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Abstract

The decayoftritiumina metaltritidegenerates3He inthelatticewhichtendsto

degradethe performanceofthe materialovertime. Itisdesiredto developa

materialwhich minimizesthe tritiumaging effectsand may be tailoredto a

particulartritiumprocessingapplication.Pd alloyswith Ni and Co have been

investigated,as Pd tritideisknown tobe resistanttotritiumagingeffectsand

alloyingprovidesa means foradjustingtheplateaupressureofthemetaltritide.

Setsoftritiumdesorptionisothermswere acquiredattemperaturesbetween 273

and 338 K over the pressurerange of 1 to 900 kPa. The thermodynamic

parametersofAH and AS forthe _-a phasetransitionofthe metaltritideswere

determinedacrosstheplateauregionsoftheP-C-Tcurves.The averagevaluesof

AH (kJ/mol.T)and AS(J/K/tool.T)were found to be 15.8 and 50.1 for

Pd(2.8wt.%)Ni,13.7and 50.3forPd(5.2wt.%)Ni,15.9and 51.3forPd(2.8wt.%)Co,

and 13.6 and 51.8 for Pd(5.2 wt.%)Co, respectively.

U__LASSIFW_D
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1. Introduction

Metal hydridematerialsare used in a varietyofapplicationsat the Savannah

River Site(SRS) in the processingof hydrogen isotopes,including:storage,

pumping, compression,separation,and purification[1]. For applications

involvingtritium,themetaltritidemust withstandboththeprocessingconditions

and the effectsoftritiumdecay. The radiolyticdecayoftritiumresultsin the

generationof3He in themetaltritidelattice,whichmay be retainedor released

overtime. Retentionleadstotritiumagingeffectswhich may be manifestby a

decreaseintheequilibriumisothermplateaupressure,an increaseintheplateau

slope,a reductioninthereversiblestoragecapacity,and theevolutionofa heel[2].

The degreetowhich,and therateatwhich,theseeffectsdevelopisdependenton

the natureofthe metaltritide.In tritiumprocessingapplications,thesefactors

must be consideredfortheselectionofthemetalhydridematerial.

In the past, tritium research and development of metal hydrides at SRS has

focused on LaNi5 based alloys [3]. The substitution of A1 for Ni in this system

tends to stabilize the lattice to tritium aging effects, as well as reducing the

equilibrium isotherm pressures of the metal hydride. Thus, LaNi4.95Alo.05 has

been developed for tritium compression, and LaNi4.25Alo.75 for tritium storage.

The extent of aluminum substitution allows the metal hydride pressure to be

tailored to the application and reduces tritium aging effects. These benefits are

offset by a reduction in the capacity of the material to absorb hydrogen isotopes as

the aluminum content is increased.

Currenteffortsare directedtowarddevelopingnew palladiumalloysfortritium

processingapplications.Palladiumisan excellentstoragematerial,retaining

3He on theorderofsixteenyears,and developingtritiumagingeffectsslowlyover
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time [4,5]. Alloys of palladium, it is thought, should also exhibit good tritium

aging behavior, and allow the metal hydride equilibrium pressure to be adjusted

by varying the composition of the alloy. Several binary transition metal alloys of

palladium, with the formula PdxMl-x (0 < x < 0.1) and M = Rh, Ni, Co, or Cr, are

under study in our laboratory. Selection of the alloying metal, M, and the alloy

composition parameter, x, determines both the alloy stability to processing

conditions, and the thermodynamics of the tritide.

