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Pressure dependence of self- and solute diffusion in bcc zirconium
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The pressure effect of self-diffusion in the high-temperature bcc phase of zirconium has been studied with
high accuracy using the radiotracer technique. Activation volumes of &.0&14) ({2: atomic volume at
1423 K and 0.2130.014) at 1273 K were obtained. Simultaneously, the activation volumes ofiNb
solute diffusion were measured which amount to 061014} at 1423 K and 0.1980.023) at 1273 K. The
small activation volumes indicate a strong relaxation of the vacancy. The large relaxation volume reflects the
inherent weakness of the bcc lattice towards a sheétid) direction. The results provide an explanation for
the absence of positron trapping in group-1V transition metals.
[S0163-182608)02001-3

[. INTRODUCTION elevated temperatures whereas the measurements Eeteal
increase with temperature.

The study of tracer diffusion has largely passed from (ii) Another explanation of the self-diffusion behavior in
measurements in pure metals to investigations in intermetabcc metals favors the monovacancy mechanism as the domi-
lic compounds, metallic glasses, amorphous solids and evamting diffusion mechanism throughout the whole experi-
polymers in the last decade. The attention which is paid tanentally accessible temperature range; it relates the Arrhen-
these structures is naturally justified because of their existingus curvature to a temperature dependence of the
or expected technological importance. From a theoreticanonovacancy parametets.However, with respect t@-Zr
point of view the simplest solid state nevertheless is that of ahis interpretation is not unambiguous either: the suggestion
monatomic crystal. The recent achievemenabfinitio cal-  that the monovacancy parameters may depend on tempera-
culations of the formation volume of self-diffusion in alkali ture in principle pertains to both the enthalpies and entropies
metalg? might be regarded as to result from the simplicity of of formation and migration. An estimation of the temperature
their structure. A thorough understanding of self-diffusion independence o indicates thaH™ is stronger influenced by
pure metals is therefore a prerequisite for approaches tdattice anharmonicity thahi’.®” Thus, a temperature depen-
wards more complicated structures. dence ofQ must primarily be accounted for by a temperature

The interpretation of self-diffusion in body centered cubic dependenH™. Recent model calculations ¢t™8 based on
(bco metals, however, has proven difficult until today. The the phonon dispersion of the pertaining metals, have revealed
difficulties encountered in the interpretation, which area slight increase oH™ from H™(0.55T,)=0.28 eV to
mainly connected with the observed convex curvature irH™(T)=0.37 eV for 8-Zr. Within the same temperature
Arrhenius presentation, are most obvious with respect to thinterval the slope of the Arrhenius plot of Zr self-diffusion
self-diffusion behavior of3-Zr. varies fromQ(0.55T;)=0.77 eV toQ(T,)=1.84 eV, i.e.,

(i) Measurements of the isotope effect fhZr (Ref. 3  the variation ofQ is about ten times stronger than the calcu-
produced evidence against a major contribution of divacantated change iH™.
cies to self-diffusion at elevated temperatures. An analysis of (jii) A recent review paper on defect parametenss
the curved Arrhenius plot of self-diffusion in terms of a su- shown that the experimentally obtained monovacancy forma-
perposition of two diffusion mechanisms yiel@g=10"°  tion enthalpies of nine bcc metals scale remarkably well with
m?s~! andQ,=0.74 eV for the low-temperature process their melting temperaturesHf=10"°T,, eV/K). The low-
and D3=10"% m?s~! and Q,=1.91 eV for the high- temperature slop@(0.55T,,) of the Arrhenius plot of3-Zr,
temperature procesdf the first is ascribed to the monova- however, is about three times smaller than khevalue es-
cancy mechanism{1V) and the second to the divacancy timated by the above correlation. If the low-temperature dif-
mechanism(2V), the reproduction of the curved Arrhenius fusivity of B8-Zr nevertheless is ascribed to the monovacancy
plot would require a 91% contribution of divacancies to dif- mechanism, then it is to be asked how the obviously extraor-
fusion at the melting temperature. On account of the smalledinarily small formation enthalpy can be explained.
correlation factor of diffusion via divacancies in the bcc lat-  (iv) In contrast to group V and group VI transition metals
tice (f,y=0.34-0.49f,,=0.727) this should result in a dis- no significant positron trapping at vacancies was observed in
tinct decrease of the isotope effect paramdferfAK at  B-Zr.'%!! This finding was interpreted as to result from an
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extreme smearing of the vacancy as a consequence of largentainer, each of them being connected to a separate con-
lattice anharmonicity. troller. By use of this arrangement and a three-zone furnace
In view of these difficulties in understanding the Zr self- the temperature gradient along the symmetry axis of the sys-
diffusion data, we examined the pressure dependence of Zem could be appropriately balanced, and the temperature of
self-diffusion. The variation oD with p provides valuable the diffusion samples could be closely monitored. We found
information for the interpretation of the diffusion mecha- it useful to set the cylindrical pressure cell into a vertical

