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Abstract

The defects (3He bubbles, dislocations, dislocation loops, clusters of self-interstitial atoms) formed during aging of

palladium tritides are analyzed using a combination of transmission electron microscopy techniques. Their evolution

under aging together with the e�ect of the metallic substitution by Rh or Pt is investigated. A comparison with the

results previously obtained from X-ray and neutron scattering experiments is also performed. Ó 2000 Elsevier Science

B.V. All rights reserved.

PACS: 61-72.-y; 61-72.-Ff; 61-72.-Ji; 61-72.-Qq

1. Introduction

Tritium is an essential element for the future ther-

monuclear energy production. Due to its radioactivity

and its high mobility, its handling and storage need to be

well mastered.

As other metals and alloys (uranium, lanthanum-

nickel based alloys,...), palladium and its alloys are

commonly used for hydrogen isotopes processing and

storage [1,2]. Due to its high ability to retain the 3He

generated by tritium decay, palladium appears as a very

good candidate for use in tritium facilities.

As a part of a general program to get a better

knowledge of aging of some metal tritides, we have been

investigating the partial substitution of palladium by

rhodium or platinum.

Helium created by tritium decay in metal tends to

precipitate into bubbles. At room temperature, bubble

growth occurs by athermal mechanisms implying Self-

Interstitial Atoms (SIA) formation and dislocation loop

punching resulting in a dislocation network [3±6].

The object of this paper is to study by a combination

of di�erent transmission electron microscopy (TEM)

techniques the microstructural evolution of the alloys

during aging and to compare the e�ects of the metallic

substitution.

2. Experimental procedure

2.1. Specimen preparation

Palladium specimens were prepared from 0.13 mm

thick foils supplied by the Aldrich Company. 1 mm

thick slices of Pd90Pt10 (% at.) and Pd90Rh10 (% at.) al-

loys were cut out from bars (U� 1 cm, L� 10 cm)

supplied by the Comptoir Lyon Alemand Louyot and

then rolled to 0.13 mm thick foils. Then, 3 mm diameter

discs were punched out from the foils.

All samples were annealed for 24 h at 1000°C to

eliminate dislocations mainly coming out of cold work

and then put into stainless steel containers adapted to

high pressure tritium handling. Samples were activated
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by heating at 150°C under dynamic secondary vacuum

for 48 h before tritium charging.

Tritium absorption was done at room temperature

under a 10 bars pressure for all specimens (Pd, Pd90Rh10

and Pd90Pt10). The amount of absorbed tritium was es-

timated from the exact pressure left in the container.

Aging was done at room temperature and the helium

amount in the sample was deduced from both the initial

tritium content and the aging time, assuming that all
3He generated in the solid is retained. Tritium was re-

moved by isotopic exchange with deuterium at room

temperature, keeping samples in the b phase (to avoid

numerous aM b phase transitions which would create a

great density of dislocations). The gas (D2 + T2) was

removed from the container and samples were kept

under dynamic secondary vacuum always at room

temperature for 48 h, so samples eventually experienced

a complete aM b phase transition cycle.

In order to determine the in¯uence of aM b phase

transitions on the samples microstructure, a Pd sample

was thinned before tritium absorption and observed

before and after aging. In this case, the tritium absorp-

tion was done above the miscibility gap of Pd±T2 sys-

tem, at 300°C and 80 bars, to avoid the ®rst a ® b phase

transition. The sample was aged at room temperature

and tritium was removed by isotopic exchange, as de-

scribed previously. The ®nal gas desorption was done at

room temperature to avoid a 3He reorganization (usu-

ally induced by high temperature treatments) but the

sample experienced a b ® a transition. Eventually, to

distinguish the e�ect of b ® a transition from the aging

e�ect, a Pd sample was prepared in the same conditions

as described above, but with D2 instead of T2.

Discs were thinned down by jet-electropolishing

using a 70 vol% acetic acid and 30 vol% perchloric acid

electrolyte kept at room temperature under 30 V to be

observed by TEM. In order to check the presence of

possible artifacts induced by the electropolishing, some

specimens have been thinned using ion beam milling.

