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We report on an extended series of $8bauer measurements on noble-gas Ne, Kr, and Xé and alkali
(Rb and Csinclusions in Mo and W. Using TEM on some samples allowed a direct size distribution mea-
surement. The sites occupied by théXe(Cs) probe atoms differ for small atomic rare-gé¢e and A), large
atomic rare-gasKr and Xe, and alkali inclusions. We followed the site population and inclusion sizes as a
function of annealing temperature, observing the expected growth of the inclusions upon annealing due to
distinct growth mechanisms. Temperature-dependent measurements show that two kinds of inclusions are
formed: soft ones with a characteristic temperature which is too low to make them contribute toshieaMier
spectrum and tough ones which are perfectly embedded in the matrix. Kr and Xe inclusions of the latter kind
feature a characteristic temperature whichis remarkably independent of preparation conditions énd
greatly exceeds the largest possible value for pure rare-gas solids. We argue that this kind of solid rare-gas
inclusion “borrows” its dynamical properties from the high Debye temperature matrix.
[S0163-182607)01305-2

[. INTRODUCTION lows one to obtain an overview image of the precipitation
within the matrix. Figure 2 shows a plan view of Kr inclu-
Due to the complete insolubility of rare gas or alkali im- sions in an Al(fcc) foil. The local atomic concentration is 8
purities in most metals, their forced introduction, for in- at. % and the sample has been annealed up to 400 °C for half
stance, by ion implantation, up to a high dose will result inan hour under Ar atmosphere. One can easily identify the
their precipitation as a second phagtefs. 1 and 2 The truncated octahedral shape of the inclusions. 1@ di-
precipitates are present in the form of solid phase(face  rection of Kr is along th&€100 direction of the Al matrix.
gag/bcce (alkali) inclusions in the bcc host matrix selected  Figure 3 shows a plan view TEM picture of as-implanted
here, Mo and W. These inclusions are nanosized, often under
high pressure and topotaxially aligned to the host matrix. A
frequently observed axial alignment is t{iel1) direction of
an fcc rare gas inclusion being oriented along ¢h&0 di-
rection of a bcc host materi@Ref. 3. To reduce its interfa-
cial energy, the inclusion often forms @00-truncated
(111)-edged octahedron. See Fig. 1 for a schematic drawing
of the (100 and (111 projection of this three-dimensional
figure.
Transmission electron microscopVEM) observation al-

<100> projection <111> projection

FIG. 1. Schematic drawing of thd00 and(111) projection of FIG. 2. Plan view TEM picture of 8 at. % Kr in Al annealed at
a truncated octahedron. 400 °C. The enlargement is 80 000.
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moment of the ground state is too small to induce a visible
splitting. The high energy of the Msbauer transition results

in a very low resonant fraction and requires low temperature
measurements. On the other hand, this makes the resonance
extremely sensitive to the dynamical parameters of the crys-
talline lattice surrounding the probe atom.

Mossbauer probe atoms implanted together with precipi-
tating impurity atoms can reside on various lattice sites. Each
of these positions gives rise to a different component in the
Mossbauer spectrum. We expect contributions from essen-
tially three major lattice sites. Probe atoms can appear in
solid solution in the host metal and thus be located at substi-
tutional lattice sites[Vacancy associated sitéRef. 5 are
improbable because of the scavenging action of precipitate
formation on vacanciek.They can reside at the interface
between the inclusion and the surrounding metal or they can
be situated inside the bulk of the inclusions. We are able to
distinguish between these different lattice sites and sepa-
rately study their dynamical properties. This ability forms the
most important benefit of Mgsbauer spectroscopy on

13%Cs.

FIG. 3. Plan view TEM picture of 10 at. % Ne in Mo as im-
planted. The enlargement is 750 000.