The thermodynamic parameters of change in enthalpy, AH, and change in

entropy, AS, for the _-a phase transition of a metal hydride may be determined

from the pressure-composition-temperature (P-C-T) behavior of the system. The

plateau pressure in the two phase region of an isotherm (P-C-T curve) is related to

the thermodynamics of the phase transition through the following relationship:

1 AS AH
_Ln (P) ffi -_-- _ (1)

where the plateau pressure P is in atm, the isothermal temperature T is in

Kelvin, R is the gas constant, and the factor of 1/2 yields values per mole of atomic

hydrogen. From a set of isotherms, acquired at various temperatures, a plot of

Ln(P) versus lfr may be constructed and fit to a straight line. A comparison of

the line of best fit to equation (1) allows AH and AS to be calculated. The knowledge

of AH and AS permits the plateau pressure of a hydride to be predicted as a

function of temperature, and facilitates the selection of one hydride over another
!

for a particular application. Thus, it is the careful acquisition of P-C-T curves

which characterizes the behavior of hydride materials for processing

applications.
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Most recently, palladium alloys with Ni and Co have been characterized by the

acquisition of tritium desorption isotherms. Two compositions in each of these

alloy systems have been studied, and those results are presented here.

2. Experimental Dotai_

2.1 Materials

The palladium alloys where supplied by researchers at Los Alamos National

Laboratory in the form of annealed foils approximately 100 _m thick. The foils

were cold rolled from homogenized ingots prepared by arc melting, and annealed

at 1100°C in air. Alloy compositions of 2.8 and 5.2 wt.% (nominally 5 and 9 at.%) of

Ni or Co in Pd were prepared. The foil samples were sized into approximately 3 x

6 mm chips, cleaned in a series of solvent baths (hexanes, followed by acetone,

and finally methanol), air dried, and loaded into test vessels constructed of 316

stainless steel. Tritium was supplied, free of 3He, from a LaNi4.5Alo.5 storage bed

with an isotopic profile of 99% T, 0.6% D, and 0.4%H.

2.2 Activation

Sample activation consisted of the following sequence: 1) high temperature

evacuation under dynamic vacuum at 425 K (bake out); 2) D2 absorption and

temperature cycling; 3) bake out; 4) T2 absorption and temperature cycling; and 5)

bake out. Vacuum was produced by an oil sealed rotary vane pump. Typical

pressures obtained at the conclusion of a bake out were < 40 _m at temperature.

D2 and T2 absorptions were performed at or above room temperature with the

addition of a single aliquot of gas to the system. A few (2 - 4) temperature cycles

were performed on each absorption, where the material was desorbed by heating
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to 425 ± 10 K and allowed to return to room temperature. Steps (4) and (5) were

repeated until consistent absorptions were observed.

2.3 Tritium Loading

Samples were loaded with tritium in preparation for desorption via a one-step

absorption procedure. Sample vessels were submerged in a constant temperature

bath at _ 313 K during these procedures. For each loading, an aliquot of tritium

was measured, of sufficient si_e to tritide the sample into the _-phase, and added

to the test vessel. An internal thermal well with a thermocouple probe was used

to monitor the temperature excursion of the sample upon tritiding. The system

was allowed to equilibrate for one or more hours while maintaining the sample at

constant temperature.

2.4 Desorption Measurements

Isothermal tritium desorption measurements were acquired by sequentially

removing aliquots of tritium from the gas phase, and re-establishing equilibrium,

while maintaining the sample temperature in a constant temperature bath.

Aliquots of triti_am were removed from the equilibration volume while the test

vessel was valved closed. A_r a minimum wait time (generally one hour), the

system pressure ar, d temperatures were monitored to determine if equilibrium

had been established, before subsequent aliquot removal. The aliquot size was

adjust_d throughout the desorption, being larger at pressures above and below the

plateau than while traversing the two phase region. Aliquot sizes along the

pressure plateau were designed to correspond to composition changes of T/M <

0.1, and wait times were typically doubled for data points in this region. The

desorptions were terminated after an equilibrium pressure of less than 20 tort
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was obtained. Thus, the desorption isothermal curves were traced in a stepwise

manner, and required 20 - 25 data points to complete.

At the conclusion of each desorption isotherm, the test vessel was removed from

the constant temperature bath, wrapped in heating tape, and baked out under

vacuum for 2 or more hours at 425 K to remove any residual tritium from the

metal lattice. This treatment was similar to the final bake out at the end of the

activation process, and served to prepare the sample for the next tritium loading.