Remark: In a ®rst attempt, the aging was performed

on Pd thin slices previously mapped by TEM but due to

a strong deformation of the specimen, the aging has

been done for all alloys on bulk specimens thinned just

before observation as described above.

2.2. TEM techniques

Conventional bright ®eld [7] and weak beam dark

®eld [8] observations are performed in a JEOL 2000EX

TEM.

High resolution images are taken in a JEOL 4000EX

TEM using thickness and defocus conditions in which

the atomic columns are bright.

For the visualization of He bubbles, special imaging

conditions are used [9]. The specimen is oriented far

from any Bragg conditions and large through-focus

series (between ÿ300 and +300 nm) are taken in order to

reveal the presence of the bubbles. For negative defocus

(underfocus of the objective lens), they appear as white

dots surrounded by a dark fringe while for positive de-

focus (overfocus), the dots are black and the fringe is

white. No particular contrast is observed close to the

exact focus position. The size of the bubbles has been

estimated by measuring the size of the dot in the

through-focus series.

Image simulation is performed using the commercial

multislice EMS program [10]. Image of voids is done

using the following parameters: spherical aberration

coe�cient� 1.05 mm, beam divergence� 0.8 mrad, de-

focus spread� 9 nm, Debye±Waller factor� 0.0034 (Pd),

0.05 (He) and absorption coe�cient� 0.06 (Pd),

0.01 (He). For high resolution images, the value of the

objective aperture is 12 nmÿ1 while it is equal to 2 nmÿ1

for the imaging of the bubbles.

The determination of the bubble density is done by

using an automated procedure which has already been

described [11]. The experimental images are ®rst ®ltered

with an annular mask to remove low and high spatial

frequencies. Then the local intensity maxima (or minima)

are detected and numbered giving the bubble density.

The procedure is done on both dark and white contrast

of the bubbles and it has been veri®ed that the density

measurements give the same results using both contrasts.

The density results are also compared to purely manual

measurements. The density measurement needs the de-

termination of the specimen thickness. This has been

performed using two beam bright ®eld images presenting

thickness fringes.

3. Experimental results

3.1. TEM observations

3.1.1. Palladium

(1) Annealed samples: After annealing, a few small

perfect dislocation loops (mean size about 6 nm) and

dislocations are already present in the sample.

(2) Tritiated samples: TEM observations have been

performed on Pd samples aged during 1, 2 and 3

months, respectively. Even after one month of aging

(Fig. 1(a)), the density of defects is important leading to

a very di�cult analysis of these defects. This high den-

sity of defects is correlated to an important deformation

of the thin foil. TEM bright ®eld pictures then show a

great density of small defects, which appear either as

single black dots (noted BD on micrographs) or as black

and white contrast typical of interstitial or vacancy

agglomeration defects. In the past, black dots (range of

1±2 nm) produced by neutron or electron irradiation

experiments have been extensively studied in the litera-

ture and were identi®ed as small dislocation loops. One
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of these defects is shown in the insert of Fig. 1(b): the

value of the angle between the re¯exion vector and the

black/white contrast line is consistent with that given by

an imperfect dislocation loop (Frank loop). However, in

our samples, defect size is smaller than the weak beam

technique resolution, so it is not possible to clearly an-

alyze them. As in the treatment undergone by the

specimen no vacancy production is expected, these de-

fects, some of them being experimentally identi®ed as

dislocation loops as shown in Fig. 1(b), may correspond

to clusters of self-interstitial atoms (CSIA). Some of

these defects are located on dislocations: this is already

visible after the ®rst month of aging as shown in Fig. 1(a)

(part X). A few perfect dislocation loops (mean size

about 6 nm) and quite numerous dislocations are visible.

When the duration of aging is increased, the density of

dislocations and CSIA also increases, while that of

perfect dislocation loops remains very low. An accurate

measurement of these densities is nevertheless not pos-

sible due to an inhomogeneous distribution. After three

months, the dislocation structure is almost hidden by the

density of CSIA.

