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RECOVERY OF DEFOPMED AND HYDROGEN-CHARGED PALLADIUM®

C. L. Snead, Jr., K. G. Lyam, and J. F. Lynch¥

Brookhaven Nactiomal Laboratory
Upton, New York 11973, U.S.:.

positron lifetime and Doppler-broadening studies made at 300 K have been used t
investigate the interaction between intersritial hydrogen amd lattice defects in

daformed Pd.

Specimens were charged with hydrogen at 300 K to levels up to 0.1Z.

The presence of hydrogen was found to have no effect on the recovery curves of Pd

upon annealing to 400°C.

By 400°C the values for both lifecime and Doppler-broad-

ening for both cold worked and cold worked plus kydrogen were below the values

obtained for annealed pure Pd.

This can be interpreted as gaseous-impuricy-trapped
vacancies being present after the 1200°C anneal, but being swept away by the dis-
location microstructure recovery betwesn 200-4000C.
to the 3 phase and outgassed back tc the o phase showed continual recovery up to
400°C, complete recovery vas not achieved as with the deformed specimens.
time results indicate the presence of defects more open than single vacancies.

Although che speciwmens hydrided

The life-
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pogsibility would be the formation of cavities, possibly hydrogen filled, during the

hydriding that are stable at 400°C.

The defect concentration and type in the hast
lattice can be a major determiaing factor in
both cthe solubility of hydrogen in metals and
the diffusion rate of hydrogea in the mecals.
Flanagan et al. [l,2] demonstrated cthat in the
low=H-content z phase of Pd the selubility of
H ag determined by absorption isotherms ia-
creased with increasing prior cold work. They
ateributed this increased solubility to trapp-
ing of H in the strain fields of the disloca~
cions presenc. The role of vacaacy aggloamer-
ates in the trapping process is not clear, but
is not believed to play a major role. Cald
work does decreasa the diffusivity of hydrogen
in Pd ([2-4]. The decreased diffusivity of
hydrogen in Pd after cold wezk 1is associated
with the H trapping at the dislocation strain
fields. For ?d hydrided to the 3 phagse and
degassed to the 2 phase atr low temperatures,
an enhanced hydtogen absorption {3 observed
upon further low-concentration H charging.
Trapping at dislocations generated during che
phase charge is the cutrently favored explana-
tion {2].

We have used positron techaiques to get infor-
aation on (1) role of vacancy-type defects on
hydrogen trapping, (2) effect of H on the dis-
location recovery upoc annealing, and (3) the
defects produced by hydriding Pd. Samples
were studied {n the following states: (l) cold
worked, (2) cold worked + H charged, and (3)
cold worked + annealed to 12009C and were made
from a Bd (99.99+%) sheet cold-rolled to 95%
reduction. Identical pairs sandwiched ~1Q0 uCi
of 22NaCl deposited directly on one face for
mneasurement Of lifetime and Doppler broaden-
ing. Standard techniques were employed. The
hydrogen charging was done at room tempsrature
under pressure to a hydrogen level of H/Pd
~0.006 for the cold work + H specimens. For

the gpecimens hydrided and degassed to the c
phase the charging was done at room temperat-
ure to a level of H/M ~0.7 and then
held under vgcuuwa for 12 h.

In Fig. 1 the results are presented for a
single-variable~lifecime (1) fit for cold
worked + H charged specimens. Isochronal an—
neals were made at 100, 200, 300, aad 400°%
for 2 h. A secocnd lifetime component was fix~-
ed (570 psec at 0.78%) to account for source
and gurface aanihilarions. This component was
determined from fits to the "well-annealad"”
and high-temperature-annealed cold~worked
specimens. Single~lifetime fits such as this
do not yield quanticative rasults as a rule
but are useful as qualitative f{udications of
defect changes-

From this Fig. some small amount of recovery
iz indicated from the aanealing to 2009C with
a large change between 200 and 300°C. The
curve i{s drawm as a guide for the eye. The
lifatine data shov no difference hatween the
recovery of the cold-worked specimens aand the
cold-worked + H specimen. The values of the
room temperature ¥y for both traatments were
eggentially the same (166 vs 168 psec).