& Remllts

3.1 Activation

The first alloy studied was the Pd(2.8 wt.%)Ni sample. Two D2 absorptions with

temperature cycling were performed. The first resulted in a partial loading into

the _-phase after cooling to room temperature from 425 K. In the second, a more

complete loading was achieved at room temperature. The kinetics of these

absorptions were observed to be slow, and the activation was found to be

incomplete from the P-C-T data.

The Pd(5.2 wt.%)Ni alloy was activated according to the procedure described in

section 2.2. The D2 absorption was successful at room temperature, although the

kinetics were exceedingly slow, requiring several hours to reach equilibrium.

Activation with T2 was initially performed at room temperature. After three
t

attempts with temperature cycling to 425 K, the material never loaded beyond 75%
I

of capacity, although the final pressures were greater than the plateau pressure.

Three more T2 activations at 313 K and higher pressures resulted in more

complete loadings, with some improvement in the absorption kinetics.

6
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ActivationofthePd(2.8wt.%)Cosamplewas facile.CompleteD2 loadingat313 K

occurredon the firstattempt. T2 absorptionand temperature cyclingalso

resultedinabsorptionintothe_-phaseat313 K. The kineticsoftheseprocesses

wereimprovedoverthatofthePd alloyswithNi.

The Pd(5.2wt.%)Co alloywas activatedby our standardprocedure,however

difficultieswere encountereddue tothehigh plateaupressureofthismaterialat

313 K. The D2 absorptionat313 K resultedinonlya-phasedeuterideformation.

T2 activationsdidnotresultin _-phasetritideformationuntilthe sample was

temperaturecycledbetweenroom temperatureand 425 K. Seven (7)subsequent

absorption/desorptioncycles,with vacuum desorptionsat 425 K, produced

increasingdegreesoftritideformationup toa steadystatecompositionofT/M =

0.38at295K.

3.2 Tritium _ings

The first two (2) loadings of the Pd(2.8 wt.%)Ni sample were incomplete due to a

lack of activation. The initial loading at 295 K was extremely slow, requiring

nearly a day, while the second at 323 K reach steady state atter 5 h. Five (5) more

loadings were performed all at 313 K, which yielded complete _-phase formation

with compositions of T/M = 0.59 in less than 2 h. The internal temperature

excursion AT measured during these absorptions increased from 2 K in the first

loading to 15 K in the fourth, and remained at that value in later loadings.
i
l

The five (5) loadings on the Pd(5.2 wt.%)Ni sample were all performed at 313 K in

a constant temperature bath. The AT observed during these procedures was

approximately 2 K, and steady state was approached in less than 2 h. The initial

loading resulted in a composition of 0.38, however subsequent absorptions were
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more complete, achieving a T/M = 0.45 or higher. A final loading at 293 K yielded

the largest degree of tritide formation with T/M = 0.52.

The loadings of Pd(2.8 wt.%)Co sample were consistent and facile, resulting in

compositions of T/M = 0.51 at 313 K. Values of AT ranged from 7 K on the first

absorption to 10 K on the fourth, while the absorptions were completed in less than

I h. A fifth loading was completed at 293 K with a composition of 0.53.

The initial tritium loading of the Pd(5.2 wt.%)Co sample was conducted at 296 K,

while latter loadings were performed at 273 K. The absorptions required less than

I h to complete, however the heat evolution observed in each case was small, with

AT = 2 K. A sample composition of 0.38 was obtained at the higher temperature,

while the remaining loadings resulted in T/M values between 0.40 and 0.42.

