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Introduction

There has been outstanding progress in the development and understanding of interstitial alloys
during the twentieth century. Interstitial alloys, especially those between transition metals and
the small atoms of carbon, nitrogen, boron, oxygen and hydrogen, either taken singly or to-
gether, constitute a significant section of the field of metallurgy. Many of these advances took
place empirically or in specific technological contexts.

Interstitial solid solutions based on the transition metals are the most common important
materials with attractive mechanical properties. Knowledge on crystallography of phases that
can occur and phase transformations is a prerequisite to arrive at optimal properties at low and
high temperatures to use this materials at optimal conditions.

One of the earliest works that dealt with criteria of formation of interstitial solid solutions
are the works of ldgg [1, 2]. These investigations suggest adfig’s”) critical atomic radius
ratio involving an interstitial solid solution based on a transition metal and a metalloid (like B,
C, N and O) is formed only, if the atomic radius ratio of the two componeyits, is less then
0.59.

Another criterion of formation of extensive interstitial solid solution is given by King [3].
He suggested that the formation only occurs if a so-called volume size fastiofcf. chapter
1.1) will not exceed a given valu@g f < 30x 10°). The solubility of boron in transition metals
is suggested to be small [4]. This suggestion is caused by the large stabilitymbthéals of
boron as well as the large atomic radius, which restrict the solubility.

All these criteria are based on geometrical relationships of the solvent (transition metal) and
the solute (metalloid). Following the geometrical restrictions of these rules the only element
isotypical with Cu would be Pb which satisfyagg’s criterion; just this heavy metal does not
form any solid solution with interstitial elements. The principles are not satisfied for the solute
boron and carbon and the late transition metdl éfements: Co, Rh, Ir and elements: Ni,
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Pd, Pt) as solvent. All these metal possesdehstructure.

In the first part of this work (chapter 1) the nature of the solid solution of these late transition
metals with boron and partly with carbon is clarified (interstiglsubstitutional). It is shown
that in contrast to the old and new rules (see above) boron forms interstitial solid solutions with
Co, Rh, Ir, Ni, Pd and Pt and carbon with Pd.

The Pd-B system plays an extraordinary role. It posses the largest solubility of boron of all
transition metals. Furthermore, the solid solution is a high temperature phase, which can be re-
tained at room temperature by quenching. Using accurate unit cell parameter measurements and
density measurements the number of atoms and the volume of the unit cell is determined pre-
cisely (cf. chapter 1). As a result of this, it is shown that the hard spheres model characterizing
the ideal solid solution, is inconsistent with the observed volume-interstitial content relation-
ship for the solid solution Pd(B), where a significant, negative deviation (volume contraction)
from the hard sphere model prediction occurs. Furthermore, it is shown that the solubility of
the interstitial elements (H, B, C and N) is qualitatively inversely proportional with the potential
valency. Additionally, the chemical (electronical) interaction appears to govern the interstitial
solid solution formation rather than the elastic interaction as characterized by the geometrical
criteria (see above).

The palladium rich part of the binary system Pd-B is discussed controversially in litera-
ture [5-9]. The phase diagram Pd-B as proposed by Rogl [9] shovisdkelid solution Pd(B)
with a large range of homogeneity up to the mole fractigr= 0.18 [10], the low-temperature
borides PdgB, Pd._s5B and the high-temperature boride R&. The structures of these borides
are unknown, whereas the structures of the boridgB PalP16, Pnma FeC type [11]), PdB>
(mC28,C2/c, MnsCs type [11]) and PgB (0P6, Pnnm anti-Fe$ type [12]) have been deter-
mined.

In contrast to the phase diagram suggested by Rogl [9], the palladium rich part of the phase
diagram Pd-B (6< xg < 0.18) as proposed by Algasetial.[7] on the basis of X-ray diffraction
analysis shows at temperatures below 670 K only one boridesBBd= y phase) - which has
been reported to be a superstructure of the Cu type structure.

To clarify this, structural investigations are subject of chapter 2 and 3. The structure of
the low temperature phase §Bl(Pd;sB3) is clarified, which represents the palladium-richest
boride of this binary system. It forms congruently from the cubic solid solution Pd(B) (high
temperature phase) upon heating below 658 KBPshows a tetragonal distortion of the solid
solution unit cell, where B occupies the distorted octahedral interstices formed by the Pd sub-
lattice in a random way (the crystal structure data are given in chapter 2). This is in contrast
with the pendant structure in the Pd-H system, PgH;Ithat is characterized by vacancies on
the Pd sublattice.

Powder diffraction data and exact accurate cell parameter of the palladium-rich phgBes Pd



Introduction VIl

and PdB, were missing in literature of this complex palladium-rich portion of this binary
system Pd-B. The data are determined using X-ray analysis (cf. chapter 3). The literature data
(single crystal data) are confirmed applying the Rietveld method. Further an amorphous alloy
PdB is observed. The position of the principal scattering peak eBHdlfils the Nagel-Tauc
criterion. This criterion describes a model of metallic glass formation based on nearly-free-
electron approximation.

A miscibility gap in the binary system Pd-B exists in the range.6£6< xg < 0.10 between
585 K and 683 K [5-9]. This decomposition of the Pd(B) solid solution is analyzed by use of
X-ray diffraction in chapter 4. A structure model is used to simulate the X-ray diffraction-line
profiles. The decomposition can be described as the precipitation of a borofepgbrase
in the parentfcc phase gradually enriching in boron. The experimentally determined width
of the miscibility gap is different from the previous experimental results [13], but agrees with
theoretical data obtained on the basis of the quasi-chemical approximation [13]. Furthermore,
the microstrain in the decomposed state is investigated by use of the Williamson-Hall analysis
[14] and is compared with the microstrain of the initial, quenched supersaturated solid solution.