Ne inclusions in polycrystalline Mo. The implantation dose Il. SAMPLE PREPARATION
of 2x10'® ions/cnt and energy of 16 keV correspond to a

. . ; )
g"ea:e'r;tl;mtézcaslaﬂorgc scuor?acfgtr?stilr?:;e()fthleosgti n/?: Iﬁ;iﬁg Aat the Leuven Isotope Separator. The substrates consisted of
P ' & and Mo polycrystalline foils and M@L10 single crystals.

smaller than the Kr inclusions in Al, it is more difficult to ur experience with the implantation of radioactive probes
distinguish them, but also in this case, we can recognize theﬁ> Xperiel P : Ve p
truncated octahedral shape. In an inclusion-metal system favors the implantation of the

133(e(Cy Mossbauer spectroscopy is a powerful teCh_prqbe ions before th(_a ion_s that are to form the inqlusions.
nique to study the electronic and dynamical properties of Cd NiS enables the radioactive probe atoms to participate ac-
compounds, inclusions and impurities in materiéRef. 4. tlvgly in the precipitation process and fewer prope ions WI.||
In our case we use the technique for the study of rare gas arigside at the, for this study, less important substitutional site
alkali metal inclusions in Mo and W. in the host metal. The radioactive ions were implanted at
The 81 keV Masbauer transition it3Cs can be popu- foom temperature, with a fluence of about 1I0** ions/cnf
lated according to the decay scheme presented in Fig. 4. kand with an energy of 80 or 90 keV for every sample. For the
the present case we use the decay of'ff#8Xe. Despite the implantation of the inclusion material we performed theoreti-
relatively short half-life of this isotope high activity sources cal calculations based on th&im program(Ref. 6 taking
can be obtained from commercially available fission prod4into account sputtering. Three implantations with different
ucts. energies are usually sufficient to obtain a nearly homoge-
All systems under study in this work were 8&bauer neous implantation profile, encompassing the implanted
sources, produced by implantation of the radioactive Xe intgorobe atom distribution. We chose the implantation doses for
the metallic matrices. Mssbauer resonances were obtainedevery implantation in such a way that the mean local atomic
in transmission mode versus a single line absorber of CsClconcentration of the inclusion ions ranges from 1 to 10 at. %.
The relatively small resonance linewidth ofCs  An example of a theoretical profile calculation for a concen-
(2I'y;=2x%0.28 mm/$ and the quadrupole moment of the ex- tration of 2 at. % Kr in W is shown in Fig. 5. We obtain this
cited state(Q* =—0.22 b allow quite sensitive measure- profile for a simulated implantation of subsequently
ments of the hyperfine interactions experienced by the C4.5x10" at./cnt at an energy of 125 keV, 1:610* at./cnf
atom in a variety of electronic environments. The quadrupolet 50 keV, and %10 at./cnf at 20 keV.

Both the stable and radioactive implantations were done
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FIG. 5. Calculated implantation profile for 2 at. % Kr in W. 2y x

IIl. EXPERIMENT

We used an exchange gas cryostat to perform thesvio
bauer measurements. The source, attached to a constant ac-
celeration drive, was mounted inside the exchange gas tube.
It could be kept at temperatures between 4.2 and 100 K. The
CsCl absorbef300 mg Cs/crfy corresponding to an effec-
tive absorber thicknessqome=2) Was mounted inside the
liquid helium container. Its temperature therefore was fixed
at 4.2 K independent on any heating of the source.

We analyzed the spectra with the fitting program
“MosAuT” (Ref. 7). This program offers the possibility to fit
a series of spectra consistently in a way that parameters can
be fitted with the same value for all spectra in a series. Since
the resonance lines are not resolved in our spectra, this op-
tion renders the fitting procedure much more reliable.

For the analysis of the spectra where source and absorber
had a different temperature, the second order Doppler shift
(Ref. 8 has been taken into account. For TEM observations
a Philips CM20 instrument, operating at 200 kV, was used.