The surprising result froa the recovery de-
picted {a Fig. 1 is that the value of 2] after
300 or 4009C annealing (96 and 98 psec, re-
spectively, at 400°C) 13 below that obtained
for the "well annealed” (120 psec). The lac-
ter is represented by the horizontal dashed
curve. The f{ateresting iaplication hers 1is
that che “well annealed” specimen has a defectc
population greater than that of the two creat~
ments shown after they are annealed ac 300°%
or above. This suggests that the 1200°C an-
oeal and subsequent cooling introduces some
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Figure l: Single~variable~lifetime £it T'; vs
annealing temperature for cold-worked and cold-
worked + H-charged Pd. The horizontal dashed
line denotes the 1200°C "well-annealed” value.

type of crapping center that is not present
after annealing the two treated pairs to 400°C.

A two-lifecime fit waa made to the cases shown
in Fig. 1 and the “well-annealed” specimens.
For the annealad specimens, tha results gave
two ‘similar components with comparable statis-
ctical fies. Only for the as—treated cases were
two different components resolved. For the CW,
two lifetimes of 61 and 171 psec were resolved,
with the latter intensity being 76X. For the
CW + 3 we obtained 600 and 177 psec, with the
latter intensicy at 69%Z. The major positron
trapping site then has a lifetime ~175 psec.
For the as~ctreated specimens the fit was signi-
£icantly better (~L.l) than the single-lifetime
fies. The 600-psec vaiue ($100 psec) in the CW
+ H i3 anomalous to these results. It is not
resolved, however, aftar annealing to 100°C.

For the "well-annealed™ case the results were
75%5 and 173%f3 psec with an incensity of the
latter component of 37%. The firat 1200°C an-
neal was done in air. To see If gasesous Iim=
purities absorbed durimg the anneal could
explain the higher lifetime observed, a second
set was annealed at 1200°C for 2 h in a vacuum
of ~1x107% rorr. Lifetime results were the
saume for the two treatments wich the exception
that the inteasity of cha L73-psec compenent
changed from 372 to 22%Z. From chis difference
one could conclude that gaseous impurities
might bz involved in the crapping phenomena in
“well annealed” Pd.

In Fig. 2 we present the results of a peak-
to-wings parameter analysis of the Doppler-
broadening data for the two cases CW and
CW + H. As with the Pig. 1 cthere {s little

difference between the two treatx:ants. The
small ctecovery evidenced by lifetime upon an-
nealing to 200°C {s evidenced in the C4 but
not the CW + H case., The major recovery stage
between 200 and 300° ¢ reproduces the lifetime
bahavior. Also note that the value of P/W
falls below the "well annealed” value, depict-
ed by the horizontal dashed line.

When the hydrogen concentraticn ia Pd ap-
proaches 0.02, the hydride 3 phase forms [5]
with complete transformatior to the B phase at
a = 0.60 [6]- To investigate the nature of
these defects produced during the phase
changes and compare them with the cold-work-
produced defects, specimens of Pd cycled
I s 8- a Wwere investigated using identical
measuring techniques on as diacussed before.
Fig. 3 shouws the lifetime and Doppler-broaden-
ing results.
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Figure 2: The peak-to-wings Doppler-broaden—
ing parameter of cold-worked amd cold-~worked +
H charged Pd on a fuanction of annealing temp-
erature. The horizontal dashed line denotes
the well-annealed value.

In this case the lifetime ¥ plotted is the
lower of two fitted lifetimes (a chird compon-
ent due to source subtracted). The higher
lifecime was ~400 pgec with an ilatensity of
~5% for all cases. MNote that the Initial val-
ue of ¥ 1s 171 psec, comparable with the value
consisteatly obtained for the major trap in
the CW and CW + H cases. For this case we see
continual recovery up to 400°C annealing with
mo well-defined recovery stage.