The presence of He bubbles has been revealed using

through-focus experiments. An example is given in

Figs. 2(a) and (b) for three-months aging. The size of the

bubbles using direct measurement is close to 1 nm. The

study of the di�erent images of the through-focus series

shows that the width of the bubble images is not sensi-

tive to the exact defocus value. However, the contrast

itself depends on this value. The highest contrast is ob-

tained in the defocus range: 150±300 nm (positive or

negative). The contrast is also very sensitive to the

presence of a contamination layer on the surfaces of the

specimen. HRTEM observations on three-months aged

samples reveal also the presence of 3He bubbles

(Fig. 3(a)). They appear as a small brighter region. It is

to be noticed that no deformation of the atomic planes

bordering the bubble is visible which is in agreement

with the contrast given by the conventional overfocus/

underfocus images. There is no elastic deformation ®eld

around the bubbles. The density of the bubbles is in the

range of 0.3±1 ´ 1025 bubbles/m3. Comparing the three

aging times, it appears that although the bubbles density

seems to increase with time of aging, the measured

Fig. 2. Bright through-focal series of He bubbles in Pd after three months of aging: (a) underfocus, (b) overfocus.

Fig. 1. Bulk palladium after aging: (a) bright ®eld micrograph after one month of aging, g� á2 0 0ñ; (b) bright ®eld micrograph after

two months of aging, g� á1 1 1ñ. BD� black dots; L� perfect dislocation loop; X� black dot on a dislocation.
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increment is within the error bar. This is due in partic-

ular to a di�culty to assess the exact thickness of the

specimen.

High resolution reveals also the presence of small

defects lying in the {1 1 1} planes as shown in Fig. 3(b).

These defects, introducing a lattice deformation and

presenting an interstitial character, correspond to Frank

interstitial loops. Due to their size (around 1.3 nm) and

their interstitial character, they can be attributed to

CSIA.

(3) Deuterated samples: In this case, the deformation

of the samples is of the same order as for tritiated

samples and the precise analysis of the defects is not

possible because of the bad di�racting conditions due to

lattice distortion. As the specimen was not tritiated, we

conclude that the deformation is due to gas absorption

and/or desorption more than aging. The main point is

that these deuterated samples never exhibit similar de-

fects (CSIA, He bubbles) to those revealed by TEM in

the tritiated specimens.

This clearly demonstrates that CSIA and bubbles are

really characteristics of palladium-tritiated aged sam-

ples.

3.1.2. Palladium alloys

3.1.2.1. Characterization of the defects.

Pd90Rh10. (1) Annealed samples: In this case, the an-

nealed samples show a low density of dislocations in-

cluding perfect loops which is very similar to what has

been observed for pure Pd.

(2) Tritiated samples: Generally, the deformation of

tritiated Pd90Rh10 samples is smaller than that of Pd

samples but due to the similarity between the two ma-

terials, no micrograph will be presented for the alloy.

Pd90Rh10 samples aged for 1, 2 and 3 months have been

observed by TEM. After one month of aging, a great

density of dislocations is evidenced together with a few

perfect dislocation loops (mean size around 6 nm) and a

small density of CSIA. After two months, the density of

both dislocations and CSIA increases and pictures are

similar to PdÕs for the same duration of storage. After

three months, dislocations are totally hidden by clusters

of SIA, similar to the observations made in Pd samples.

Here again, it can be concluded that the increasing

density of dislocations and CSIA is due to aging.

Pd90Pt10. (1) Annealed samples: The microstructure of

annealed samples shows an important density of rect-

angular dislocation loops (density about 1019 loops/m3

and mean size around 200 nm) located in {1 0 0} planes.

Similar loops are also reported in specimens thinned

down by ion bombardment techniques.

(2) Tritiated samples: First of all, we notice that

Pd90Pt10 samples are almost not deformed by the dif-

ferent treatments. After one month (Fig. 4(a)), a great

density of very small (less than 20 nm diameter) faulted

rectangular dislocation loops appears in the observed

sample while larger ones are still present (density in the

range of 2±4 1020 loops/m3). These dislocation loops are

similar to those encountered after annealing. They are

located in {1 0 0} planes. They are shown to be out of

contrast for g� á2 0 0ñ. The analysis using g.b� 0 con-

ditions and simulations with the PCTWO program [12]

demonstrates that their Burgers vector is perpendicular

to the loop plane and has a very small magnitude

(between a/5 and a/7 á1 0 0ñ). High resolution observa-

tions con®rm also this result as shown in Fig. 4(b)).