nism. The activation volumaV of diffusion is given by position, since the influence of internal heat convection could
be effectively minimized in this way.
dlnD Before pressurizing, the vessel was evacuated t? .
AV=—kT ip L (D) When the pressure was raised, appropriate allowance was

made for the increase in pressure on heating the cell. A stan-
dardized annealing procedure for heating up, keeping the
temperature and cooling down was programmed for a set of

with the requirements of high temperatures, precise temper isothermal experi_m_ents SO fchat the total anneal time could be
ture reproducibility, and clean environment. Since the radiokePt constant within one isotherm. Both temperature and
isotope %r was applied in equilibrium with its radioactive pressure were recorded during the anneal for the determina-

daughter nuclidé®Nb, the present study includes a determi- fion of the effective anneal time. We estimate that the tem-
nation of the pressur,e effect of Nb solute diffusion peratures within one isotherm were reproduced with an un-

certainty of =0.5 K. The pressure dependence of
thermoelectric power was taken into account using the data
Il. EXPERIMENTAL METHOD reported by Chengt al? For this purpose, the pressure de-

A. Materials pendence of the EL 18 thermocouple was assumed to be
equivalent to that of the PtREPt thermocouple.

An accurate experimental determinationd¥ for 8-Zr is
difficult, because a rather small pressure effectDomeets

High purity zirconium with the principal impurities O
(110 wt. ppm, Fe, Nb, and C(50 wt. ppm eachwas used
for the diffusion experiments. Samples of 3 mm in height
and 8 mm in diameter were cut from the cylindrical rod by  After the diffusion anneals, the samples were reduced in
spark erosion. The samples were cleaned by etching in diameter with a lathe to avoid radial in-diffusion and were
solution of HF, HNQ;, and H,O (1:4:5 in volumg. After  then sectioned with a microtome. The accurate thickness of
polishing, the samples were recrystallized at 1323 K for 10ach slice was determined from its weight, the diameter of
days under high vacuum conditionp£0~° Pa. The pre- the sample and the densi§.50 g/cn?) of the material. The
anneal yielded a large average grain size of about 2 mm idecays of the isotope®Zr and ®Nb were detected byy
diameter. spectroscopy in a well-type intrinsic Ge detector. Corrections

Radioactive zirconium was prepared by neutron activatiorwere made for background, Compton background, half-life
of 90%-enriched®*Zr. The obtained®Zr isotope decays into and mother-daughter decays. The latter is described in detail
the likewise unstable isotop&Nb. The half-lives of the two elsewheré? For the boundary conditions of the present ex-
isotopes are 64 and 35 days, respectively. The activated ziperiments the solution of the diffusion equation is given by
conium was dissolved in a few microlitres of concentrated
HF and diluted in twice-distilled water. An amount of 15
kBg of the tracer solution was dropped onto the surface of
each sample and was dried under an infrared lamp.

C. Evaluation

c(x,t)= (2)

M x2

ot N 4Dt
with the relative specific tracer activity, the depth coordi-
natex, the annealing time, the tracer diffusion coefficient

) ) D, and the initial tracer concentration per unit afdaat
The high pressure anneals were performed in a pressuge-(0 andt=0.

cell with an internal three-zone tungsten furnace. The equip-

ment, which is pressurized by a two stage gas pressure sys- . RESULTS

tem, allows pressures up to 2 GPa and temperatures up to

2000 K. Purified 5N argon gas was used as pressure medium; Figures 1 and 2 show examples of penetration profiles of

the gas pressure was checked with a manganin gauge.  °°Zr self-diffusion at 1273 and 1423 K, respectively. Plotted
The following sample arrangement was used. The Zas log,c versusx? all profiles reveal a linear decrease of

samples were wrapped in Ta foil and placed in a Nb coniracer activity for about three decades indicating undisturbed

tainer (diameter: 10 mm, height: 41 mnn order to protect volume diffusion. The diffusion coefficients were obtained

against oxidation and Fe contamination from the steel vesseltom a least-squares fit according to Eg). They are listed