A very useful for investigation of the behaviour of (crystalline) materials at non-ambient
temperatures im situ high temperature X-ray powder diffraction. To arrive at correct values of
the unit cell parameters, the positions of the Bragg reflections, characterized by the correspond-
ing diffraction angles have to be determined accurately. High temperature X-ray diffractometry
is coupled with inaccuracies in temperature and changing specimen alignment during the mea-
surement on the diffractometer. In chapter 5 a new method is presented which enables the
simultaneous determination of the specimen temperature and misalignment to achieve exact
values of the X-ray experiment at elevated temperatures. An experimental example applying
the method to a specific material is given, which shows that the method provides correct data
from in situ high temperature X-ray powder diffraction measurements.






Chapter 1

The formation of interstitial solid solutions
based on solvents showing the fcc structure;
elastic versus chemical interaction

M. Beck, M. Ellner and E.J. Mittemeijer

Abstract: Unit cell parameters and densities were measured for the terminal solid solutions
of the late transition metals showing tfee structure ¢-Co, Rh, Ir, Ni, Pd, Pt) with boron and
partly with carbon. Especially the solid solutions Pd(B) and Pd(C) were investigated because
of the large homogeneity range up to the atomic fractigns- 0.186 andxc ~ 0.05, respec-
tively. The unit cell parameter increases and the density decreases with increasing boron and
carbon content. Comparison of the calculated and measured number of atoms in the Pd(B) and
Pd(C) unit cells confirms the interstitial nature of both solid solutions. The difference between
the measured dependence of the Pd-B shortest interatomic distances on the solute content and
those calculated according the hard sphere model indicates a distinct negative deviation from
additivity of the pure form volumes. The chemical (electronic) interaction plays a more impor-
tant role than the elastic interaction (characterized by a size factor) in the formation of solid
solutions of metals with the interstitially dissolved metalloids H, B, C, N and O.
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1.1. Introduction; criteria for formation of interstitial solid
solutions

The structure of interstitial solid solutions has been subject of research since at least about
1930 [1-3]. The first two investigations [1, 2] suggest adig’s”) critical atomic radius ratio
involving that an interstitial solid solution based on a transition metal and a metalloid (like B, C,

N and O) is formed only if the atomic radius ratigr, is less then 0.59( = atomic radius of

the solute (interstitial element);, = atomic radius of the solvent). This criterion for the ratio
ri/rmis not satisfied for boron and carbon as solute and fhe(@o, Rh, Ir) and AC-elements

(Ni, Pd, Pt) as solvent; see Table 1.1. All these metals (solvents) possess tite) Gtrijcture
(Pearson codeF4, space group ms_’m). Originally, in Refs. [1] and [2], for the calculation of

the atomic radii ratio Goldschmidt’s atomic radius data were used [15, 16].

Table 1.1.Atomic radius ratiorj/ry, wherer; is the atomic radius of the interstitial solute (hydrogen,
boron, carbon and nitrogen) ang is the atomic radius of the solvent (late transition metal).
Values forr; /rm, were calculated using the atomic radii reported in [17]. The atomic radii of
of hydrogen, boron, carbon and nitrogen gfe= 0.0779 nm,rg = 0.0920 nm,rc = 0.0876
nm andry = 0.0825 nm [17].

Co Rh Ir Ni Pd Pt
rm(nm) 0.1252 0.1345 0.1357 0.1246 0.1376 0.1387
rn/rm 0.622 0.579 0574 0.625 0.566 0.562
rs/rm 0.735 0.684 0.678 0.738 0.669 0.663
re/rm 0.700 0.651 0.646 0.703 0.637 0.632
'N/Tm 0.659 0.613 0.608 0.662 0.600 0.595

Comparing the atomic radii as given for the coordination number 12 (corresponding to the
fce structure) in Refs. [15-18], it follows that small differences occur for atomic radii of the
late transition metals< 1 %). On the other hand relatively large differences occur for the
atomic radii of the metalloids boron and carbon: 0.0920 nm 75 < 0.098 nm [18] and
0.071 nm [16]< rc < 0.0914 nm [18], respectively. These differences are due to different
methods used for the determination of atomic radii. A value for the atomic radius of boron
has been derived in Ref. [15] from unit cell parameter data of the borigB g = 0.097
nm). In Ref. [18] the values for the atomic radii of boron and carbon were deduced from
unit cell parameter data for hexaborides and carbon borjgle-(0.098 nm;rc = 0.0914 nm).
Further, values for the atomic radii of B and C were calculated from allotropic modifications
of the pure elements as well as from the B-B and C-C distances in some compounds of simple
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structure (g = 0.0920 nm;rc = 0.0876 nm) [17]. In any case, whichever of these values is
used, following Higg’s rule no & and Al° element should form an interstitial solid solution
with boron.

Another criterion for the formation of extensive interstitial solid solutions was given in
Ref. [3]: it was suggested that formation of extensive interstitial solid solutions only occurs if
the volume size factérfor the solid solutionQsf, is less then 3010°.

A small solubility of boron in transition metals has also been suggested in Ref. [4]. This
should be caused by the large stability of {prerbitals of boron as well as the large atomic
radius of boron which restrict the interstitial solubility.

These criteria discussed above imply that geometrical factors would govern the stability of
the interstitial solid solution.

