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Abstract

Residual tensile stresses in materials result in hydrogen solubility enhancements. The residual thermal stresses and strains developed |

Pd—alumina composites on cooling from several different high temperatures have been modeled by the finite element method (FEM).
Two cases (alumina forming the inner core in the first case and Pd in the second case) were considered for modeling spherical alumina
precipitates distributed in a spherical Pd matrix. The advantage of utilizing the FEM model is highlighted, namely the variation of stress

components in different states of stress can be determined as a function of position in the composite. The FEM model provides insights
into the locations where hydrogen will segregate. The stresses evaluated have also been related to hydrogen solubility enhancements.
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1. Introduction

Upon exposure of a Pd—M alloy, where M is a dilute
base alloying addition, to oxidizing atmospheres at high

temperatures, oxygen dissolves in the matrix and results in

internal oxidation of the base element. This is called
internal oxidation [1]. The final product of internal oxida-

tion is a distribution of ceramic oxide precipitates in a pure
Pd matrix, a typical example of a composite material. The
size, shape and type of oxide that forms internally is
dependent on the internal oxidation experimental con-
ditions. For example, as internal oxidation (I0) proceeds
by the movement of an IO front into the material,

incomplete oxidation results in an outer zone of ceramic
precipitates in a metallic matrix and the inner region of
unoxidized alloy. The temperature of internal oxidation is
an important experimental variable. The kinetics of 10 is
generally faster at higher temperatures. From a micro-
structural viewpoint, the temperature of oxidation affects
the nature of the internal oxides because 10O occurs by

nucleation and growth processes. In the specific case of

internally oxidized Pd-Al alloys, it has been shown by

transmission electron microscopy, that the shape of the
internal alumina precipitates depends on the temperature of

internal oxidation [2]. After internal oxidation at lower
temperatures, the precipitates can be considered as spheri-

cal whereas at higher temperatures, the precipitates are
seen to possess prismoid shapes [2].

Thermal stresses develop in the system on cooling down
from the 10 temperature because the ceramic precipitates
and the Pd matrix possess different thermal expansion
coefficients. The modeling of these thermal stresses is
important as they provide ideas about the state of stress in
the material after cooling down the composite from high

temperature. While modeling the thermal stresses, the
shape of the precipitate and its distribution needs to be also
considered. It has been shown that hydrogen can be used
as a probe to understand internal stresses because dissolvec
hydrogen segregates to the internal tensile stress fields in
the system [3]. There is an enhancement in the dilute phase
hydrogen solubility for Pd systems with internal stresses.

Therefore, measuring the dilute phase hydrogen solubilities

in Pd alloys is a proven method to understand internal
stresses [4]. Typical results for internally oxidized Pd—Al

alloys are shown in Fig. 1. With increasing amount of Al,
the volume fraction of alumina precipitates also increases,
thereby resulting in higher solubility enhancements.
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| I T I i.e. fixed hydrogen equilibrium pressure, in the dilute

phase after oxidation treatmemt') to that in pure Pdn).

Pd The main variables considered are the temperature range
through which the system cools down and the volume

fraction of alumina. The specific case of a spherically

20 7] symmetric system will be addressed, wherein two cases of

alumina distribution would be considered.

2. FEM formulation

i/
P2 Pa1/2

10 7 Consider a sphere whose internal core of radaus

contains a ceramic particle (alumina,Al,O ) and outer part

contains a Pd matrix. Because of the radial symmetry

approximation, the two tangential displacement compo-

nents as well as the three shear components of stress and
| | | | strain are zero [4]. Further, the normal stress and strain

OO 001 0.02 compongnts mgo-dlrectlo_n are equgl to.the'normal stress

H/Pd : and strain components in tangentidl) direction:

Fig. 1. Dilute phase solubilities (273 K) for internally oxidized (1073 K, Yoo = G000 Eo0 = Eo0r (3)

72 h), quenched Pd-Al alloys and Pd. Continuous line, Rd) (
P oAl 015 () Pd g oAl oo (A) P o0l 00idV) Pd 0 & 006 Additionally, the radial symmetry approximation implies
that all non-zero displacement, stress and strain com-
ponents are functions of the radial coordinatenly.

