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Lattice Constants of Solid Solution Microstructures: The Case of Nanocrystalline Pd-H
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We present an analysis of the effect of interface stress on strain in bulk in an open system with
a large interface-to-volume ratio, at equilibrium with the solute at a controlled chemical potential.
The results are relations for interface stress and for solute concentration in the bulk as a function of
measurable parameters: interfacial “stretch” and changes in the lattice constant. Stretch models a
change in the average normal component of the interatomic spacing at interfaces. X-ray diffraction
and dilatometry provide experimental data showing a significant variation of grain boundary stress and
stretch in nanocrystalline Pd-H with hydrogen chemical potential. [S0031-9007(98)08132-0]

PACS numbers: 81.05.Ys, 64.75.+g, 68.35.—p, 82.65.Dp

In studies of hydrogen solubility in nanoscale mi-the average normal component of the interatomic spacing
crostructures, such as clusters [1,2], thin films [3], mul-at the interface. Experimental data for stretch provide an
tilayers [4], or nanocrystalline bulk samples [5,6], it is independent estimate for interface stress.
generally found that, in thermodynamic equilibrium at a We consider an interstitial solid solution that exchanges
given hydrogen chemical potential, the overall hydro- solute, exclusively, at equilibrium with a reservoir at
gen concentration in the nanoscale microstructures differshemical potentiak. As the composition variable in the
from that in the coarse-grained material at the samén-  bulk we take the solute fraction, the ratio of the solute
terfacial segregation isotherms [7], which rationalize suclconcentration (atoms per volume) over the concentration
composition change in terms of enrichment or depletiorof sites (sits per volume) available to solytg Attention
of hydrogen at interfaces, providecal equilibrium equa- s restricted to alloys where concentration changes induce
tions where free energy densities in the bulk and at thésotropic strain, so that, at equilibriuna, depends only
interfaces depend only on the local concentration. Howen the pressureP, not on shear stress [13]; thus, at
ever, at large interface-to-volume ratiopanlocalinterac-  equilibrium outside the spinodal region of the phase dia-
tion between interfaces and bulk may become significanigram, ¢ = c¢(u, P). The variable for elastic change in
This interaction is due tianterface stresg8,9], S, that volumeV is the volumetric strair; the trace of the strain
entails stress and strain in the crystal lattice, thereby aftensor isdV = Vde. Material parameters relevant in
fecting the bulk concentration at equilibrium [10]. When the discussion of equilibrium are a “solute susceptibility”
area is measured in coordinates of the undeformed matg- = p; 'dc/dulp, the concentration-strain coefficient
rial, S is then the derivative of an interfacial free energyn = %ag/acl,,, the bulk modulus at constant composi-
with respect to bulk strain tangential to the interface plangion K = —9P/de|., and the open system bulk modulus
[11,12]. Contrary to thecalarand positive-valued inter- K* = —9P/de|,. Considering experiments on the Pd-H
facial free energys is atensorwith entries which may be « phase, we take; and K as being independent af
of either sign. These entries are independent material p§t4,15]. The relation betweek andK™* [13],
rameters that can be nonzero even when there is no strain. K* =K/ + 9K xn?), (1)

Because of its potential effect on hydrogen concentrationakes account of the fact that. in the open svstem. stress
in nanoscale microstructures, it is of interest to measur%,-esults in a combination of ela’stic strainpand gf stra}n due
S in a metal-hydrogen system. Also of relevance is th

effect of S on the lattice constard, since the concen- e[o\(/:\z?:ﬁr:;?:%gfh?ensgs%re is nealected. mechanical equi-
tration in nanoscale solid solutions is frequently inferred b 9 ' 9

from experimental data far. Whena depends simultane- :QZL&TOtt?]insg?;:rﬁ]stetr?gctzéhs?rgg:i?;ieég)t726 bbu[”Ié]s‘ re-
ously on the concentration and & the effect ofS must y

be taken into account in deriving the concentration. In 3Py = 2a(fa, )

this paper, we explore the relation betwesna, and the wherea = A/Vs denotes the specific interface aref,
concentration in an open system at equilibrium. In comdis the total area, and/; is the total volume of the
bination with experimental data, the results of the analysigundeformed) grains. The brackets denote the volumetric
lead to the measurement of interface stress in nanocrysnd areal mean oveVs and A, respectively [16], as
talline (n-) Pd-H as a function ofu. We also show that indicated by the subscripts.