With regard to the above criteria the Pd-B system plays an extraordinary role among the
systems investigated here: the criteria mentioned make dissolution of B as interstitial the least
likely (as compared to C, N; for &jg’s criterion, see Table 1.1; for the volume size factor, see
section 1.4). Yet, boron can be dissolved in palladium up to the atomic fragtien0.186
[10, 22], which is by far the largest solubility of boron known in the transition metals. The
solid solution Pd(B) is a high-temperature phase, which can be retained at room temperature by
guenching. At temperatures below 683 K a miscibility gap exists over the composition range
0.021< xg < 0.102 and, moreover, a palladium-rich boride 8% (0.152< xg < 0.165) was
reported for temperatures below 670 K [7].

1.2. Experimental

The alloys investigated (cf. Tables 1.3 - 1.6) were prepared from the elements by arc melting
under argon (550 hPa, 99.999 %; Messer Griesheim; for purity of the materials used, see Table
1.2). The weight of the samples was measured before and after alloying; no significant dif-
ferences were observed. The homogeneity of the bulk alloys was checked by means of X-ray
diffraction and by metallographic analysis. The boron containing alloys witel&ments and

nickel as solvent show a small solubility of boron (Table 1.2). Consequently the corresponding
alloys are not single phase: they are composed of two phases. In these cases, determination of
the amount of dissolved solute in either phase was not possible by chemical analysis. In case
of binary systems with large solubility for the terminal solid solution (Pd(B), Pd(C), Pt(B)) the
alloys are single phase. The boron and carbon contents of these solid solutions were determi-

*The volume size factor is defined Isf = Via(%c
ave

% is the initial slope of the volume-atomic fraction plot wih as the unit cell volume ang as the atomic
fraction solute.

), whereV;, denotes the atomic volume of the solvent and



Table 1.2.Purity of the metal solvents; the purity of boron and the carbon fibers used was 99.5 wt. % (Ventron). Temperature and time of anr

of the filings.
Co(B) Rh(B) Ir(B) Ni(B) Pd(B) Pt(B) Pd(C)
Purity (wt. %) 99.9 99.9 99.9 99.98 99.9 99.9 99.9
supplier Johnson Matthey  Heraeus Heraeus Goodfellow Heraeus Heraeus Heraeus
Annealing temperature
(K) 1073 1073 1273 1273 1323 873 1073
Annealing time
(s) 30 30 60 120 300 120 30
Maximum
solubility (at. %) ~ 0.2 very small verysmall =0.3 19.5 3.6 > 4.67
atT (K) 1273 [19] thiswork 1473[20] 1358[21] 1411[7] 1200[22] as castalloy
this work

[euswiiadxy

ealing
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nated using inductive coupled plasma optical emission spectrometry for boron and by burning
the sample with additional Fe and W in an oxygen flow and infrared absorption measurements
of CO, as burning product for carbon.

The bulk alloys were filed for the unit cell parameter measurements by means of X-ray
diffraction analysis. The filings were put in quartz capsules, which were flushed with argon,
then evacuated and annealed to remove internal stress, and subsequently water quenched to
avoid decomposition phenomena. Before annealing of the Pd(C) alloys the pressure of argon
in the quartz capsule was 500 hPa. The temperatures and times of annealing have also been
specified in Table 1.2.

Powder diffraction patterns were recorded at room temperature in a Guinier transmis-
sion camera (Enraf-Nonius FR552) using Kto; radiation § = 0.070930 nm). Germanium
(99.9999 wt. %; Johnson Matthey, unit cell parameter 0.56574 nm [23]) was used as an
internal standard. Single coated CEA Reflex 15 film was used for the Guinier patterns. The po-
sitions of the diffraction lines in the Guinier patterns were determinated using a Line-Scanner
LS 20 (KEJ Instruments). Unit cell parameters were refined by least squares fitting of Bragg’s
equation to the positions of the diffraction lines in the range 420 < 56° (20 = diffraction
angle). In the case of the two-phase samples (see above), only the diffraction lines of the solid
solution were analysed.

The density of the as cast bulk alloys of Pd(B) and Pd(C) was measured by means of the
buoyancy method with C@las standard liquid at 289 K.

1.3. Results

1.3.1. Binary systems with small solubility of boron

The unit cell parametea, of the boron-containing solid solution of thé-&lements@-Co, Rh,
Ir) and Ni is generally larger than that of the pure metal (Table 1.3). The change of the unit
cell parameter of the Pt(B) solid solution (one-phase alloy) as function of the atomicxatio,
(=xs/(1—xg) = xg/Xpt: atomic ratio = number of solute atorper solvent atom), is shown in
Fig. 1.1 (see also Table 1.4).

A marked increase of the Pt(B) unit cell parameter with boron content is observable, which
contradicts earlier work where a reverse trend was reported [22].

1.3.2. Solid solutions of palladium with boron or carbon

The results of the unit cell parameter and density measurements for the solid solutions Pd(B)
and Pd(C) are shown in Figs. 1.2 and 1.3 (see also Tables 1.6 and 1.5).



Table 1.3.Unit cell parameters of the late transition metals and of the corresponding solid solutions with boron at maximum solubility as indi
in Table 1.2 (two phase alloys; cf. section 1.2).