3.3 Tritium Desorption Isotherms

A total of six (6) desorption isotherms were acquired for the Pd(2.8 wt.%)Ni

sample. The isotherms were collected in the following order and temperatures:

303,323,338,338,323, and 303 K. Equilibration times for the first isotherm were

extremely slow, requiring up to 24 h for data points in the two phase region of the

P-C-T curve. The kinetics improved on the second and third isotherms, where

equilibrium in the plateau region required approximately 8 and 2 h, respectively,

to establish_ In the remaining isotherms, the equilibration times on the plateau

stabilized at approximately 1.5 h. The two consecutive P-C-T curves collected at

338 K were coincident, while those measured at 323 K overlapped from the middle

oftheplateautotheend oftheisothermsinthec_-phaseregion.The finaldataset

exhibiteda 24.5kPa increasein the plateaupressureoverthatobservedin the

initialisothermat303K. The lastthreeP-C-Tcurvesacquiredforthissampleare

shown inFig.1.
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For the Pd(5.2wt.%)Nisample,five(5)isothermswere collectedin thefollowing

orderand temperatures:323,323,323,308,and 293K. The equilibrationtimesfor

datapointsalongtheplateauoftheP-C-Tcurvesforthisalloydecreasedfrom 2 h,

forthe firsttwo isotherms,to 1 h, forthe remainingisotherms.The plateau

pressuresforallthe desorptionsat323 K were consistent.The lastthreeP-C-T

curves acquire _ for this sample are shown in Fig. 2.

Four (4) isotherms were measured for the Pd(2.8 wt.%)Co alloy in the following

order and temperatures: 323, 323, 338, and 303 K. The kinetics in the two phase

region nf the P-C-T curves were consistent in all cases for this sample, where

approximately 1 h was required to establish equilibrium. The two consecutive

isotherms collected at 323 K were coincident. The first, third, and fourth P-C-T

curves acquired for this sample are shown in Fig. 3.

For the Pd(5.2 wt.%)Co sample, tritium desorption isotherms were measured in

the following order and temperatures: 293, 293, and 273 K. In the plateau regions

of the isotherms, equilibration times of 1.3 h were required at 293 K, while the

kinetics at 273 K required 2 h to equilibrate the system. The P-C-T curves collected

at 293 K were well correlated throughout the entire composition range

investigated. The second and third P-C-T curves measured for this sample are

shown in Fig. 4.

3.4 Thermodynamics

The thermodynamic parameters, AH and AS, for the _--_ phase transitions in the

Pd alloy tritides were determined by constructing van't Hoff plots from the P-C-T

data. In Figs. 5 and 6, van't Hoff plots corresponding to the plateau midpoints are

shown with the lines of best fit for the 2.8 and 5.2 wt.% alloys. For each data point

in these plots, the pressure of tritium in equilibrium with the sample at the

9
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midpoint composition was interpolated from the isothermal measurements. The

equations of the lines of best fit were compared with equation (1) to calculate the

values of AH and AS.

The isothermsshown inFigs.1 -4 were used toconstructvan'tHoffplotsand

calculateAH and AS foreach sample at threecompositionsalongthe plateaus.

The plateaumidpointcompositionwas used,alongwith two othercompositions,

equispacedbelow and abovethe midpoint,on the a-and _-sidesofthe plateau.

ThesevaluesarelistedinTable1,where "low_,_mid_,and "high_ correspondto

thea-side,midpoint,and _-sidecompositions,respectively.

4. Discussion

Each ofthefourPd alloysinvestigatedbehaveduniquelywithrespecttoactivation,

loading,and isothermaltritiumdesorption.However,experiencegainedon each

sampleincreasedthe efficiencyoftheinvestigationon theremainingalloys,and

servedtofinetunetheexperimentaltechniques.

The activation procedure employed on the Pd(2.8 wt.%)Ni alloy was insufficient.

The sample did not become fully activated until the fourth isotherm, where the

kinetics of absorption and desorption stabilized, and the P-C-T behavior became

reproducible. For the Pd(5.2 wt.%)Ni alloy, a much more extensive activation

procedure was used, and the absorption temperature was raised in an attempt to I

increasethekinetics.Thisstabilizedtheplateaupressure,however thekinetics

continuedtoimproveuntilthethirdisotherm.The Pd(2.8wt.%)Co alloybecame

. activeon itsfirstexposureto D2, and showed no increasein kineticswith

absorption/desorptioncycling.The Pd(5.2wt.%)Coalloyprovedmore difficultto

activate,mainly due toitsrelativelyhigh plateaupressure.This sample also

exhibiteda gradualincreasein tritiumabsorptioncapacitywith cycling,which

10
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may be attributed to a lowering of the absorption plateau pressure. In general,

activation was more facile for the Co alloys than the Ni alloys, and the higher

wt.% alloys required more absorption/desorption cycling to become fully activated.