varying u leads to interfaciabtretch[12], V. In contin- Considere measured relative to a reference state of
uum mechanicsy is a jump in the normal component of the microstructure at = 0 and f = 0, where the lattice
the displacement at an interface that models a change tonstant is that of coarse-grained pure solvent. The total
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strain in the bulk at chemical potential can then be N = [N] — cpot, where[N] is the specific layer content
described as the result of two separate processes. TIiEl] of solute (amount of solute in the layer per area)
first is a concentration change At= 0, resulting in the and wherec and p, refer to the bulk phase.N is an
straine; = 3nc(u,0). The second process is a changeexcess of solute, per area of layer, over a reference sys-
of interface stress, at constapt, to the actual value tem with uniform solute concentration throughout the bulk
of f at equilibrium; this leads to an additional strain and the layer. If the layer was detached from the abut-
P _fg (K*)~'dP, with P related tof by Eq. (2). ting crystals atN = 0, andN then changed at constant
The total volumetric strain relative to the coarse-grainedstress, the layer would undergo an isotropic expansion
pure solvent is thug = &, + &,. Experimentally, it is with a volumetric strairBN»; /(p.1). At constantN and
more convenient to measure the strainrelative to an constant normal load, a tangential stregs isotropic in
experimentalkreference state where approximately= 0  the plane, would be required to bring the layer back in
in the bulk, and where the pressure has a finite valugegistry with the abutting crystals. The produtr is a

PY, related to the interface stress in the experimentalorce per unit length of the perimeter and, by the defini-

reference statg® by Eq. (2). Itis readily seen thaf =  tion in Ref. [8], is identified as the interface stress of the
e + PY/K. With Eq. (1) fork*, and for a microstructure layer. Straightforward continuum mechanics theory leads
with uniform material constants, the total experimentalto f = —Nan[lYL(l — y;)7 !, that is, to a linear de-
strain is then pendence of interface stress Nn
, 2 0 In the layer model, the change in thickness of the layer
(e =3mc(n.0) = Zal(f = fOa/K due to elastic strain is the equivalent to interfacial stretch.
(P Adding the thickness changes due to the chang®l iat
+ / 9X772d<f'>A> . constant stress and due to the application of the tangential
0 stressS; at constant normal load and constaxt one
(3 finds
In general, the argument of the integral in Eq. (3) de-
pends on the concentration, hence, Pand, by Eq. (2), V =Nnrp; '(1 + v)(1 — vp)! (5)

on the integration variabléf’),. For the discussion of ) o ,

our experiments on Pd-H, we used a regular solution@nd, in combination with the result fgf,

equation of state [14] for the bulky = m; + myc + _ —1

RT In[¢/(1 — ¢)] + 3P7n/po with constantm; and m, V=~ +w)Y, f. 6)

that does not lead to a closed form expression for the inye shall proceed to present experiments that lead to the

tegral in Eq. (3). To obtair f), for given experimental independent determination gfandV.

values of(e)y, ( f°)a, and u, Eq. (3) was inverted nu-  The experiment was performed on a bulk sample-&%

merically (with better than six digit accuracy), with the prepared by inert gas condensation, as described in [17].

dependence of on u and P evaluated numerically from \warren-Averbach analysis (compare details in [18]) indi-

the implicit equatiort = cg(u, P) intimated by the equa- cates a specific grain boundary area= 0.32(5) nm™!,

tion of state. With(f)4 and, hence(P)y known, the  corresponding to a grain size of 10 nnn situ measure-

solute enrichment ratio (the actual value of in the bulk ments of the macroscopic |ength Chamgbin a dilatome-

over the value ot in the coarse-grained material at sameter and of the lattice constant chaniye in a diffractometer

w) was determined from = cg(u,(P)v)/cr(,0). were performed al' = 40 °C and with hydrogen charg-
For the discussion of eXperimental data for Strain,ing from an Ar_H2 flow at atmospheric pressure. Hydro_

it is useful to derive a relation between strain in thegen partia| pressurgy, was adjusted by flow controllers.

microstructure and stretctyy. SinceV is equivalently  peformation is specified relative to a reference state with

identified with a change in an interfacial excess volumehe sample in pure Ar, which was repeatedly reestablished

[11,12], changes in total volumiéy, of the microstructure  gduring measurement to verify reproducibility. Subsequent

are related to changes in total grain volurig by an  to changes irpy,, signals were followed at constapt;,

integral of stretch over the interfaced:Vy = AVg +  yntil a constant asymptotic strain was reached. The re-

J VdA. Interms of the corresponding volumetric strains,suits were found to be reversible and reproducible during

en andeg, this implies a large number of loading/unloading cycles, except for an

em = (eg)v + a(V)a. (4) irreversible strain when the sample was first exposed to

A simple qualitative model suggests th#tand V  hydrogen that indicates hydrogen uptake in deep traps at

should depend on the solute concentration at the inteigrain boundaries [19]. All experiments presented here are

face and, hence, op. Let the interface be modeled by restricted to the Pd-rickk phase, avoiding hysteresis [20]

a planar, uniform, and isotropic layer of material with atthe phase transition. Material constants used in the anal-

thicknesst, concentration-strain coefficient;, site den- ysis are [14]n = 0.063, K = 187 GPa,Y = 121 GPa,