Co Co(B) Rh RN(B) Ir Ir(B) Ni Ni(B)
<0.02 <0.02 <0.02 <0.01

Atomic fraction,xg
Unit cell

parameter (nm) 0.35444(2) 0.35452(1) 0.38025(2) 0.38043(2) 0.38389(3) 0.38402(1) 0.35256(3) 0.35311

S)nsay

cated

1)




8 Chapter 1: The formation of interstitial solid solutions

0.39262
0.39260 —-
0.39258 —-
0.39256 —-
0.39254 —-
0.39252 —-
0.39250 —-
0.39248 —-
0.39246 —-

0.39244 +

I

Unit cell parameter, a (nm)

0.39242

I

0.39240 T I T I T I T I T I
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Atomic ratio, xg

Figure 1.1.Unit cell parametera, of the solid solution Pt(B) as function of the atomic rat; error
ranges have been indicated as well.

Table 1.4.Unit cell parameterg, for various compositions of the solid solution Pt(B).

Atomic fraction, Atomic ratio, Unit cell parameter,

XB X5 a (nm)

0 0 0.39243(1)
0.0123(13) 0.0125(13) 0.39252(3)
0.0195(18) 0.0199(19) 0.39256(2)

0.0264(18) 0.0271(19) 0.39258(2)
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0.406
0.404—-
0.402 —-
0.400 —-
0.398 —-
0.396 —-

0.394

Unit cell parameter, a (nm)

0.388 T I T I T I T I T
0.00 0.05 0.10 0.15 0.20 0.25

Atomic ratio, x;; i= B, C, H

Figure 1.2.Unit cell parametera, of the solid solutions Pd(B)e] and Pd(C) &) as function of the
atomic ratio,x{ (i = B, C); error ranges have been indicated as well. The straight lines
(dashed: Pd(C), full: Pd(B)) have been fitted (least squares analysis) to the experimental
data. The dependence of the unit cell parameter on the atomicxatiof, the solid solution
Pd(H) has also been indicated (dotted line) [24].

Metallographic investigation indicated that the as-cast palladium based alloy with the high-
est carbon contertc = 0.047, is a single phase. This implies that a higher solubility of carbon
in palladium has been found in this work than in Ref. [25] where the maximum solubility value
wasxc — 0.029 at 1473 K.

The occurrence of a linear dependence of the unit cell parameter on the solute atomic frac-
tion, herexg andxc, or on the atomic ratio, herg, andxg (see above), for substitutional and
interstitial solid solutions, respectively, has been discussed elsewhere [26]. For small solute sol-
ubilities experimentally significant differences do not occur between these two correlations. For
interstitial solid solutions the relationship between the unit cell parameter and the atomic frac-
tion is more usual than the one between the unit cell parameters and the atomic ratio, whereas
the second one represents the more fundamental relationship [26]. Therefore the dependence of
the unit cell parameter on the content of interstitial atoms will be presented in both ways.

Theincreaseof the unit cell parameter with interstitial element content is larger for Pd(B)
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12.2

11.8

11.6

11.4

11.2

Density, p (g/cm?)

11.0

10.8 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Atomic ratio, x;;i=B, C

Figure 1.3.Density, p, of the solid solutions Pd(B)e]J and Pd(C) &) as function of the atomic ratio,
X ; error ranges have been indicated as well. The straight lines (dashed: Pd(C), full: Pd(B))
have been fitted (least squares analysis) to the experimental data.

Table 1.5.Unit cell parameterg, density,p, and number of atoms in the unit cell,for various compo-
sitions of Pd(C).

Atomic fraction, Atomic ratio, Unit cell parameter, Density, Numbers of atoms

Xc X5 a(nm) (g/c?)  inthe unit celln

0 0 0.38920(1) 11.997(7) 4.001(2)
0.0049(4) 0.0049(4) 0.38952(5) 11.980(10) 4.024(3)
0.0152(2) 0.0154(2) 0.39012(3) 11.925(14) 4.061(5)
0.0187(4) 0.0191(4) 0.39041(2) 11.879(6) 4.067(3)
0.0327(2) 0.0338(2) 0.39126(4) 11.864(10) 4.141(4)
0.0385(2) 0.0400(2) 0.39182(2) 11.808(6) 4.161(2)
0.0467(2) 0.0490(2) 0.39234(1) 11.771(10) 4.197(4)
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than for Pd(C): least squares fitting of straight lines to the experimental data with the constraint
a=0.38920 nm fox; = 0 in Fig. 1.2 yielded

Pd(B) : a(xg) = 0.38920+ 0.0769744)xg (nm); a(xs) = 0.38920+ 0.0688244)x5 (nm)

Pd(C) : a(xc) = 0.38920+ 0.067019)xc (nm); a(x) = 0.38920+ 0.064157)x- (nm).

The decreaseof the density with interstitial element content is also larger for Pd(B) than for
Pd(C): least squares fitting of straight lines to the experimental data with the conptraint
11.997 g/cr for x/ = 0 in Fig. 1.3 yielded

PAB) : p(xg) = 11.997— 5.986(36)xg (g/cm’); p(X5) = 11.997— 5.396(46)x5(g/cm’)

PA(C) : p(xc) = 11.997— 4.92835)xc (g/cm); p(xt) = 11.997— 4.744(34)x-(g/cm®).

In the least square fitting errors in both the boron/carbon content and the unit cell parame-
ter/density have been taken into account [27]. Because the uncertainty in the boron/carbon
content increases with the boron/carbon content, the data points of relatively low interstitial

element content in Figs. 1.2 and 1.3 get relatively large weight in the fittings.

Table 1.6.Unit cell parameterg, density,p, and number of atoms in the unit cell,for various compo-
sitions of Pd(B).