*10% counts

IV. RESULTS

First we recorded two reference spectra. We implanted a
low dose of 510" at./cn? '3Xe in Mo and W. In both
cases we fitted the spectrum with one single line and one
guadrupole split component. The isomer shift of the single
line with respect to CsCl was 1.28 mm/s for Mo and-1.60
mm/s for W. These isomer shifts correspond to probe atoms , , , , , ) ,
located at substitutional lattice sites. For the Mo sample, the 3 2 - 0 1 2 3
contribution of this single line in the spectrum was larger velocity [mmy/s]
than 80% and for the W sample it was larger than 60%. The
presence of a quadrupole split component shows that part of
the probe atoms, even after a low dose implantation, are FIG. 6. Fitted series of*3Cs Massbauer spectra from Xe inclu-
situated at defect associated sitB&f. 5. sions in Mo. The measuring temperatures are indicated.

After the implantation of the inclusion material, the spec-

tra become more complex. We will discuss the rare gas anli has a narrow linewidtitstemming from a well defined site
alkali metal postimplantations separately. and its characteristic Misbauer temperatu, is close to

the known value of 262 KRef. 9 and an estimated 296 K
for the substitutional site in Mo and W, respectively. It is
straightforward to ascribe this component to probe atoms on
The best fit for each series of Kr and Xe rare gas inclu-a cubic symmetric substitutional lattice site in the metal host
sions was obtained when we allowed three spectral companatrix. We will refer to this component as the substitutional
nents. An example of a fitted Xe series is given in Fig. 6. Thecomponent.
site assignment for the three components is explained in the The second component is a single line with an isomer
following discussion. shift lying between the isomer shift o3 s in Cs metal
The first component is a single line with the same isomef—0.222 mm/s for 8"=1?% (Ref. 10] and in CsMnk
shift as the substitutional component in the reference spectr+0.044 mm/s for 8"=° (Ref. 11)]. The *%Cs probes ap-

A. Postimplantation with large rare-gas ions(Kr and Xe)
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pear to be in a charge state betweeh and 0. This compo- Xe probe atoms thus had sufficient time to possibly segregate
nent is attributed to a matrix isolated cubic symmetric sub-out of the Ne and Ar inclusions.
stitutional site inside the solid rare gas inclusions. The (3) The isomer shifts obtained from the three-site fit for
characteristic temperature is much lower than for the substithe inclusion site in Ne and Ar have a value of about 0.25
tutional site. This component is referred to as the inclusiormm/s, much larger than the limiting value of 0.044 mm/s
component. measured for CsMnf{6s"=° (Ref. 11]. This would imply

The third component is a quadrupole split componenthat the Cs probe carries a negative charge, which is improb-
with an isomer shift larger than the inclusion isomer shift butable, even more so since one rather expects a positive charge
smaller than the substitutional isomer shift. Its characterististate after the nuclear decay.
temperature also lies between the values of the two other Therefore, we analyzed the same data, this time without
sites. We fitted this component with an asymmetry parametanclusion component. This procedure makes the oveyall
7 equal to zero, in view of our very limited sensitivity to its only slightly worse.
precise value. The value of the resulting quadrupole splitting We found nonetheless a strikingly good correspondence
yields a lattice electric field gradiei, (latt) of the order of  between inclusions sizes from TEM results and from the
10 Vv/cm?. This is comparable to values that have beenMossbauer analysiwith inclusion site on the Ne samples.
found for surface sites for NaWRef. 12 and CdCu(Ref.  We will comment on this later.

13). Therefore we suggest that these probe atoms are situated
at the inclusion-metal interface. This component is called the
interfacial component.

Because the components are not resolved in the spectra, The results of the fits for all three inclusion types and the
we fitted each series of spectra several times with differengharacteristic temperatures calculated from those are pre-
isomer shifts for the inclusion site. Th¢® of the series is  sented in Table I. The mean isomer shift of the substitutional
observed to have a minimum. This procedure again render(gomponent, taken over 120 spectra in Mo, y|e|ds a value of

V. DISCUSSION

the resulting fit more reliable. —1.27 mm/s with a standard deviation of 0.02 mm/s and
—1.60 mm/s with a standard deviation of 0.03 mm/s over 45
spectra in W.