Fig. 3. Bulk palladium after three months of aging: (a) high resolution image showing a He bubble; (b) high resolution image showing

an interstitial defect.
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After two months of aging, these small loops tend to

disappear; consequently the dislocation loops' density

seems to decrease. Samples still do not contain disloca-

tions but a few CSIA appeared. After three months, the

very small loops reported after one month of aging are

absent and the density of the dislocation loops seems to

be of the same order as that observed after two months

of aging. The density of CSIA becomes important.

So, it seems that faulted dislocation loops are usual

defects in these Pd90Pt10 samples. Aging seems to induce

®rst the apparition of a great density of very small loops

that disappear during further aging.

3.1.2.2. Helium bubbles. In all the alloys, He bubbles are

present and the results concerning their size and density

are summarized in Table 1 in comparison to pure Pd.

3.2. Simulation of the bubble contrast

In order to check the visibility conditions of the

bubbles, image simulations have been performed in the

two observation modes: high resolution and conven-

tional white or dark contrast. In the high resolution

mode, the objective aperture diameter is equal to 12

nmÿ1, while a 2 nmÿ1 is used in the conventional mode.

The in¯uence of several parameters has been investi-

gated in detail: presence (or absence) of helium atoms,

thickness of the specimen and depth of the bubble within

the specimen. As it has already been shown experimen-

tally, the bubbles do not induce elastic deformation in

the matrix. Two models have been constructed: the ®rst

one contains an empty void located at the center of the

specimen. The shape is roughly spherical and the radius

is equal to 0.5 nm. No deformation is present around the

cavity. In the second model, the cavity is ®lled by helium

atoms each of which occupy a 15 �A3 volume. In this

model, Pd atoms inside the bubble have all been re-

placed by helium atoms located at the same position.

Above and below the cavity, slices of pure palladium are

present. By changing the total number of these slices and

their proportion above and below the cavity, the e�ect of

the total thickness as well as the position of the cavity

within the thin foil can be investigated. Two thicknesses

have been simulated: 6.5 and 12 nm corresponding, re-

spectively, to 10 and 20 palladium slices on each side of

the cavity. The e�ect of the relative depth has been in-

vestigated only for the 6.5 nm thickness: three depths

corresponding to: 5 slices above and 15 slices below the

cavity, 10 slices on each side and 15 slices above and 5

below have been calculated. All the images have been

calculated using the experimental parameters corre-

sponding to the 4000EX microscope.

High resolution imaging: Although extended through-

focus series have been calculated, the contrast mea-

surements have been done using the focus conditions

giving white palladium atomic positions in agreement

with most of the experimental images. The results can be

summarized as follows:

· The bubble gives rise to a detectable contrast in

which some atomic positions appear brighter than

the surrounding matrix. The extension of this

contrast is smaller than the actual size of the bubble

(Fig. 5). This could be due to the model shape and

the estimation of the thickness of the foil.

Table 1

Bubble density and size for palladium and its alloys

Alloy Density (bubbles/m3) Average size (nm)

Pd 0.3±1 ´ 1025 1

Pd90Rh10 0.3±1 ´ 1025 1

Pd90Pt10 0.3±1 ´ 1025 0.8

Fig. 4. Bulk Pd90Pt10 after one month of aging: (a) bright ®eld micrograph, g� á1 1 1ñ. R is the faulted rectangular loop; (b) high

resolution micrograph.
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· The presence of helium atoms does not induce a de-

tectable change in the contrast. This can be explained

by the low scattering factor of helium atoms com-

pared to palladium one.

· The contrast decreases as the total thickness increas-

es. The bubble becomes hardly detectable when the

thickness reaches 12 nm.

· The contrast is a�ected by the position of the bubble

in the specimen thickness. It increases when the bub-

ble is close to the lower surface of the specimen.

Conventional imaging: Only a centered He bubble in a

6.5 nm thick specimen has been calculated. In this case,

large defocus values have been used. Fig. 6(a)) and (b)

show the resulting contrast. In agreement with experi-

mental images, the bubble appears as a white dot if a

negative defocus value is used and is reversed if the de-

focus becomes positive. The total contrast (dot plus

fringe) is larger than the size of the cavity. This is

probably due to the fact that the fringes are located on

the outside of the defect. It is to be noted that the size of

the dot is similar to that of the cavity.