In most of the experimental runs two specimens were anin Table I. Figure 3 shows a plot of the pressure dependence

nealed simultaneously to improve statistics and to check thef the measured diffusion coefficients. For comparison, the

reproducibility. The specimens were placed face to face bupressure isotherms ofZr diffusion in an equiatomic Ti-Zr

separated by a small Ta ring, while the remainder of thg50 at. % alloy, which were measured previousfyare also

container volume was filled with Zr pellets as additional get-plotted.

ter material. For the temperature measurement three The slope of a pressure isotherm is related to the activa-

PtRh/PtRhs (EL 18) thermocouples were placed inside thetion volume according to Eq(l). The corresponding

container walls at the bottom, the middle and the top of thdeast-squares fits yielded activation volumes of

B. Diffusion anneals
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X [10% m] TABLE . Diffusion coefficients of%Zr and ®*Nb in 8-Zr as a
function of pressure at 1273 K and 1423 K.

P t D, AD/D Dno AD/D
108 Pa s nfst % m?s~1 %
1273 K

1.10 14880 1.41%10° %% 071 4.23%10° ' 1.64
1.10 14880 1.45810° %% 0.34 4.63%x10°* 0.68
3.03 14880 1.38410° %% 0.78 4.26X10°* 1.76
3.03 14880 1.36%10° %% 0.39 4.37%x10°* 1.19
6.01 14880 1.34810° %% 0.61 3.92%10°* 197
6.01 14880 1.27%10°'°® 037 3.98%10°* 1.28
9.04 14880 1.20810° ' 061 3.84Xx10* 1.32
9.04 14880 1.19210° ' 0.29 3.74%10°* 1.64
11.10 14880 1.11¥10° ' 043 3.67X10°* 174
11.10 14880 1.10810° ' 0.22

13.00 14880 1.01810** 054 3.06x10°* 1.60
13.00 14880 1.01410°*° 0.39 3.23x10°* 1.85

relative specific activity

1423 K

1.03 14800 4.13810°% 044 1.75%x10°8¥ 1.13
1.03 14800 3.97%107% 040 1.70&x10°¥ 0.91
X 110°% m’] 3.03 14800 3.61210° % 0.36 1576102 0.47

6.05 14800 3.588107'% 0.25 15341073 0.68

FIG. 1. Penetration profiles for diffusion 8fzr in 8-Zr under ~ 9.03 14800 3.29810° 8 0.32 1.46%10 ¥ 157

pressure at 1273 K. 11.01 14800 3.238107'°% 026 1.40x10°'® 0.87
11.01 14800 3.23%110°° 0.44 1344107 122
AV=0.213+0.014 Q at 1273 KandA\V=0.184-0.016 ) 13.01 14800 3.03910™*® 058 1.36610°% 0.95
at 1423 K. The atomic volume of Zr amounts to 13.01 14800 3.08t10 %% 0.21
0 =2.327<10 2 m3. An inspection of Fig. 3 shows that the
absolute pressure effect of Zr self-diffusion is less than 50%
in D over the applied pressure range. It is owing to the su-
x[10% m] perior reproducibility and constancy of temperature of the
high pressure equipment that such a small effect could be
measured reasonably.

A set of typical penetration profiles dPNb diffusion at
1423 K is plotted in Fig. 4. Figure 5 shows the pressure
isotherms of ®*Nb diffusion. Activation volumes of
AV=0.193-0.023 O at 1273 KandA\V=0.161+0.014 O
at 1423 K were obtained.

IV. DISCUSSION

The present data on the pressure dependence of Zr self-

diffusion are found to confirm themall activation volumes

of group IV transition metals. While an activation volume of
0.33Q was obtained fo-Ti,'® measurements of the pres-
sure dependence 8fZr diffusion in an equiatomic Zr-T50

at.% alloy'*yielded activation volumes between 0.Q1and
0.35() (see also Fig. B The quoted self-diffusion activation
volumes of group IV transition metals are well below those
of the alkali metals. For the latter, activation volumes of

relative specific activity

1.3 GPa ] about one half of an atomic volume have been obsetV&.
e Recent theoretical evidence seems to support this value: for
0 0.5 1.0 15 2.0 25 Na, ab initio pseudopotential studisjielded a monova-

cancy formation volume of 0.5Q. For Li, the calculations

yieldedAV!,,=0.49 Q,** while a previous study arrived at
FIG. 2. Penetration profiles for diffusion 8fzr in g-zr under ~ 0.520).