B. Postimplantation with alkali ions (Rb and Cs)

A slightly different situation is observed for the case of . ) .
alkali inclusions. We will explain this for Cs inclusiorfirst A. Quadrupole interaction at the interface
presented in Ref. J4vhere a fit of the spectra with the three  The quadrupole splitting of the interfacial component dis-
components which we employed in the Kr and Xe caselays a puzzling behavior. It has a value of abedt5 mm/s
yielded unacceptable results. Isomer shift values of the inclufor the small rare gases;2.5 mm/s for the large rare gases,
sion component ranged from0.29 to +0.20 mm/s, while  and +1.8 mm/s for the alkali's in Mo. This corresponds to
that of Cs metal is-0.222 mm/s(Ref. 10, decreasing even V,, values of+1.84x 108 V/em?, —3.07x10'® v/icm?, and
further with compression. Excluding the component which—2.21x 10 v/cn?, respectively. We interpret these by cal-
we initially described as the inclusion site, makes Xﬁ&)f culatingV, (latt), using a simple point charge model, for an
the fit only slightly worse. This leaves us two possibilities: interfacial probe atom at a M¢L10) surface. Appendix A
(i) the Xe probe atoms segregate out of the alkali inclusiongjives details. The best correspondence between the ratios of
or (ii) the Xe probe atom remains inside the inclusions buthe measured and calculated values is found for probe dis-
does not contribute to the spectrum due to a very low chartances above the Md 10 surface of 0.5 A for the small rare
acteristic temperature. Later on, we will show the former onegases, 2.5 A for the large rare gases and also for the Cs
to be more probable. We observed the same behavior for th@clusion. A visual representation of the atomic configuration
Rb inclusions. at the interface shows that this situation is quite possible, in
view of the atomic sizes, since it corresponds to a probe
atom which is situated quasisubstitutionally on a Mo lattice
site in the case of small rare gas inclusions and essentially on

Ne and Ar inclusions form a particular case. At first, we an inclusion lattice site in the other cases.
analyzed our Mssbauer spectra in a manner analogous to This overall correspondence renders more confidence in
the heavier rare gases, allowing three spectral componentise consistency of our interfacial site assignments as well as
(Ref. 15. The existence of an inclusion site is howeverin the global spectral analysis, which we have conducted
doubtful for a number of reasons. differently for Ne and Ar, Kr and Xe, Rb and Cs.

(1) There is a very large size difference between the Ne The corresponding calculated values for the quadrupolar
and Ar inclusion atoms and the Xe probe atomsasymmetry parameteyare 0.09 and 0.05 for the small and
[Ryd/Rxe=0.71, Ry /Ry=0.87 (Ref. 18], probably driving large rare gases and 0.03 for the alkali inclusions. This is
the latter out of solution. The Hume-Rothery size rule, whichclose enough to zero, value which we used for fitting the
we corroborated recently by fdebauer measurements on Mossbauer spectra, not to influence the spectral shape.
rare gas mixtures of Ar in XéRef. 17, indeed predicts 0.85
as a lower limiting ratio for a stable solution of large size
atoms into small atom material.

(2) We kept the samples at room temperature during im- Temperature dependent Msbauer measurements yield
plantation and while transporting them to the cryostat. Thémportant information: we can deduce the fraction of probe

C. Postimplantation with small rare-gas ions(Ne and Ar)

B. Lattice dynamics of the inclusions
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TABLE I. A survey of the measured values and the calculated characteristic temperatures with their
standard deviation between brackdtsis the number of spectra in the series.