4. Interpretation and discussion

The TEM images show that after aging, all the

specimens contain helium bubbles, dislocations, dislo-

Fig. 5. High resolution simulated image of an empty cavity

with the intensity pro®le.

Fig. 6. Simulation of through-focal images of a He bubble with intensity pro®les: (a) underfocus dz� ÿ150 nm, (b) overfocus dz�
+150 nm.
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cations loops and agglomerated interstitial defects

(clusters of self-interstitial atoms ± CSIA). Due to their

very small size (<3 nm), these last defects could not be

characterized in detail using the weak beam technique.

Nevertheless, their contrast is consistent with interstitial

Frank loops. Their interstitial character has been put

into evidence using high resolution experiments. Due to

their inhomogeneous repartition, it has not been possi-

ble to estimate their density.

For all specimens, perfect dislocation loops are al-

ready present in the non-aged specimen and their role

during aging is not clear. This point will be discussed

later. Their number is di�cult to evaluate.

Concerning the helium bubbles, the observations

show their presence in all the specimens whatever the

aging time (one to three months). The mean size of the

bubbles is d� 1 � 0.2 nm for Pd and Pd90Rh10 and

0.8 � 0.2 nm for Pd90Pt10. This size does not change with

the aging time (in the range of one to three months).

This determination of the mean size of the bubbles has

been performed on experimental through-focus bright

®eld images as shown before. These bubbles have also

been identi®ed in high resolution. A cavity model (empty

or ®lled with helium) has been used for computation. As

the mean size of the bubbles has been determined by

measuring the size of the dots on the bright ®eld images,

the obtained value is a good assessment of the real one

according to the computation. Nevertheless, in high

resolution, the simulated contrast is smaller than the size

of the model. This is probably due to the model shape

and the estimation of the foil thickness. The density is in

the range of 0.3±1 ´ 1025 bubbles/m3 (for three months of

aging) and if this density seems to increase with the

aging time, the value is still within the error bar due to

thickness evaluation. This bubble density is slightly

higher than previous measurements by Thomas and

Mintz [4] on Pd after two months of aging (5±10 ´ 1023

bubbles/m3 and average diameter around 1.5±2 nm) al-

though the bubble size is smaller in our case. From the

mean size and the density of the bubbles, the total

number of helium atoms can be evaluated if the volume

occupied by a helium atom is known. A value of 8 �A3 for

the volume requirement of a 3He atom in a bubble has

been established in the literature [13±15] for di�erent

tritides (Lu, Nb, Pd and Ta) and is since used as a ref-

erence for this type of study. Using this value, the pro-

portion He/M has been calculated for the three alloys

after three months of aging and compared to the ex-

perimental value. The calculation has been performed

assuming an occupancy of four metallic atoms per unit

cell. The upper value of the bubble density has been

taken in order to compensate the di�erence of size be-

tween experimental and simulated high resolution im-

ages. It can be shown that mainly all the helium is

localized within the bubbles after three months of aging

for the three alloys. As an example for Pd alloys the

values are the following: He/Pd (experimental)� 0.99; V

(Pd atom)� 14.7 �A3; bubble density� 1025 bubbles/m3;

He/Pd (calculated)� 0.96. A similar calculation may be

done on the density determinations performed by Tho-

mas and Mintz [4] estimating the proportion He/M [16].

The result is identical despite the di�erence in density

and bubble size, all the helium is localized within the

bubbles. This repartition of the helium in the material is

generally expected in the literature after such time of

aging. Nevertheless, this value of 8 �A3 requires a very

high pressure within the bubbles (range 6±11 GPa for Pd

tritides [13,14]). Our experimental results reveal that

there is no detectable elastic ®eld around the bubbles.