Atomic fraction, Atomic ratio, Unit cell parameter, Density, Numbers of atoms

X8 x5 a(nm) (g/c?)  inthe unit celln

0 0 0.38920(1) 11.997(7) 4.001(2)
0.0136(10)  0.0138(10) 0.39041(7) 11.914(8) 4.061(5)
0.0306(11)  0.0316(12) 0.39098(3) 11.733(10) 4.080(5)
0.0541(14)  0.0572(16) 0.39322(8) 11.648(3) 4.212(6)
0.0752(28) 0.0813(33) 0.39422(4) 11.568(3) 4.301(12)
0.0813(18)  0.0885(21) 0.39608(6) 11.488(6) 4.358(8)
0.1044(27) 0.1166(33) 0.39774(3) 11.444(10) 4.496(13)
0.1187(35)  0.1347(45) 0.39855(1) 11.275(10) 4.521(16)
0.1342(43) 0.1550(57) 0.39994(4) 11.207(10) 4.613(21)
0.1499(43)  0.1763(60) 0.40051(1) 11.099(10) 4.663(21)
0.1651(42)  0.1978(60) 0.40103(6) 11.082(1) 4.749(21)
0.1764(65)  0.2142(96) 0.40272(2) 11.024(10) 4.842(34)
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1.4. Discussion

In the fcc (Cu type) structure, the octahedral interstices can be occupied, without inducing
displacements of matrix atoms, by an interstitial atom with an atomic ragitg/2 — 1)rm ~

0.41r, if one conceives the solvent atoms (with atomic radiisas spheres in contact with

each other. Thus, according t@a#ij’s criteriony; = 0.59-rp,, a linear misfit of 44 % between

size of the interstitial atom and the available interstitial site is acceptable. Obviously, if such an
interstitial atom is introduced into the lattice, distinct local lattice dilatation is induced: adopting
the hard spheres model for the solvent atoms, the solvent atoms surrounding the interstitial atom
are no longer in contact with each other. Hence, from the point of view of topology, it can be
well understood that for all solid solutions investigated heré&;o(B), Rh(B), Ir(B), Ni(B),

Pd(B), Pt(B) and Pd(C), an increase of the unit cell volume with increase of the amount of
solute has been observed. This observation supports the notion of the interstitial nature of the
solid solutions concerned.

Using the experimentally determined unit cell parameter and density values for the solid
solutions, the number of atoms in the unit cell,can be calculated applying the relatioa=
Ve - p - Nay/A, whereV, = 3 = volume of the unit cell;Na, = Avogadro’s number and =
average atomic mass. For the solid solutions Pd(B) and Pd(C), the results are shown in Fig. 1.4
(cf. also Tables 1.6 and 1.5).

Values of the number of atoms in the unit cel¥ (Fig. 1.4) demonstrate quantitatively that
boron and carbon dissolve in palladium interstitially. For a binary interstitial solid solution with
a solvent exhibiting thd cc structure, the theoretical number of atoms in the unit cefi 4s
4m-+ai (m= solvent atomi = interstitial atom). As the atomic fraction of the interstitial element
isx =a/(4+a), it follows straightforwardlyn = 4/(1 —x;). Consequently, the relationship
between the number of atoms in the unit cell and the atomic fraction solute is a non-linear
(hyperbolic) function. A linear relation occurs for the dependence of the number of atoms in the
interstitial solid solution on the atomic ratio:= 4+ 4x (X = X /xm; See above). Comparison
of the experimentally determinad values for the solid solutions Pd(B) and Pd(C) with the
predicted ones shows very good agreement (Fig. 1.4).

In first order approximation one may assume that the unit cell parameter is linearly depen-
dent on the number of solute atoms in the unit cell [28], independent of the nature of the solid
solution (substitutional/intersitital). For a substitutional solid solution the number of atoms in
the unit cell does not change upon dissolving the solute. Therefore, on the basis indicated, the
unit cell parameter depends linearly on #temic fractionsolute. The unit cell parameter may
increase or decrease with increasing atomic fraction solute dependent on (i) the atomic size and
(i) the charge transfer between the components. In contrast with substitutional solid solutions,
the number of atoms in the unit cell for an interstitial solid solution increases upon dissolving
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Figure 1.4.Number of atoms in the unit celf, as a function of the atomic ratia; (i = B (s), C ()).
Error ranges for the experimental data have been indicated. The full line represents the
theoretical relationship = 4+ 4x;.

the solute. Then, on the above basis, the unit cell parameter increases linearly \aitbntine
ratio (Table 1.6 and 1.5 and Fig. 1.2).

Using the determined dependences of the unit cell parameters for the Pd(B) and Pd(C) solid
solutions on atomic fraction of the interstitial element (cf. section 1.3.2), the volume size factor
Qsf can be calculated now (cf. section 1.1). It is obtained: for PE{8j = 60.86- 10° and for
Pd(C)Qsf=52.39-10°. These values are distinctly larger than the critical valu&l89[3] and
hence an extensive interstitial solid solubility of carbon and especially for boron in Pd should
not be expected concerning to the volume size factor (as also not accordiagddsdiiterion;
cf. Table 1.1).

In this context it is remarked that from the'B- B1* metallic elements isotypical with
Cu (Cu, Ag, Au, Al and Pb) only Pb satisfiesablg's criterion (g /rpp = 0.526). However,
lead and boron are mutually insoluble and also no boride has been observed in this binary
system [29, 30]. Further, the other elements which may be dissolved interstitially, H, C, N
and O, show a negligible solubility in lead as well [31], although in all these last casggd”
criterion is satisfiedrg /rpp= 0.445 rc/rpp=0.501 rn/rpp= 0.471 ro/rpp= 0.513).
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Compared with the late transition metals, lead shows a relatively high compressibility [32].
Obviously, even this 'soft-host metal’ behaviour does not favour the formation of lead-based
interstitial solid solutions. A similar observation has been reported for the W type structure
representatives of the alkali and alkaline earth metals which - despite their very high compress-
ibility - do not show solubility for interstitial elements [3].