Substitutional Interfacial Inclusion
site site site
IS FWHM Om IS FWHM QS Y IS FWHM
N ¥ mm/s mm/s K mm/s mm/s mm/s K mm/s mm/s 6y K

NeMo 37 275 —-1.26 1.06 26335 —0.10 1.05 -1.40 186(14)

ArMo 3 186 -1.29 1.1 252 -0.14 107 -152 162

KrMo 28 277 —1.26 0.90 286(27) —0.28 0.95 2.26 24734 -0.10 112 171(29
XeMo 9 250 —1.26 1.1 256(22) —0.24 0.79 252 21718 —-0.11 0.94 163(22
CsMo 33 380 —1.30 1.17 254(26) —0.37 1.18 1.88 20410)

Rb@ 10 287 —1.25 0.83 257(12 —-0.34 1.03 1.81 21424)

ArwW 5 331 —-1.65 1.07 277 -0.30 137 -2.08 229

Krw 2 305 —-1.69 1.00 -0.34 1.01 2.66 —-0.09 0.82

Xew 2 318 —-1.65 1.16 272 -0.40 0.75 257 289 -0.18 1.58 188

Csw 28 287 —1.59 121 279(30) —0.37 1.24 2.00 20816)
RbWw 8 324 —-1.56 0.91 257 -0.22 0.99 230 204

ions contributing to each of the \ebauer spectral compo- counting computer program, assuming spherical particles,
nents and extract lattice dynamics information for the correyields the size distribution of the inclusions as shown in Fig.
sponding site. 7 (representing the volume percentage as a function of diam-
As we pointed out before, probe atoms in an inclusionete. Surprisingly, this distribution is in nice accordance
system can be localized on various lattice sites, each akith the Massbauer analysis based on a three-component fit:
which has a different lattice dynamical coupling and there-if 40% of the largest inclusionévhere the pressure is low-
fore a different recoilless fraction. In this view, it is quite es) would not contribute to the Vesbauer spectruiftorre-
probable that some probe atoms end up in a site where thegponding to the invisible fractignwe would end up with a
are so loosely bound that their contribution to the spectramean diameter of 2.3 nm of the remaining ones. This good
intensity is negligible due to their extremely smélffraction  correspondence makes us hesitate to state in a conclusive
in comparison to that of the other components. The chance afay that the Xe probes cannot be found inside the Ne inclu-
facing this state of affairs is quite large for our B&bauer sion in Mo system.
probe with its large transition energy of 81 keV. This would  Extracting information about the dynamic properties of
be the case, for instance, for a probe atom in uncompressede inclusions is the main goal in performing temperature
Xe and Cs, where it would have a chance of only 1/1640 andlependent measurements. The relative intensity of each com-
less than 1/100 000, respectively, to emitadiation without  ponent in the spectrum is proportional to thdraction of
recoil. These probe atoms do nonetheless contribute to thihat particular component. We then fit the dependency of the
baseline and thus dilute the total spectral intensity. f fraction on temperature to a Debye model, and obtain a
This fraction, ay, forms what is commonly named the value for the M@sbauer characteristic temperatég. This
“invisible” fraction. It manifests itself as the remaining frac- temperature is a measure for the bonding strength of the
tional population after the other ones which do contribute toprobe atom at its lattice position. If we want to relate this
the spectral intensity are accounted fap=1—3,a;; temperature to the Debye temperature of the probe’s sur-
a,= (Bl /B)(1/f F,). Here we have expressag, the abso-
lute fractional population of componeit in terms of its
spectral intensity],, a factor 8, which accounts for any 12
nonresonant spectral background, the baseBnéts recoil- 10}
less fractionf, , and a factoi~,, which is a function of the
effective absorber thickness,: F,=(I,7/2)t, exp(—t,/
2)[Io(ta/2)+14(t,/2)] (Ref. 18. We calculate the recoilless
fraction at the measuring temperature of the contributing
component from its characteristic sbauer temperature,
which we have first deduced from the temperature depen-
dence of its spectral intensity.

