1 u 2, mpu Temmneparypax eny pelieTKoi MeTaa.
no mnpumepHo 350°C naBieHust oOpa3oBaHHS U T(°C) T(K)
pacmama paedTepuaa MONUOAEHA TAaKKe BBIIIE 800
COOTBETCTBYIOIINX MJaBICHWUH IS  TUApPUAA 500
MonubOneHa. OpHako 1mpu  0oJjiee  BBICOKHX 1700
TeMIleparypax Kpusble pacnaza MoD u MoH 400
CONMMKAIOTCS U, MO-BUIUMOMY, TIEPECEKAIOTCSL.
IIpu BBICOKMX MaBIEHMSX BOJOPOJAa KPUBBIE 300 1°%°
pacmaza ruipua JOBOJIBHO XOPOIIO MPECTABIAIOT
(azoBoe paBHOBECHE YXKe€ TIPH YMEPEHHBIX 200 1°%
teMIireparypax [3]. B couetanuu ¢ nmpeHeOpekuMO
Majoi pactBopumocteio H u D B oyx Mo 100 1400
(a-daza) ¥ mMOYTH HEW3MEHHBIM cocTaBoM MoH ¢
wi MoD y e-da3sr Bo Bceit oOmactm ee 0 1%
YCTOMUYUBOCTH, 3TO TIO3BOJIIET POBECTH IIPOCTOMN 1200
TEPMOAMHAMUYECKUN aHAIN3 peaKiuil: -100 . . ' ' .
0 1 2 3 4 5 6
Mo + ¥2H, - MoH u Mo + %D, — MoD. Py, (GPa)

Puc. 2. T-P dazoBas amarpamma cuctembl Mo-D.
O0o03HaueHNss aHAJOTMYHBI HCIOJIb30BAHHBIM Ha
Puc. 1. [IyHKTHpHBIMA TMHASMH TIOKa3aHa ¢azoBas
nuarpamma cuctemsl Mo-H, npusenennas na Puc. 1.

ITockonbky B pPaBHOBECHBIX  YCIOBHSX
ceobonHas osHeprusa I'mboca AG(P.,T) = 0,
senmunaa AGY(T), IpuBeIeHHAs K aTMOC(EpPHOMY
JIABIICHHIO Py, MOXKET OBITh pacCUMTaHa KaK:
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Puc. 3. Cranpaptras (P, = 0.1 MHa) cBoOomHas
sueprust AGY(T) obpasosanns MoH 1 MoD.
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Fig. 4. AG’(T)/T for the Mo-H and Mo-D systems
as a function of reciprocal temperature.

— 3V, )dP =

o

0 ) R
AGH(T)= [ AVAP = [ (Voo =y

By
=~ Bul., +%J‘P Vi, dP, e S = Vion — Vmo =

1.3 cm’/moms MoH — maprpaibHblil MOJBHBIH 00BeM
BOJZIOpPOJIa B TBEpJOW (pasze, MoUTH HE 3aBHCAIIHIA
oT naiennst u Temneparypel; Vy (P,T')— monbHbIi
00BeM Ta3000pa3HOTO BOAOPOIA. YPaBHCHHE IS
0
AG, (T) mveer 1y ke popyy, a fo ~ f.
Ha Puc. 3 nokazansl 3aBucumoctd AG (T) u
0
AGL(T), xoTopble ObLTH PACCUMTAHBI C HCTIOB30Ba-
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HHeM ypaBHeHul cocrosiaus Hy u D) u3 pabotsl [4].
O0e 3aBUCUMOCTH TPUOIM3UTEIBHO JTUHEWHBI, YTO
YKa3bIBAET HA MOYTH MOCTOSHHOE 3HAUYECHHUE CTaHOAPT-
HBIX HTPONHUI 00pa3oBaHUs NEeHTEpuaa U TUapHUIa
MOJIMOJIeHA B M3YYCHHOM JIMANIa30HE TEMIIepaTyp:

AS® = —~(8AG" /9T) » = 10310 J/K/mol MoH
77+10 J/K/mol MoD.

)54

Jluneitnocts 3aBucumocteit AGY/T vs. 1/T nus
MoH u MoD, npencraBnennsix Ha Puc. 4, mokassi-
BaeT, YTO CTaHJAPTHHIC SHTAIBIUU 00pa30oBaHHS
nefiTepuia U TUApUAa MOIMOIEHA TaK)Ke TIOYTH He
3aBUCAT OT TEMITEPaTypPHI:

0
AH® = [‘W} = 235 kJ/mol MoH
P —7+5 kJ/mol MoD.

u
a(1/T)

Eciu npeanonouth, 4To 3aBUCUMOCTH AG’vs. Tu
AGY/Tvs. 1/T octatorcst TMHEHHBIMU BIUIOTH 10 7'=298 K,
KaK 3TO TOKa3aHO MyHKTUPHBIMH JIMHUSAMHA Ha Puc. 3 u
4, TO TIpUBEICHHBIE BHIIIIC 3HAYCHUS AS" u AH MOTYT
OBITH OTHECEHBI TAKKe W K KOMHATHOM TEMITepaType.
OT0 naeT 3HauEHHE CTAHAAPTHON CBOOOAHOW SHEPruM
PEaKINHY MPH HOPMAIBGHBIX YCIIOBHSIX, PABHOE:

AGYe = AH %g — TASSe = 7.5 kJ/mol MoH
16 kJ/mol MoD.

u

3uauenns AGg, HOTyYEHHBIE TAKHM CIIOCOO0M,
COTJIACYIOTCS C JIMHEMHOM AKCTpamnoisiue 3aBucu-
mocteit AGY(T), mokasannoii Ha Puc. 3. Hcrnons3o-
BaHHbIE IPUOJIMKEHUs, CIEIOBAaTEIbHO, B ITOM
OTHOIIIEHUHN CaMOCOTJIACOBAHHBI.

Pazmmane mexxay 7-P ¢azoBbiMH TUarpaMMamu
cucteM Mo-D n Mo-H B ocHOBHOM 00YCIIOBJIIEHO
0O0JBIINM Pa3TUYMEM CTaHIAPTHBIX TEPMOJUHAMHU-
yeckux napamerpoB MoD u MoH. Pasnnuue B
sHaueHnaX AG(T) u3-32 pasHBIX HapUHATbHBIX
MonbHBIX 00beMOB Ay D u H B TBepnoit aze u u3-3a
Pa3HbIX 3aBUCUMOCTEH VHz (P,T) y ra3oo0pa3HbIX
D, u H, oka3biBaeTcs He3HAYUTEIbHBIM.
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