For the interstitials hydrogen and nitrogeraddtj’s criterion is satisfied for Ag, Au and Al
as solventsrg /rag = 0.539, ry/ray = 0.540 ry/ra = 0.544 andrn/rag = 0.571 rn/rau =
0.572 rn/ra = 0.576). Yet, the solubility of both hydrogen and nitrogen in silver, gold and
aluminium is insignificant.

On the other hand, the palladium based solid solutions investigated here, with palladium
as a relatively small atom as compared to lead, silver and gold, show large solubility not only
of hydrogen but also of boron and carbon, although both boron and carbon do not satisfy the
Hagg and volume size factor criteria (see above; Table 1.1). It should also be recognized that,
if the size of the interstitial atom would play a crucial role in solid solution formation, then the
solubility of carbon in palladium is expected to be larger than that of boron in palladium; clearly
this does not occur (cf. Table 1.2).

In contrast tosubstitutionakolid solutions, the structure ofterstitial solid solutions is not
isopointal with that of the solvent, because of the occupation of additional atomic positions
(interstitial sites) by the solute. The unit cell of paIIadqurn@m, 4 Pd @)) contains the four-
fold octahedral interstitial positiorb) %%% and the eightfold tetrahedral interstitial position
(©) .35 [33]. EXAFS studies of Pd(B) and diffusion measurements of H in the solid solution
Pd(B) with different boron contents [34, 35] indicated occupation of the octahedral position (
by boron in the palladium unit cell, just as hydrogen does in Pd(H) [36]. It is presumed that
carbon occupies also the octahedral atomic position in the host metal lattice [37].

In the solid solution Pd(B), the octahedral atomic position is only partially (statistically)
filled; e.g. for the compositiorxg = 0.176 (Table 1.6; nearly the maximum solubility) the
following structure can be proposed: 4 R, (0.21x 4 B (b). Thus the solid solutions Pd(B)
can be described as a defect (partially filled) NaCl type structure (Pearsom-Bantbol [38]
cF(8—x), Fm3m).

The average value of the nearest neighbour distance between palladium (atomic p@3ition (
and the atomic positiorb] partially occupied by borordgy_ ) = doo2= a/2) can be calculated
as a function of the boron content from the experimental data gathered in Table 1.6. The results
are shown in Fig. 1.5. A straight line has been fitted (least squares analysis) to the experimental
data (dashed line in Fig. 1.5). An extrapolation to the stoichiometry "Pd&”a hypothetical
structure in the system Pd-B showing the NaCl structure with full occupation of the octahedral
atomic positionl§) by boron, yields the nearest neighbour distatige g = 0.2287 nm.

A theoretical value fodpq g can be obtained adopting hard sphere atoms and additivity of
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Figure 1.5.Nearest neighbour distance between Pd lattice gjtar(d interstitial sitelf), dpg_ (1), for the
occupation of the octahedral atomic positidm oy boron as a function of the atomic ratio
X5. The dashed line represents extrapolation of the experimental data for the Pd-B atomic
distances in the NaCl structure type; the dotted line indicates corresponding values according
to the hard spheres model.

atomic radii. It thus followsdpg g = 0.2296 nm, as obtained from the sum of the atomic radii

of palladium and boron (dotted line in Fig. 1.5; data from Ref. [17]). The Pd-B atomic distance
as extrapolated from the measured data (dashed line in Fig. 1.5) is clearly smaller than that
predicted by the hard sphere model: the differendeig;_g = 0.0009 nm. This corresponds to

a volume difference between the predicted (hard sphere) unit cell volMnie 9.09683 nnd)

and the experimental (extrapolated) unit cell voluive=£ 0.09088 nni) of 6.2 %.

Deviation from additivity of "hard spheres atoms” upon formatiorsabstitutionalsolid
solutions was observed previously: the actual volume was smaller then the predicted one [39,
40]. For the palladium-rich substitutional solid solutions with the quasihomological B1*
elements (Cu, Zn, Ga and Ge) as solutes, only the binary solid solution Pd(Cu) obeys additivity
of the pure form volumes €. the hard spheres model holds) [41]. The other palladium-rich
solid solutions show a large negative deviation from additivity of the pure form volumes: Pd(Zn)
~ 11.9 %, Pd(Ga): 30.6 % and Pd(Gey 8.4 % [41-43]. Apparently an analogous "volume
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contraction” occurs also upon formation of tinéerstitial solid solution Pd(B).