vol%

o N b =] [o:]
T T T T

From the original three components fit for Ne in Mo, we &€ 8§ 8 8 &8 8§ & 8§ 8 § & 8§
derived an invisible fraction of 42%Ref. 15. From the © ° - - &8 a4 0o o ¥ ¥ v v
diam (hm)

relative intensity of the inclusion and interfacial component,
we calculated a mean diameter of the inclusions contributing
to the Mcssbauer spectrum of 14 nm assuming the par-  FIG. 7. Size distributiorigiven as volume percentagef the Ne
ticles to be spherical. Analyzing the TEM micrograph from inclusions in Mo as obtained from Fig. 3 by an automatic counting
an identical sampléshown in Fig. 3 by means of a visually program.
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rounding lattice, we deal with an impurity probler,, is  decreasing particle size. Since the authors dealt with sput-
equal to the Debye temperatufig of the probe’s surround- tered systems, we believe that in this case the interface reg-
ing lattice only if the probe atom consists of the same eleistry may be much looser than in implanted systems.

ment as its surrounding atonisame mass and same binding  Greuteret al. (Ref. 23 recently described Vgsbauer ex-
force constants, as these properties influence the vibrationperiments on KrAlwhere they fitted a Mssbauer character-
frequency and hence the characteristic temperhatliter a  jstic temperature for the inclusion site of @8) K. This
1%%e(Cs) probe, this condition is approximately fulfilled for value is equal to the maximal, value for Kr inclusions.

Xe or Cs inclusions. The general expression relating the twgjowever, we found that we could fit their data very well

properties iSRef. 19 with a combination of a 66% contribution from a strongly
enhancedd, of 132 K together with a 34% contribution
O\ Aimpurity-host M host from 6,44 «, Of 56.5 K (which contributes to the Mssbauer

0o - Anosthost Mimpurity” spectral intensity because of the very low transition energy

For the alkali inclusions, we tried to derive the minimum
whereA andM are the appropriate force constant and masspressure a Cs inclusion should experience to warrant a mea-
respectively. surable contribution of thé33Cs probes inside this inclusion

Table | gives an overview of the measurég values in  to the Massbauer spectrum. We used the values from Refs.
the rare gas and alkali inclusion systems under study. 124 for y(V) andV/Vy(p). We found characteristic tempera-
Appendix B, we derive an estimation of the maximuty  tures not exceeding 100 K for pressures up to 90 GPa. This
value which can be achieved in bulk rare gases. means that the inclusion site in the case of Cs inclusions

Our main observations are thé) the 6, values of Cs would essentially remain invisible for Msbauer spectros-
remain remarkably constant for each site, regardless of theopy regardless of the inclusion pressure. We expect how-
inclusion or host material. This is also borne out by the smalkever that as in the case of the rare gases, afjeof the
statistical fluctuation over the measuring seri@s.The 6y, inclusion site would be strongly enhanced for at least part of
values in Kr and Xe are much higher than the maximal valthe inclusions. The fact that we do not observe an inclusion
ues which we can expect. site in these Mesbauer spectra, indicates that the Xe probe

One explanation for the latter discrepancy could be theatoms have segregated out of the alkali inclusions.
difference in6y and 6y . If we want to correct for this in
terms of the equation given before, we would have to accept C. Annealing behavior
that the force constant value between Cs and Xe is twice that annealing of the implanted samples induces a global