This is clearly put into evidence on high resolution im-

ages. Numerical simulations performed by Cochrane

and Goodhew [17] demonstrate that a gas pressure of

between 0.5 and 0.75 GPa must be present in overpres-

surized bubbles for signi®cant strain contrast to be ob-

served. Knowing the range of pressure in the bubbles,

the volume requirement for a 3He atom within the

bubble can be obtained from the formula established by

Le Toullec, Loubeyre and Pinceaux [18]. Pressure be-

tween 0.5 and 1 GPa leads to atomic volume in the range

of 23±17 �A3. These values are two to three times higher

than the value usually taken in the literature (8 �A3). This

would demonstrate that after three months of aging,

only a fraction of the helium is localized within the

bubbles.

Another point to discuss is the growth mechanism of

these bubbles. At room temperature, they grow by an

athermal mechanism involving the formation of self-in-

terstitial atoms and/or dislocation loop punching. This

last mechanism requires high pressure within helium

bubbles. This pressure has been estimated by Green-

wood et al. [19] to be of the order of lb/r. The appli-

cation of this formula to the palladium gives a pressure

of the order of 24 GPa (l� 43.6 GPa, b� 0.27 nm,

r� 0.5 nm). It is to be noted that for rhodium and

platinum, the corresponding values are respectively,

150.4 and 61.2 GPa for l. As we are dealing with solid

solutions, the corresponding values for the alloys can be

approached by linear approximation. This demonstrates

that the value of 24 GPa is the lowest limit for the cal-

culated pressure within the bubble. However, extreme

care must be taken in the application of the Greenwood

et al. formula to very small loops. Nevertheless, this

demonstrates that the mechanism of bubble growth in-

volving dislocation loop punching does not operate in

our alloys up to three months of aging. From the ex-

perimental point of view, it has not been possible to

determine if this mechanism was operating or not for the

following reasons:

· perfect dislocation loops (mean size 6 nm) have been

observed before and after aging.

· Due to the very small size of the helium bubbles, if

dislocation loops were emitted, their size would prob-
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ably be similar to that of the bubbles which means

similar to CSIA. So, it would not be possible to dis-

tinguish them.

Nevertheless, due to the high value of the pressure re-

quired for this mechanism to operate with respect to

that estimated within our bubbles, it can be assumed

that the bubbles grow by a mechanism involving the

formation of CSIA. This is experimentally con®rmed in

our alloys by the increase of the CSIA density with the

aging time.

A comparison between the e�ect of the di�erent

substitution elements has also been performed.

Palladium and palladium±rhodium alloys have a very

similar behavior: the density of defects (dislocations and

CSIA) increases with the aging time. Already after one

month of aging, the lattice deformation is very signi®cant

with the formation of a dislocation network. Clusters of

SIA are clearly visible and some of them are attached to

dislocations. Upon aging, the density of dislocations and

CSIA increases quickly. After three months of aging, the

dislocation network is hidden by the CSIA.

The case of the palladium±platinum alloy is di�er-

ent: the density of defects is much smaller and the in-

duced deformation is also smaller. The lattice is almost

not deformed during aging. Very few dislocations are

visible even after three months of aging. The formation

of clusters of SIA is observed and they are homoge-

neously distributed within the sample. The point to

discuss is the presence of rectangular faulted loops after

the ®rst annealing of the specimen together with their

evolution upon aging. The nature of these loops is very

peculiar for an FCC alloy: they are located on {1 0 0}

planes and the magnitude of their Burgers vector is in

the range of a/5±a/7 á1 0 0ñ. The origin of these loops

needs to be better understood and further experiments

are required to clarify this point. The hypothesis of

Guinier±Preston zones has also to be considered.

Nevertheless, the hypothesis of electrochemical pro-

cesses can be put aside as ion bombardment thinning

leads to similar observations. After one month of aging,

small loops (diameter <20 nm) have been reported

while after two and three months of aging, they seem

not to be present. This could be related to aging

mechanisms.

In order to interpret the behavior of these palladium-

based alloys during aging, it is necessary to compare our

results to those obtained on the same alloys (Pd,

Pd90Rh10 and Pd90Pt10) using complementary techniques

like X-ray and neutron scattering experiments [20].

The evolution of Debye±Scherrer lines indicates the

nature and density of defects created by 3He bubbles

formation: ®nite size defects (such as isolated SIA,

clusters of SIA and dislocation loops) induce a shift of

the peaks towards small angles, i.e., an increase of lattice

parameters, while in®nite size defects (such as disloca-

tions) induce a broadening of the peaks [21].