pressure at 1423 K. The question is raised how the very small activation vol-

X [10'7 m2]
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FIG. 3. Dependence oPZr diffusion in 8-Zr on pressuréopen

circles. The full circles represent diffusion coefficients measured at

ambient pressure for the corresponding temperat(Re$. 3. For

comparison, the pressure dependencéaf diffusion in Zr-Ti (50

at. %) (Ref. 19 (squarep and of Ti self-diffusion(Ref. 16 (tri-
angles are shown.

FIG. 5. Pressure dependence BRb solute diffusion ing-Zr
(open circles The full circles represent diffusion coefficients mea-
sured at ambient pressure for the corresponding temperdReés
15).

ume of B-Zr can be understood. Since a measurement of the
activation volume provides supplementary information about
the diffusion process rather than it permits an unambiguous
identification of the diffusion mechanism, the results will be
discussed in conjunction with other evidence pertaining to
4 self-diffusion in group IV transition metals.
x [10 "m]
0 10 14 17 20 22 25 27 A. Diffusion mechanism
T T ]

Irrespective of the anomalous diffusion characteristics of
group IV transition metals the dominance of monovacancy
diffusion throughout the high-temperature bcc phase re-
ceived support from the direct determination of the elemen-
tary diffusion jump inB-Ti by quasielastic neutron scattering
(QNS).2! Measurements of the quasielastic line broadening
as a function of the neutron scattering vector revealed that
self-diffusion in 8-Ti is dominated by 1/2111) jumps into
next-neighbor vacancies. The QNS measurements were per-
formed in the range from 1853 down to 1373 K. On the other
] hand, the activation volume of Ti self-diffusithof 0.33Q
] was determined at 1273 K. Obviously both experiments sug-
gest that even a small activation volume may reasonably be
1 associated with the monovacancy mechanism.

As was mentioned in the Introduction, the observed in-
crease of the isotope effect paramefewith T in B-Zr was
interpreted as to result from an increase of the kinetic energy
factor AK 2 while f was assumed to be equal to the correla-
tion factorf,y, of monovacancy diffusion. The small absolute
values ofAK and its variation with temperature were reason-
ably explained by the low-frequent and temperature-
dependentl;[ 112] modes of the phonon dispersion which

relative specific activity

1.3 GPa

Lt

1 1 l ! | | L I

It 1 1 1 1
0 1.0 20 30 40 50 60 70

X [10° m’] were shown to have particular influence on the diffusion
jump.4’5’22
FIG. 4. Penetration profiles for diffusion Nb in 8-Zr under If one accepts from the foregoing arguments that even the

pressure at 1423 K. small activation volume of about 0Q in 8-Zr can be iden-
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tified with diffusion via monovacancies, it remains to under- TABLE Il. Comparison of the activation volum&V (measured
stand why the presumed monovacancy activation volumet different temperaturgsvith the energy factoAK. The AK val-

takes such a small value fg@-Zr. The following sections ues were evaluated from the experimentally determined isotope ef-
will be devoted to this. fect parameter€ by assuming the correlation factérto corre-

spond to the monovacancy correlation factey .

B. Relaxed vacancy

Material AV [Q] Ref. AK Ref.
The formation of a vacancy in a rigid crystal would

change its volume by one atomic volurfle Since the real, Cu 1.09-0.93 30 0.76-0.95 31,32
finite crystal relaxes, the volume change accompanied by thad 0.66-0.86 33 0.82-0.99 34,35

formation of a vacancy is diminished by an amount's) Au 0.73-0.77 36 082-0.93 37

a-Fe (ferromag) 1.07-1.10 38 0.83 39
AVE,=Q—AVE. (3) Na 0.41-0.52 18 0.52-0.36 27,18