between Xe and Xe. If we take the same approach for the Kgrowth of the mean precipitate size. This behavior is known
case, the ratio then would be 4. (Ref. 3 and we have also observed it by TEM on Kr inclu-
Neither these large values nor their strong dependence Qfjons in Al. The Masbauer spectra on annealed samples
rare gas species are expected. We therefore suggest a diffesyeal the expected behavior. Figur@8shows the site oc-
ent mechanism for the strong enhancement,pf cupation dependence on annealing temperature for Kr in Mo.
We clearly observed rare gas inclusions of two kinds: inThe solid line connects the data points related to the visible
part of them the probe atom is loosely boufwery low 6y) inclusions (small size, good contact with Mo latticeThe
and in another part the probe atom is located on a site whichotted line connects the points related to the invisible frac-
exhibits an essentially constant and very higfj value, tjon (large inclusions, poor contact with Mo latticeThe
larger than the maximum for the bulk inclusion material. Thegashed line connects the points related to the substitutional
first type of inclusions must be under very low pressure angccupation. Figure ®) displays the number of Kr atoms and
have poor contact with the metal host lattice. In this case, théhe mean radius of the visible inclusions, calculated from the
phonon spectrum is that of the solid rare gas and they formatio of inclusion to interface occupation, assuming precipi-
the invisible fraction, corresponding then to probe atoms lotates of spherical shape. From the combination of the two
cated at the interface and inside these |Oose|y bound inCILgraphS, we can d|st|ngu|sh four temperature regions: 300-
sions. The second type of inclusions is exposed to a certaigog K, 600—700 K, 700—1000 K, and 1000—1100 K.
compression and the contact to the metal host lattice is very v/acancies in pure Mo become mobile at 425/Kef. 25.
Strong and intimatéas observed several times in h|gh reSO'By trapping some of the vacancies created by the imp|anta-
lution TEM for topotaxially aligned inclusionsin this case  tjon, the inclusions are able to grow in the first temperature
the phonon spectrum {partly) derived from and dictated by region and some of them become invisible because of two
the hard metal matrix. effects. (i) The pressure inside the growing inclusions de-
We find support for this view in electron diffraction work creases(ii) Vacancies that are trapped at the interface of the
of Rossouwet al. on ArAl (Ref. 20. They found a mea#,  inclusions may worsen the contact of the inclusion to the
of 142 K which also is far above the maximum value of 110metallic host.
K for Ar. In the second region defect complexes at the interface of
A seemingly contradictory Mesbauer measurement was loosely bound inclusions dissociate. This results in a better
reported by Childreset al. (Ref. 2) on Fe-nanoparticles contact of these inclusions to the host lattice, whereby some
sputter deposited in AD; and SiGQ. They observed a de- large invisible inclusions become visible, thereby increasing
crease of, up to 40% with decreasing particle size, but thisthe mean radius of the visible inclusions. This mechanism of
was accompanied by a concurrent increase of the relativéefect dissociation has also been observed in Ref. 26, where
lattice parametea/a,. In the case of noble gas inclusions on at temperatures of 570-670 K defect complexes of hydro-
the contrary, it is knowr(Ref. 22 thata/a, decreases with gen, vacancies and neon dissociate from the interface of Ne
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FIG. 8. Absolute site occupation df°Cs probes in a Mo sample containing Kr inclusions as function of annealing temperature.

precipitates in Mo. As stated in this article, the dissociation In the last temperature regio £0.5T ), thermal vacan-
energy decreases slowly for larger inclusions. cies arise in the Mo lattice. This is a bulk phenomenon and
The behavior in the third temperature region is puzzling aall inclusions can trap new vacancies. The result is, as in the
first sight. The ratio of the volume fractions of the visible first region, a global growth indicated by an increase of the
and invisible inclusions remains constant, but the mean sizmean precipitate size, a decrease of the substitutional frac-
of the visible inclusions decreases. There is also a slightion and an increase of the invisible fraction.
increase of the substitutional fraction. We believe we ob-
serve the following mechanisms. As the invisible inclusions
are under low pressure and have vacancies available at their
surface, some of their outer gas atoms are able to leave the Mossbauer spectroscopy is a very powerful technique to
inclusion as an onset to Ostwald ripening. This process imvestigate rare gas and alkali inclusions in metals. We are
responsible for the increase of the substitutional fractionable to distinguish between probe sites substitutional in the
However, some of the material that left an invisible inclu- host metal, at the metal-inclusion interface and inside the
sion, precipitates in very small visible inclusions. This inclusions. The behavior of these three sites as a function of
causes the mean radius of the visible inclusions to decreasannealing temperature reveals a global growth of the inclu-
As surface diffusion is hampered by high pressiRef. 27, sion sizes. This conclusion is in general agreement with pre-
the mobility of these visible inclusions is strongly reduced.vious observations.
Together with the lack of supplementary vacancies, this We have doubts about the occupation of an inclusion site
causes the visible inclusions to remain small and under higin Ne, as we have arguments pro and contra the segregation
pressure, even at high temperatures. Because the amountaffthe probe ions out of the Ne inclusions. In the case of
transferred material from the invisible to the visible inclu- alkali precipitates, the Xe probe seems to have segregated.
sions is so small, we do not see a change in the ratio of the Part of the probe atoms are situated at loosely bound lat-
occupied volume fractions. tice sites and do not contribute to the s4bauer spectrum.