Interestingly, the largest "volume contractions”, as discussed above, are exhibited by the
substitutional solid solutions Pd(AlX21.7 %), Pd(Ga)~& 30.2 %), Pd(In) £ 30.2 %) and
Pd(Tl) (~ 26.6 %) [42], as well as the interstitial solid solution Pd(Bg: the palladium-rich
alloys with elements of electron configuratiostmp® as solutes. Thus it may be suggested that

these volume contractions observed can be due to pronounced solvent-solute charge transfer
upon alloying.

a.) interstitial solid solution
N (2s%2p°)
C (25°2p%) j
B (2s°2p") :|

H(1s")

T T T T
0.0 01 02 03 04 05

Maximum solubility range, x , in Pd
solute

b.) substitutional solid solution

As (3d'°4s5°4p°
Ge (3d'°4s5°4p°
Ga (3d'°4s°4p’
2

)

) ]

) ]
Zn (3d"°45%)

Cu (3d"%4s")
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Maximum solubility range, x in Pd

solute’

Figure 1.6.a.) Maximal solubility range and electron configuration of the interstitial elements in palla-
dium (B, C and N are quasihomologous). Data for the interstitial solid solution Pd(H) and
the binary system Pd(N) have been taken from [31]; for the interstitial solid solutions Pd(B)
and for Pd(C): see Table 1.2. b.) Maximal solubility range and electron configuration of
some quasihomologous elements as substitutional solute in palladium. Data for the substi-
tutional solid solutions Pd(Cu), Pd(Zn) and the binary system Pd-As have been taken from

Ref. [31]; data for the substitutional solid solutions Pd(Ga) and Pd(Ge) have been taken from
Refs. [42,43].

It is well known that the solubility of various substitutionally dissolved components is con-
trolled by the valence electron concentratiop). For solvents isotypical with copper, the value
of the valence electron concentration is limited by the contact between the Fermi surface and the
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{111} Brillouin-zone facesd =~ 1.36) [44]. The experimentally observed maximal solubility
range for the palladium-based substitutional solid solutions with the quasihomologous elements
Cu, Zn, Ga, Ge and As as solutes is shown in Fig. 1.6 (data from Ref. [31]). For theskigs,

the maximal solubility range is inversely proportional to their potential valency (determinated
by the sum ok andp electrons). Copper (electron configuratiali %is?) is completely soluble

in palladium above 871 K; the solubility of arsenial{84s?4p?) in palladium is negligible [31].

A similar consideration can be given now for the palladium-based interstitial solid solu-
tions. For the interstitial elements H, B, C and N the maximal solubility range in palladium is
shown in Fig. 1.6. Three of these interstitial elements @2p!, C: 2?2p? and N: 2?2p3)
are quasihomologous and therefore correspond to the analogous sequencedoéldraedts
Ga (31%4s%4pl), Ge (311%4s%4p?) and As (211%4s%4p?). The maximum solubility of these el-
ements in palladium is also inversely proportional with the potential valency. Apparently, the
presumption that th@-orbitals of boron are very stable and are therefore associated with the
introduction of large strain energies upon dissolving boron in the palladium host lattice (which
would consequently severely limit the interstitial solubility of boron in palladium) [4] is not
valid.

In contrast to this, the insolubility of the nitrogen in palladium (even at 1673 K [31]) is well
explainable from the viewpoint of the valence electron concentration as the limiting factor for
interstitial solubility.

Hence, the chemical (electronic) interstitial - matrix interactions govern the formation of the
discussed interstitial solid solutions much more than the elastic interstitial - matrix interactions
as assessed by theplj atomic radius ratio and by the volume-size factor.

1.5. Conclusions

e In contrast with the predictions by old and new rules as thggdand volume size factor
criteria, boron forms interstitial solid solutions with thee transition metals Co, Rh, Ir,
Ni, Pd and Pt as solvents. In particular palladium exhibits a very large interstitial solid
solubility of boron.

¢ Dissolution of boron in platinum leads to increase of the unit cell parameter in contrast
with data reported previously.

e The unit cell parameters, for Pd(B) and Pd(C) solids solutions have been determinated
as a linear function of solute content as

PA(B) : a(x5) = 0.38920+ 0.0688244)x5 (nm)
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PA(C) : a(x-) = 0.38920+ 0.064157)x- (nm)

wherex (i = B, C) is the atomic ratio (Xi/Xpq, With X; andxpq as the atomic fractions
interstitial element and palladium, respectively).

The hard sphere model is inconsistent with the observed volume-interstitial content rela-
tionship for the interstitial solid solution Pd(B): a significant, negative deviation from the
hard sphere model prediction (volume contraction) occurs.

The solubility of the interstitial elements in Pd is qualitatively inversely proportional with
the potential valency.

The chemical (electronic) interaction appears to govern the interstitial solid solution for-
mation rather than the elastic interaction as characterized byabg &tomic radius ratio
or the volume size factor.



Chapter 2

The structure of the palladium-rich boride
PdsB (Pdi6B3)

M. Beck, M. Ellner and E.J. Mittemeijer

AbstractThe low-temperature boride B8 (PdigB3) forms congruently from the corre-
sponding interstitial solid solution Pd(B) (Pearson-ParfymbolcF(8 — x), space group
Fm§m) at 658 K. The structure of RB has been investigated by X-ray powder diffraction
yielding the following structural datat4/mmm t12.38; unit cell parametera = 0.28490(4)
nm,c = 0.40038(9) nmg¢/a = 1.405< /2, with the occupation 2Pa) and 0.19x 2B (b). The
crystal chemical data of BB and some other homeotypic interstitial compounds of transition
metals have been compared.
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2.1. Introduction

The phase diagram Pd-B as proposed by Rogl [9] showktheterstitial solid solution Pd(B)
with a large range of homogeneity up to the mole fractigr= 0.18 [10], the low-temperature
borides PdgB, Pd._sB and the high-temperature boride . R&. The structures of these borides
are unknown, whereas the structures of the boridg8 PalP16, Pnma FesC type [11]), PdB2
(C2/c, MnsC; type [11]) and PaB (0P6, Pnnm anti-Fe$ type [12]) have been determined.