-Zr 0.18-0.21 present work 0.40-0.54 3

Bearing in mind that the formation volumkavflv contributes g-Ti-Zr 0.31-0.35 P 14 0.32-0.43 25

a major part to the total activation volurfié2*the result of a
very small activation volume indicates a large relaxation vol-
umeA fl‘i',, such a coupled motion of atoms will always occur, if there is
From this point of view the present results offer a plau-any relaxation of neighboring atoms about the defect. There
sible explanation for the absence of positron trapping at vaexists a closer correlation afk with AV, than withAV?Y, ,
cancies in3-Zr. Extensive positron lifetime measurements insince a relaxation associated withv/!,, always has a com-
B-Zr*®! indicate no measurable thermal equilibrium va- ponent parallel to the jump direction whiteV?, is largely
cancy concentration. The sensitivity of positrons to vacanbound to a motion orthogonal to the jump direction. A for-
cies in metals arises from the absence of core electrons inraula derived by LeClaifé suggests
vacancy relative to the electron density of the undisturbed
lattice. This results in an increased average lifetime of the n ; -1
positrons trapped in the bound state of the vacancy. Usually AK”( 1+3(1-AVy) | 4
the free electrons in the region around the vacant volume
will tend to flow into the vacancy, but since there is nowheren is the number of atoms which are expected to be
positive charge at the vacant site this will increase the eleddisplaced by the diffusion jump. I is roughly identified
trostatic energy. The implication is strong that a pronounceavith the number of neighbors a migrating atom has in the
relaxation of the adjacent lattice atoms will facilitate the saddle point configuration, insertion A/, ~0.2 Q gives
electron penetration of the vacancy. As a consequence, thisK~0.4 for 8-Zr. This is indeed compatible with the ex-
will lead to a reduction of the attractive trapping potential. perimentally observed K factors at lower temperaturést
The concept of a highly relaxed vacancy was previouslythe correlation factor for monovacancy diffusion is inserted
postulated on the basis of phonon dispersion measuremerigs AK=E/f,,, e.9.,AK=0.39 at 1189 K. Table Il gives a
of group IV transition metal&'* It was argued that espe- compilation of the experimental data for those metals for
cially the frequency of NN atomic vibrations towards the which bothE andAV were measured. Except for the case of
vacancy is very low and anharmonic indicating low force ferromagnetic iron, one finds that baMV andAK are much
constants in{111) direction. The conclusion was draf?®  |ower for the bec than for the fcc metals.
that this extreme anharmonicity leads to a smearing or delo-
calization of the vacancy position. This conclusion has re-
cently been reinforced by other evidence. Detailed molecular . . ) )
dynamics studies on the diffusion properties®Zr (Ref. When the present results are considered in conjunction
26) have indeed revealed a considerable smearing of the vaith the results of isotope effect measurementg-@r (Ref.
cancy position. The position of a vacancy is no longer clearlyd) and QNS experiments ig-Ti (Ref. 21 the balance of
defined, since at high temperatures the vacancy never com@¥perimental evidence appears to favor the monovacancy
at rest on a distinct lattice site. This is reflected in the duramechanism throughout the bcc phase of zirconium. Never-
tion of an atomic jump being larger than the time intervaltheless the concept of a monovacancy mechanism with tem-
between two successive jumps. perature dependent defect quantities still suffers from two
shortcomings with respect to the quantitative reproduction of
the temperature dependence of Zr self-diffusion: The curva-
ture in the Arrhenius plot seems too large to be accounted for
Several authofé~?’pointed out that thé\K factor enter- by a temperature dependedtonly (I, item ii). Furthermore,
ing the isotope effect parameter is likely to be correlated tahe low temperature slope of the Arrhenius presentation de-
the monovacancy formation volum&V}, . By definition, mands to assume an extraordinarily low monovacancy for-
AK denotes the fraction of translational kinetic energy assomation enthalpy(l, item iii). The present results cannot en-
ciated with the passage over the saddle point that resides tirely clear up these problems but at least can provide
the migrating atom. Thé& K factor allows for the fact that qualitative arguments for a better understanding of the above
the movement of the matrix atoms reduces the mass depementioned discrepancies.
dence of the jump frequency compared to the? depen- The free enthalpy of vacancy formation is supposed to be
dence predicted for a rigid lattice. According to LeCl&fre lower for a crystal with large structural relaxation than if a

D. Free enthalpy of vacancy formation

C. Activation volume and isotope effect



57 PRESSURE DEPENDENCE OF SELF- AND SOLHT.. 339
relaxation of the atoms surrounding the vacancy is absent. It TABLE Ill. Activation volumes of solute diffusion in bcc
is known from theoretical calculations on atomic defécts group- IV transition metals.