VI. CONCLUSION
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Some of the inclusions are therefore suggested to have andr is the distance to the origin. Diagonalization of this
poor contact with the surrounding metallic host lattice. Thetensor yields the description in the principal axis system
probe atoms that do contribute to the $4bauer spectra (x,y,z). The resulting V,,, Vyy, and V,, define 7
show a high Mesbauer characteristic temperature, comparefi=(V,,— Vy,)/V,;] andV,, with [V, ,|=|V,,|=|V,,].

to that of compressed bulk material. This observation brings In the case of the rare gas inclusions, we consider only the
us to the suggestion that the phonon spectrum of these incldMo metal (110 surface as containing charged particles. We
sions is highly influenced by the surrounding metal matrixchoose this charge to be equaht® for the Mo metal ions in

due to the intimate interfacial contact.

APPENDIX A

The relation between the tot&l,, and V,(latt) originat-
ing from the charges surrounding the probe atortiRisf. 28

V2=V latt)(1— y.)(1—K).
As we are only interested in the ratio of the calculatgds
and in view of the uncertainties on the valuekof we keep

the factor (-K) as a parameter.
Using y,,.=—121 for Cs(Ref. 29, we end up with

V,(latt)=1.51x 10*%(1—K) Vicm?

for the small rare gases in Mo,
V,(latt)= —2.52x 10*%/(1—K) V/cm?

for the large rare gases in Mo,
V,(latty=—1.81x 10'%(1—-K) V/em?

for the alkalis in Mo.

accordance with the valence of Mo. For the Cs inclusions
where both host and inclusion ions carry charges, we take for
Mo +6 and for Cs+1. The only parameter responsible for
the observed differences in the quadrupolar interaction is the
distance of the interfacial probe atom to the Mo surface. We
calculateV, (latt) for a probe atom as a function of its dis-
tance from a substitutional site in the Md10) surface.

APPENDIX B

Starting from the Groeisen equation, we can derive an
expression for the Debye temperature as a function of inclu-
sion size. The Gmeisen parametey is defined in function
of the Debye temperatumand the volume of the unit cell,

B dIn@
YT v

or

VO_V
0(p)= 0oexp[ V) =y

We will take the case of Xe inclusions as an example.
In order to calculat#(p) as a function of size, we need to

To interpret these measured values, we calculated thinow V(size) and y(V). V(sizg can be estimated from two

V, (latt) for the interfacial site at a M@L10) surface, using a

equations:V(p) from the equation of statéRef. 30 and

point charge model. The orientation of the inclusion is suchP(Siz® from the equation for the equilibrium bubble pressure

that its outer(111) planes are parallel to th@10) planes of

which is a function ofl", the interfacial tension, and, the

Mo. In the point charge model, the electric field gradientbubble radiugRef. 3

tensor at the origin in the laboratory systek {,Z) is given
by the negative of a:83 matrix with components

3injn—rad;
Vij=2 Oh ——5——,
n M
wherei andj stand forX,Y,Z andn for the charged particles
surrounding the probe ator, is the charge of the particle,

2T
pequilibrium:T-

We recently deduced/(V) of isoelectronic Csl(Ref. 3.
Taking this value for Xe and a value of 1.9 J/(Ref. 3 for
I', a calculation ofg(p) as a function of the radius for Xe
inclusions yields a maximum value of 107.6 K.
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