Since, the radial displacemeantis a function of radial
coordinater only, the radial and tangential strain com-
ponents are defined as:

In the present communication, the internal stresses in
internally oxidized Pd—Al alloys would be evaluated
utilizing the finite element method (FEM), a very powerful
tool for stress analysis in complex systems. Hydrogen

solubility enhancements would be estimated based on the :E (radial strain) (4)
FEM analysis. The simple case of spherical precipitates in " dr ’

a finite matrix would be considered. The main advantage u ) )

of utilizing FEM to obtain stresses is that the variation of & ~  (fangential strain). ()

stress components (normal, shear, hydrostatic etc.) in
different states of stress (spherically symmetric, axisym-
metric, plane strain etc.) with the position in the composite
and therefore the locations where hydrogen will segregate
can also be understood. Hydrogen will only segregate to i
the tensile stress regions in the Pd matrix and the mag- 1
nitude of solubility enhancement will depend upon the g, =E[—vcrrr +(1—v)o,,] + aAT (7)

magnitude of the internal tensile stress [3]. If the tensile

hydrostatic stress is much less than the modulus of Pd,whereE is Young’s modulus of the materiat, is Poisson’s
then the interaction energyH) between the stress field ratio of the material,a is the coefficient of thermal

Under the above assumptions, the stress—strain—tem-
perature relations are given by:

1
= E(U'rr — 2vo,,) + aAT, (6)

and one mole of hydrogen atoms is given by: expansion of the material, andIT is the temperature rise
above room temperature.
IE = oy Vi (1) The force balance im direction in the absence of body

forces leads to the following equilibrium equation in terms

whereV,, is the partial molar volume of hydrogen in Pd of the radial ¢,) and tangentiald,,) stress components:

(=1.77x10"° m’/mol). The absorption of hydrogen in
the stress field of the ceramic precipitate is given using the do;, N 2(0,, — 0y9)

Boltzmann approximation as dr r 0. (8)
n’ IE(ap) The governing Eqgs. (4)—(8) are converted into a set of
T eXP\ TRt (2) algebraic equations using a standard finite element formu-

lation [5]. These algebraic equations are then solved to
The solubility enhancement factor, defined in the left obtain the radial displacement This is done for various
hand side of the above equation, is defined as the ratio ofvalues ofAT and the material properties provided in Table
hydrogen solubility at a fixed hydrogen chemical potential, 1.
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Table 1 1000
Material properties of Pd and alumina 900 ] Pd
4 06— 90— 90— 0-0—- 00000
Property Palladium Al Q ceramic 800 4 \‘ ]
700 4 ‘ b
Poisson’s ratio %) 0.375 0.25 600 ‘\ ]
Young’s modulusE)  123x10° Pa (N/nf)  38%10° Pa (N/nf) 500 ]
Coefficient of thermal 11510 °/K 8.0x10°°/K 400 ]
expansion ¢) < 300 ] ]
& 200 —=— |0 Case l\.\- , Pd b
= 100 ] —&— Ol Case Ew g g ]
8 0 4 1
o} - -
Once the radial displacementis determined, the radial -100 ] / ALO ]
and tangential stresses are calculated using Eqgs. (4)—(7). -2004 et
Then, the hydrostatic stress;  is given by: -300 ALO, s ]
-400 7] m—m—m-—m-m-m-m-m-m-n \/. 7
1 1 -500 . .
- = - = -600 . . . . .
o, = 3(0'rr + oy, + a'w) = 3(0'rr + 20,,). (9) 0.000 0.004 0.008 0.012 0016 0.020

. Radial Distance (m)
Finally, the hydrogen solubility enhancement in the Pd

.. . Fig. 3. Variation of tangential stresses as a function of distance for th
matrix is evaluated using Eq. (2). g 1t gent e distance for the

case of AT=-—1000 and the interface is located at the middle of the
system.