sity pr, Young modulusy;, and Poisson number,. As v = 0.39,m; = 7.08 kJ/mol, m, = —45.62 kJ/mol, and

the composition variable for the layer we take the quantityp, = 67.95 nm™3.
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The interface stress in the experimental reference state, Figure 3(a) shows grain boundary strgssletermined
(f%4 = 4+0.1(4) N/m, was determined by comparing by analyzing the experimental; in terms of the equilib-
lattice constants of the material under pure Ar (afterrium condition [Eq. (3)]. Itis seen thgtis not a constant,
several loading/unloading cycles) in the as-preparedut varies withpy,. The sign off is found to be nega-
nanocrystalline state and in the annealed coarse-graingide, that is, grain boundary stress in Pdedpandsthe
state. As suggested in Ref. [21], the lattice constants wererystal lattice, in contrast to the effect of interface tension
corrected for residual stress through a suitable choice ah fluids, which is alwaysompressive.At py, = 2 kPa,
scattering geometry [22]. Residual stress in the nanocryswe find f = —1.7(4) N/m, corresponding by Eq. (2) to
talline reference state was found to be compressive and (@), = —0.36 GPa. The enrichment ratiq displayed in
result in a pressure of about 10 MPa, which is negligibleFig. 3(b), is seen to vary with partial pressure, with a value
compared to the pressure induced by interface stress upofi » = 1.3 at py, = 2 kPa. If the lattice straima/a
hydriding. was (incorrectly) attributed entirely to change in compo-

Figure 1 displays the experimental values fAé/I  sition, so thatha/a = nc, then the much higher value of
and Aa/a in n-Pd as a function ofpy,, along with r = 2.6 would be obtained. In fact, our results show that
reference data foAl/I in coarse-grained Pd. The changethe majority of the strain is from the elastic reaction of the
in lattice parameteAa is found to be considerably higher lattice to the change of interface stress, not from the change
than that in coarse-grained Pdya,; for the arbitrary of composition.
examplepy, = 2 kPa, the ratio isAa/Aay = 2.6. The We shall now assess the experimental results and will,
dilatometer data evidence an even higher total strainfor the sake of a simplistic estimate, assume that the elas-
at pu, = 2 kPa, the ratio isA//Aly = 6.6. The large tic constantsY, and v, in the interfacial layer may be
difference of the respective measures for strain indicateapproximated by the bulk values. Equation (6) with the
that there are degrees of freedom for deformation that dexperimental value fol then yieldsf = —1.7(2) N/m
not affect the lattice constant. In conjunction with Eq. (4),at py, = 2 kPa, which is identical to the more rigorous
this result suggests measurementofSince the material results obtained, independently, by evaluation of Eq. (3).
is macroscopically isotropic, we takey, = 3Al/I and The agreement supports the validity of our treatment of
ec = 3Aa/a. Itis emphasized thata indeed measures equilibrium.
£g, Notey: In polycrystals, the distribution of interatomic  To assess the result for the stretch, assume further that
spacings across high-angle grain boundaries does not givg, = n, and that the maximum excess of solute in the
rise to constructive interference in wide-angle scatterindgayer corresponds to one atomic monolayer (ML), a value
(compare [17] and references therein); therefore, stretcthat is typical for solute segregation to grain boundaries
is of no consequence to the Bragg reflection positiorf7]. For Pd, a densely packed ML has an areal site density
and, hence, toAa. The results forV obtained from of N; = 15.3 nm~2. Equation (5) witiN = N yields an
Eqg. (4) (Fig. 2) indicate that most stretch occurpgl <  estimated stretch &f = 32 pm and implies that 0.6 ML
0.1 kPa, but thatv continues to increase at highe, . of H would be required for the measured valie,=

19(2) pm atpy, = 2 kPa. Thus, the measured stretch has
a realistic order of magnitude. Note also that, in addition
to the enrichment in the bulk, 0.6 ML of H at grain bound-

5 ' ' ' aries would contribute by).6N a/py = 0.04(H/Pd to
. - the overall HPd atom ratio in the material, roughly a fac-
4r = ¥ ] tor of 4 increase over the equilibrium valuetf11 H/Pd
> 1?; ] in bulk at P = 0 and py, = 2 kPa. This is compatible
‘; 3t = 1 with previously reported values betweér)3 H/Pd and
K
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FIG. 1. Experimental strain relative to a reference state in
pure Ar versus hydrogen partial pressyrg,. (@) External

strain Al/l of n-Pd, dilatometer. (O) Crystal lattice strain 0 1 2

Aa/a of n-Pd; diffractometer. (V) Al/I for a coarse-grained Pu, [kPa]

Pd foil reference sample. (Solid line) strain for coarse-grained

Pd (Ref. [14]). FIG. 2. StretchV versus hydrogen partial pressyre, .
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