that the relaxational contribution of the vacancy formation

tends to decrease the vacancy formation enthllfyy. (This ~ Diffusant  Matrix T AVexp Ref.
can be thought of as a smoothing of the electron density at K Q
the edge of the vacant site which is_ _expected to decrease thg B-Ti  1323-1673 0.28-0.41 40
wavele_ngths_ of the electrondn addltlon, a large st_ructl_JraI B-Ti 1173-1773  0.28-0.41 a1
relaxation will lead to a further reduction of the vibrational .
. , , B-Ti  1173-1773  0.22-0.36 42
frequencies of the atoms neighboring the vacancy and,. . 5
hence, to an increase of the vibrational entrsfpbassociated I AT 1273 0.33 16
. ’ . . Nb -Zr 1273, 1473  0.19, 0.16 resent work
with the formation of the defect. This can be seen from A P
Hﬁﬁlyn pressure effect of Nb solute diffusion g+Zr. An inspection
S{hz k In Tt (5) shows that all reported activation volumes of solute diffusion
n=1"n in B-Ti fall in line with the activation volume of Ti self-

h they’ the f . fth tal after the i diffusion within an interval of+30%. This result is reflected
where théy, are the trequencies of the crystal after the in-;, the temperature dependence of solute diffusion offSs.

troduction of the defect. 2 43) and Zr(Ref. 44 in B-Ti and of Nb diffusion inB-zr:*®
According to a suggestion of Petersahe temperature |, each case the solute diffusivity does not differ by more

dependence of the formation enthalpy and entropy of monogan a factor of five from the self-diffusivity. It is concluded
vacancies may also be related to the degree of structurghat the diffusion of substitutionally dissolved atoms in
relaxation. A material with a small activation voluni®  group IV transition metals is obviously controlled by the
units of 1) should reveal a more pronounced temperaturanatrix and is only weakly dependent on the properties
dependence of the enthalpy and entropy of vacancy formgatomic radius, valengef the solute.

tion, and vice versa. Lattice anharmonicity and the accompa-

nying thermal expansion give rise to a relaxation of the va- V. CONCLUSIONS

cant site which increases with increasing temperature. The In this paper we have been concerned with the application

relaxation causes the vibrational frequenaigsn Eq. (5) to  of the radiotracer method to the determination of the depen-
decrease which is coupled with a corresponding increase @fence of self-diffusion and Nb solute diffusion i@-Zr
sl with increasing temperature. Since &S(f/&T)p on high pressure. The activation volumes are
=(gH"1aT),/T it follows that (3H'/dT)>0. One expects AV=0.213-0.014  at 1273 K and\V=0.184+0.016
that a large vacancy relaxation enhances the sensitivity of that 1423 K for Zr self-diffusion andV=0.193+0.023 () at
vacancy formation entropy to changes in temperature. As 4273 K andAV=0.161+0.014 Q at 1423 K for Nb solute
consequence the vacancy formation enthalpy will also béliffusion. The present study helps to complete the full set of
more affected to changes in temperature inasmuch as it mo¥ailable information on the diffusion procedemperature,
rapidly increases with increasing temperature than it wouldnass, and pressure dependerfoe a second bcc metal be-
do in a more r|g|d vacancy environment. This qua”tativeSideS the alkali metal Na. The interpretation of the activation
argument may at least explain part of the observed Arrheniugolume is not clear cut but depends on further experimental
curvature. and theoretical evidence. In combination with such other evi-
dence the present study provides important arguments for an
understanding of the low and temperature dependent defect
enthalpies and entropies, the absence of positron trapping,
Our study of the pressure dependence of Zr self-diffusiorand the isotope effect. Our results reinforce the conclusion
in B-Zr includes a simultaneous determination of Nb solutethat self-diffusion ing-Zr proceeds via highly relaxed mono-
diffusion. The effect of pressure on the diffusion 8Nb  vacancies. Despite the fact thgtZr is now one of those
was found to differ only little from the pressure dependencemetals on which the most complete set of self-diffusion data
of self-diffusion. This finding appears to have general valid-is available, it was shown that the interpretation of the tem-
ity for the diffusion of substitutionally dissolved impurity perature dependence of self-diffusion @Zr still suffers
atoms in group IV transition metals. Table Il gives a com-from an appropriate quantitative description. Theoretical cal-
pilation of experimental results on the pressure effect W, culations of the monovacancy formation volume of bcc
Sn#! and Zr (Ref. 42 solute diffusion inB-Ti and on the  group IV transition metals appear highly desirable.

E. Solute diffusion of ®*Nb in B-Zr
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