3. Results and discussion case. The tangential stresses are always tensile for Pd in
both the 10 and Ol cases. This is due to the thermal
Two specific situations are considered in the analysis: expansion coefficient of Pd being higher than that of
the precipitate forms inside the matrix and grows outward alumina. The tensile hydrostatic stresses estimated are
(this will be referred to as the 10 case) and it forms on the shown in Fig. 4. It is seen that the hydrostatic stress is
external surface and grows inward (to be referred to as thetensile in the Pd matrix for both cases, as expected with
Ol case). regard to the physical picture. The above results are
The radial ¢;,) and tangential &,,) stresses developed compatible with the results of the model of Kim et al. [4]
in the system for the case when the interface is about half where the tensile hydrostatic stress developed in the matrix
of the system radius are provided in Figs. 2 and 3, has been shown to be independent of distance from the
respectively. The 10 and Ol cases are indicated in the precipitate—matrix interface. They considered an infinite
figures. As the densities of alumina and Pd are different, matrix in contrast to the present case where free surfaces
the volume fraction of alumina is 0.875 for the Ol case were considered in the analysis.
whereas it is 0.125 for the 10 case. The tangential and Much higher hydrostatic stresses are developed for the
radial stresses are constant in the inner phase. The radiatase of Ol due to the radial stresses being tensile for Pd in
stresses are compressive in both the matrix and thethe Ol case. The variation of the solubility enhancements
precipitate for the 10 case, while it is tensile for the Ol

900 Pd
900 ] Pa 800 ] o—e—90-90-0-0- 0009 1
800 ] e-9o-0-0-0-0-0-0-00 1 ] —=&—|O Case 1
] ] 700 1 —e—OlCase | ]
700 ] 600 —
600 ® - 500 ] ]
500 \ y 400 ]
400 ¢ ] ] ]
7 AN ALO, ] = 3004 7
—~ 300 - °\ B o 50 ‘ 4
& 2001 —=&—|O Case .~ 1 = ) Pd )
2 ] —® Ol Case < ] 6" 100 ] e
L 100 * e 4 0] ]
) 0 h \.\. h J A|203 1
1 T S -100 4 o—0o-0-0-0-0-0-90—0—0{
-100 " 1 -200 .
4 ./ B ] i
-200 7 o Pd 7] -300 ]
-300 4 . ] 400 ] ALO, ‘ 1
] AlLO / - ] m-m—m-—m-—m—m-—m-E—E-—N
-400 4 . 5 -500 .
] = ] T T T T T T T T
-500 . : . : : ' . — 0.000 0.004 0.008 0.012 0.016 0.020
0.000 0.004 0.008 0.012 0.016 0.020

Radial Distance (m)

Radial distance (m) . o .
Fig. 4. Variation of hydrostatic stresses as a function of distance for the

Fig. 2. Variation of radial stresses as a function of distance for the case of cas€-of-1000 and the interface is located at the middle of the
AT=—1000 and the interface is located at the middle of the system. system.
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in the Pd matrix for both the 10 and Ol cases is provided
1497 y in Figs. 5 and 6. In both these figures, at any fixed volume
1.35 4 |0 Case /_ fraction of alumina, the solubility enhancements are higher
1 - l the larger the temperature range through which the compo-
1304 —m—-1000 K / 4 ; ; . . -
| —e—-800 K - / site was cooled down. There is an increase in the solubility
1.25 —A—-600 K / /- . enhancement with increasing volume fraction of alumina.
] '] i
_ 120 ./ _— A/"
= B 14 ! g
< 115 '/o/ A . 4. Conclusi
5] /./ /A/ ] . Conclusions
110 ./:;.i‘/A . B
1 e st : Hydrogen solubility enhancements due to thermal re-
B = s i sidual tensile stresses in internally oxidized Pd—Al alloys
100 pet® J have been estimated by the finite element method. Re-
1 1 sidual thermal stresses have been estimated by FEM in
0‘950.0 " o2 o4  os o8 10 Pd-alumina composites after cooling from several differ-

ent high temperatures. The model considered spherical
alumina precipitates in a spherical Pd matrix and two cases
Fig. 5 Variation of solubility enhancement ratio as a function of alumina \yere considered: alumina forming the inner core in the

fraction for 1O case. first case and the Pd in the second case. The variation of
stress components has been determined as a function of
position in the composite. The evaluated stresses have
been related to hydrogen solubility enhancements. The

Volume fraction of AIZO3

solubility enhancements are higher when the temperature
2.0+ .‘; range through which the composite was cooled down is
Of Case o larger, at any fixed volume fraction of alumina. The
184 —=— -1000 K O solubility enhancement increases with increasing volume
¢ -800K g fraction of alumina.
1 —A— 600 K . o”]
1.6+ - ot
e o
] ./
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