In the case of Pd, the X-ray study showed that,

during the ®rst three months, the lattice parameter in-

creased very quickly, indicating that a great density of

®nite size defects was created. During the next three

months, the lattice parameter increase progressively

slowed down and, after six months of aging, the lattice

parameter remained almost constant. As SIA were

continuously generated, it has been assumed that, at

this stage of aging, new SIA were incorporated to a

dislocations network. Neutron scattering experiments

showed that a great density of dislocations was created

in Pd during the ®rst two weeks, which means that a

part of the SIA was immediately integrated to the dis-

location network, while the other part remained as

isolated defects. As the time of storage was raised, the

ratio of SIA incorporated to the dislocations structure

increased. TEM experiments con®rmed these results: a

great density of dislocations was evidenced after only

one month of aging and this density increased with the

time of storage. It was also possible, by TEM, to

identify the ®nite size defects as CSIA. The incorpora-

tion of CSIA into the dislocation network has been

evidenced.

It has also been shown (X-ray and neutron scattering

experiments [20]) that substitution by rhodium has little

e�ect on the evolution of structural properties during

aging: the increase of the lattice parameter was slightly

more important, at the same 3He concentration, in

Pd90Rh10 than in pure Pd, while the peak broadening

was of the same order in the two materials. By TEM, we

also observed the same behavior for Pd90Rh10 than for

pure Pd: a density of dislocations, of the same order, was

visible after only one month of storage, and ®nite vol-

ume defects were identi®ed as CSIA.

On the contrary using X-ray and neutron scattering

experiments [20], it has been shown that substitution by

platinum has a great in¯uence on aging phenomena.

First, the increase of the lattice parameter was greater

and faster for Pd90Pt10 than for Pd, which has been at-

tributed to the fact that more SIA remain as ®nite vol-

ume defects. Consequently, less dislocations are created

and a very small broadening of di�raction peaks during

the ®rst months of aging has been observed. These hy-

potheses were con®rmed by TEM: Pd90Pt10 samples

contained very few dislocations, even after three months

of aging. Nevertheless, a great density of small faulted

dislocation loops was evidenced in the Pd90Pt10 samples

that could be assumed to be responsible for the lattice

parameter increase. So, here again, TEM allowed to

identify the nature of ®nite size defects as small dislo-

cation loops.

Although there is no clear explanation for the dif-

ferent behavior of the palladium±platinum alloy,

atomic size or electronic structure e�ects may be in-

voked and work will be undertaken in the near future

in this way.

224 S. Thi�ebaut et al. / Journal of Nuclear Materials 277 (2000) 217±225



5. Conclusions

A combination of TEM techniques has been used to

study the evolution under aging of di�erent palladium

tritides (Pd, Pd90Rh10 and Pd90Pt10). The main results

are the following:

� He bubbles have been identi®ed for all aging times

and metallic substitution in bright ®eld conventional

and in high resolution imaging. Their density is in the

range of 0.3±1 ´ 1025 bubbles/m3 and the size varies

from 0.8 nm (Pd90Pt10) to 1 nm (Pd and Pd90Rh10).

It has been shown that there is no deformation of

the atomic planes bordering the bubbles. On this ba-

sis, an estimation of the higher limit pressure within

the bubbles can be performed (< 0.5±0.75 GPa) and

thus the volume requirement for a 3He atom can be

estimated. This volume is signi®cantly higher (23±17
�A3) than the reference value taken in the literature

(8 �A3) which indicates that only a fraction of the he-

lium could be located within the bubbles.

� Our work also demonstrates that the mechanism of

bubble growth involving dislocation loops punching

does not operate due to this low value of the pressure

within the bubbles. For these alloys, the mechanism

implying the formation of CSIA is predominant.

For Pd90Pt10, the presence of faulted loops and their

evolution upon aging has been evidenced.

� These results give a direct proof to the aging models

which have been proposed on the basis of X-rays and

neutron di�raction experiments with a measure of the

size of the defects formed (clusters of self-interstitial

atoms, dislocation loops and helium bubbles) togeth-

er with their evolution under aging.
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