As withactivation,loadingoftheCo alloyswas easierthan fortheNi alloys,and

the higherwt.% samplesrequiredmore time to completetheirloadings.The

sampletemperatureexcursionAT,observedon theinternalthermocoupleduring

theloadingprocess,reflectedthedegreeofactivationofthealloy.As thesamples

became more active,the kineticsof absorptionincreased,shorteningthe time

requiredfortritideformation,and therebyincreasingAT. This was observedin

the Pd(2.8wt.%)Nialloy,where AT steadilyincreasedtoa constantvalueafter

four(4)loadings.Conversely,thePd(2.8wt.%)CosampleShowed littleincreasein

AT over its!oadings,and achieveda constantdegree of tritideformation,

indicatingcompleteactivationinitially.The loadingson thePd(5.2wt.%)Nialloy

were allslow and steadywith a minimal AT, however,a consistentincreasein

theultimatecompositionindicatedsome furtherconditioningofthematerialwas

occurring.The Pd(5.2wt.%)Co sample too showed a minimal AT on loading,

•althoughno furtheractivationofthealloywas observed,as thefinalcompositions

achievedwere constant.

The P-C-T curvesshown inFigs.1 -4 demonstratethe wellbehaved natureof

thesemetaltritides.The pressureplateauswere fiat,and the transitionsfrom
i

the two phase regionto the singlephase regionswere smooth. The plateau
I
i

pressures,ata giventemperature,increasedwithwt.% forboththeNi and theCo

alloys.Whereas,thecapacitiesofthesematerialswere reducedby increasingthe

wt.% ofthealloys.For a constantwt.% alloycomposition,theCo alloysexhibited

higherplateaupressuresthantheNi alloysata giventemperature.

11
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This point is illustrated in Figs. 5 and 6, where van't Hoff plots for the 2.8 wt.%

and 5.2 wt,% Pd alloys were calculated at the plateau midpoints. The data from

the PdCo alloys lies above that from the PdNi alloys. All the data sets were fit very

well to straight lines, given by equation (1), and yielded the thermodynamic

parameters for the _-a phase transition. Similar calculations were used on the

a- and I_-sides of the plateaus to determine AH and AS in these regions. The three

values ("low_, "mid _, and _high _) for each parameter were averaged and reported

in Table 1 for each Pd alloy, along with the values from a 10 I_mthick pure Pd foil

[6].

Both AH and AS are fairly constant throughout the _-a phase transition

composition ranges for each alloy. The values of AH for the 2.8 wt.% alloys are

significantly higher than those of the 5.2 wt.% alloys, and are approaching the
t

value reported for pure Pd tritide. This is a consequence of the stability of the

tritide which increases, as the wt.% of the alloy decreases, to a maximum value

for pure Pd. Consequently, the plateau pressures at a given temperature increase

as the wt.% of the alloys increase. On the other hand, the values found for AS do

not deviate significantly from one alloy to the next, yet they are much higher than

that reported for pure Pd tritide. This may be attributable to a greater degree of

disorder in the Pd alloy tritides than in pure Pd tritides, for both the a- and _-

phases, although the magnitude of this difference is greater for the _-phase.

' 5. Coneltmion
I
6

The annealed Pd alloy foils studied in this investigation were activated, loaded

with tritium, and isothermally desorbed at several temperatures to determine

their behavior as metal tritides and the thermodynamic parameters of the _-a

phase transition. The PdCo alloys were activated and loaded with tritium more

12
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readilythan thePdNi alloys,althoughforbothsetsofmaterials,thehigherwt.%

alloyswere more difficultto activateand slowertoload.AbsorptiorJdesorption

cycling,followedby high temperaturedesorptionunder vacuum, proved more

effectiveinactivatingthesamplesthan temperaturecyclinginthetritidedstate.