Also the value of ¥ remains well above the
"well annealed” value of 120 psec and of
course the "bulk™ value of ~97 psec. Although
apparently completa recovery of the defect
structure introduced by 95 reductioan cold
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work 1s recovered by annealing to 4009%, only
purtial trecovery of the defect structure intro-~
duced by hydriding and degassing 1is accomplish-
ed by the same anneal. The higher-1ifetime,
presunably void (bubble)-like defect, appears
to be unaffected by the anneals. The Doppler-
broadening results also showm on Fig. 3 show
the same incomplete recovary.
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Figure 3: The lower of two Ffitted lifetimes
(T) and the Coppier P/W paramater for Pd hy-
drided to the 8 phase and dega:sed back vo the
a phage. They are plotted as 2 function of an~
nealing teamperature.

The value of % and P/W 15 smeller in CW and CW
+ H after annealing than the values for “well
annealed” Pd. Moreover, the “well annealed“
lifetime spectrun could be analyzed on terms of
one companent due to traps (173 psec) and a
bulk lifetime (97 psec). Therafore the conelu—
sion is reached that trapping sites are present
after annealing at 12009c which are not presect
aftar aonealing at 400°C. We prefer the tenta-
tive identification of these traps as vacancies
(generated thermally at 1200°C) trapped ac
gaseous impurities upon the cooling of the spe-
cimen. The higher intensity of the trap com~
panenc after air annealing than after wvacuum
annealing levals supports chis view. These
traps are removaed in the 300 and 400°C anneal
by che dislocation recovaery taking place sweep-
ing them to tangles and grain boundaries. The
identity of the ilapurity (0 or ¥ or both) 1is,
of course, unknowa at this stage. Flanagan et
al., [1] also quenched 2d from asar che nelciag
point to 273 K co investigate the role of va-
cancies in enlianced hydrogean absorption. Ne
change was Eound. Since quenched and cold-
worked Pd [7] recover between 200 and 300°C
with an activation energy of 1.57 eV, this
was assigned to single vacancies. This is the
same temperature ramnge to which we attribute
dislocation recovery as seen in Figs. 1 and 2.
Also the valuye Flanagan et al., (1] and Koster
et al., (8] obrain for the migration energy

(1.57 eV) seems to e too high when compared
with the self-diffusion energy Egp » 2.76 eV
{8], and with the formation energy Eyy ™
1.85+0.25 eV determined by Maier et al. (9]
This gives a wvalue of Ey * Egp-Ery = 2.76-
1.85 = 0.91 eV which is much lower than the
1.57 eV for the 200-300°C process anmd would
argue for the placement of Stage IIT vacancy
migration near 300K. With this uncertainry of
vhere "Stage III" takes place in Pd, we feel
that the crole of vacancies on hydrogen trapp-
ing in Pd is a completely open issue.

It has been obgerved (6] that enhanced uptake
of hydrogen occurs in hydrided-dehydrided Pd
gimilarly to cold~worked Pd. This was attrib-
uted to hydrogen trapping at the dislocations
generated during the phase changes. From the
incomplete recovery of the shorter lifatime
coaponent and Doppler-broadening of Fig. 3 we
conclude that the nature of the defect state
is auch different after hydriding-dehydriding
than after cold workinog (Figs. 1 and 2) [10].
This fs further attested to by the presence of
a secornd higher-lifetime component 1ian the
a»8sa gpecimens (~400 psec at 5Z) which 1is
most praobably a bdubble-like defect. This
defect remains after cthe completion of the
annealing schedule reported here. The
recovery of the shorter cooponent s not
complete at 400°C indicating that the other
microstructure generated during the phase
transformations s more stable cthan that pro-
duced by the 95%Z cold work. The evidence from
the CW + H that a higher-lifetime component
was present that was absent In the N case
would geem to argue that the presence of hy=-
drogen on the microstructure enabled the sta—
bilization of three-dimensional bubble-like
defects. Whether the hydrogen 1s still in the
defects after the annealing 1s an unknown.
Work performed under the auspices of the
U.S. Department of Euergy under Contract No.
DE-AC02-76CHO00L6.
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