Activationwas consideredcompletewhen reproducibleP-C-T desorptioncurves

were obtained.Althoughthekineticsoftritideformationand decompositionwere

not studiedquantitatively,qualitativeobservationsshowed the kineticsofthese

processestoimproveas thematerialsbecame fullyactivated.The P-C-Tbehavior

ofthesealloyswas typicalformetal tritides,with fiatpressureplateausand

smooth transitionsatthephaseboundaries.Plateaupressuresincreasethewt.%

ofthe alloys,whilethePdCo alloysexhibitedhigherplateaupressuresthan the

PdNi alloysat a givenwt.% composition.The increasedplateaupressurescame

at the costof decreasedcapacityto absorb tritium. The thermodynamic

parametersofAH and AS forthe _-a phasetransitionofthemetaltritideswere

determinedfrom van'tHoffplotsofthedesorptiondatain theplateauregionsof

the P-C-T curves.AH decreasedas the wt.% ofthe Pd alloyswere increased,

howeverAS was foundtobeinvariantforthePd alloys.The averagedvaluesofAH

were determined to be 15.8 and 15.9 KJ/mol T for the 2.8 wt.% alloys, and 13.7 and

13.6 KJ/mol T for the 5.2 wt.% alloys of Pd with Ni and Co, respectively. The

averaged values of AS were determined to be 50.1 and 51.3 J/mol T for the 2.8 wt.%

alloys, and 51.3 and 51.8 J/mol T for the 5.2 wt.% alloys of Pd with Ni and Co,

respectively. Future work involves extending this investigation to PdCr alloys, as

well as studying the tritium aging characteristics of these materials.
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TABLE I. Thermodynamic parameters,AH and AS,forthe_-a phasetransition

inPd alloytritidesdeterminedfromvan'tHoffplotsat threepositionsalongthe

plateauand theiravera{_evalue.

AH PdNi PdCo PdNi PdCo Pda

(kJ/rnolT) (2.8wt.%) (2.8wt.%) (5.2wt.%) (5.2wt.%)

AH (low) 15.3 15.7 13.7 13.4

AH (mid) 16.2 15.8 13.6 13.6 16.6

AH (high) 15.8 16.3 13.7 13.7

AH (avg) 15.8 15.9 13.7 13.6

AS

(J/K/toolT)

AS (low) 49.0 50.8 50.5 51.4

AS (mid) 51.5 50.9 50.0 52.1 45.9

AS (high) 49.9 52.3 50.3 52.0

AS (ave) 50.1 51.3 50.3 , 51.8

aRefi R. IMisser and K.-H. Klatt, Phys. Rev. B 28 (1983) 748.
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Figure Captions

Fig.I. TritiumdesorptionisothermsforPd(2.8wt.%)Nialloy.

Fig. 2. Tritium desorption isotherms for Pd(5.2 wt.%)Ni alloy.

Fig. 3. Tritium desorption isotherms for Pd(2.8 wt.%)Co alloy.

Fig.4. TritiumdesorptionisothermsforPd(5.2wt.%)Coalloy.

Fig. 5. van't Hoff plots and lines of best fit for the 2.8 wt.% Pd alloys calculated at

the plateau midpoints.

Fig. 6. van't Hoff plots and lines of best fit for the 5.2 wt.% Pd alloys calculated at

the plateau midpoints.
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Fig. 1. Tritium desorption isotherms for Pal(2.8 wt.%)Ni alloy.
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Fig. 2. Tritium desorption isotherms for Pd(5.2 wt.%)Ni alloy.
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Fig. 4. Tritium desorption isotherms for Pd(5.2 wt.%)Co alloy.
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Fig. 5. van't Hoff plots and lines of best fit for the 2.8 wt.% Pd alloys calculated
at the plateau midpoints.
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Fig. 6. van't Hoff plots and lines of best fit for the 5.2 wt.% Pd alloys calculated
at the plateau midpoints.
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