In contrast to the phase diagram suggested by Rogl [9], the palladium rich part of the phase
diagram Pd-B (6< xg < 0.18) as proposed by Algasetial.[7] on the basis of X-ray diffraction
analysis shows only one boride - B3 (= y phase) (cf. [8]).

The palladium-rich boride RgB3 forms congruently from the corresponding Pd(B) solid
solution at 673 K and has the homogeneity range 045% < 0.168 at 638 K; its crystal
structure has been reported to be an interstitial superstructure of the Cu type stekE3&a &

0.801 nm =~ 2apyp) [7]). Despite numerous perowskite-like borides and carbides are known
[45,46], neither interstitial superstructures based on the Cu type structure nor on other structures
corresponding to the Pearson symbol-ctz#s38 have been reported until now [38,47—49]. This
study has been made as a part of an investigation on the structure of alloys formed by interstitial
elements and transition metals [50].

2.2. Experimental

The alloys were prepared from palladium (99.9 wt.%; Heraeus) and boron (99.5 wt.%; Johnson
Matthey) by arc melting under argon (550 hPa, 99.999 vol.%; Messer Griesheim).

The homogeneity of the bulk alloys was checked by means of X-ray diffraction and by
metallographic analysis. The boron contents of the alloys were determinated using inductive
coupled plasma optical emission spectrometry.

For the X-ray diffraction measurement, the bulk alloys were filed and sieved (mesh size
< 50um). Before X-ray diffraction analysis was performed the filings were annealed to remove
the deformation. To this end the filings were put in quartz capillaries, which were flushed with
argon (99.999 vol. %; Messer-Griesheim), evacuated and annealed at selected temperatures in
the range from 635 K to 1375 K for times ranging from 5 minutes to seven weeks. To avoid
any possible reaction between the samples and the quartz capillaries some samples of the filings
were put also in tantalum tubes within the quartz capillaries, thus preventing direct contact of
the sample with quartz. It was found that the results obtained with tantalum tubes were identical
to those obtained without tantalum tubes. After annealing the samples were water quenched.

Powder diffraction patterns were recorded at room temperature in a Guinier transmission
camera (Enraf-Nonius FR552) usingKan radiation A = 0.154056 nm) and Mika 1 radiation
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(A = 0.070930 nm). Silicon (99.9999999 wt. %; Ventron, unit cell paramater0.543094
nm) was used as internal standard. Single coated CEA Reflex 15 film was used for the Guinier
patterns. The positions of the diffraction lines in the Guinier patterns were determined using a
Line-Scanner LS 20 (KEJ Instruments). The unit cell parameters were refined by least squares
fitting of Bragg’s equation to the position of the diffraction lines.

Part of the heat-treated powder was subjected to differential scanning calorimetric (DSC)
analysis using a Pyris 1 instrument (Perkin Elmer) at heating rates 20, 30 and 40 K/min. in the
temperature range 310 K to 700 K.

2.3. Results

Guinier patterns of the filed, annealed (at 1375 K for 5 min.) and water quenched alloys in the
composition range & xg < 0.18 showed sharp diffraction lines of the solid solution Pd(B). The
interstitial nature of the solid solution Pd(B)R(8-x), Fm3_>m) has been proved by experimen-

tal determination of the unit cell parameter and the macroscopic density: for the composition
Pds35B165 the number of atoms in the Pd(B)-unit cell amounts: 4.75 [50]. After the low tem-
perature heat-treatment (for seven weeks) at 735 K of alloys in the composition range from
PdssB1s5 to Pdi35B16 5 only the solid solution Pd(B) was observed as well.

In contrast with the above results, Guinier patterns of alloy-filings in the composition range
0.15< xg < 0.17 revealed a tetragonal distortion of the unit cell of the interstitial solid solution
Pd(B) after annealing at 635 K for seven weeks and subsequent water quenching. This indicates
the formation of a low temperature phasesBdContrary to an earlier report, no diffraction
lines based on a Cu type superstructwie3d8, a = 0.801 nm=~ 2apyg, [7]; cf. also Powder
Diffraction File 47-1043 [51]) were observed in the current investigation of the palladium-rich
portion of the binary system Pd-B.

A following heat-treatment at 873 K for 30 minutes of the tetragonally distorted al-
loy yielded (again) the cubic solid solution Pd(B): apparently the phase transformation
Pd(B)~PdB is reversible. The corresponding transformation temperature was determined to
be 653(1) K by heating of the heat-treated and quenched allgyBRglin a DSC apparatus at
constant heating rate.

The phase transformation of the high-temperature cubic solid solution Pd(B) into the low-
temperature tetragonal distorted boridg®dollows the fundamental symmetry relationship:
for the space group m3m, the maximal non-isomorphic subgroup is the space grdymmm
[33]. The metrical relationship between the unit cells of the tetragonal low-temperature boride
P&B (1) and that of the cubic high-temperature solid solutibhié as follows: gy = b =
an/V/2; ¢ ~ cp, Where the subscriptsandh refer to the low temperature phase and the high
temperature phase, respectively.
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Table 2.1.Powder XRD data of R (Pt3sB165, 14/mmm t12.38, powder heated at 635 K for 7
weeks, subsequently water quenched,Kidg radiation). For calculation of the theoretical
powder diffraction intensitied¢gc, the progranLAZY PULVERIX52] was used.

hkl  dcaic (NnM)  dops(NM)  Bops  lobs  calc
101 0.23213 0.23215 17.575 100 100

110 0.20145 0.20150 20.274 43 34
002 0.20019 0.20031 20.396 20 17
200 0.14245 0.14247 28.829 16 10
112 0.14200 0.14206 28914 37 20
211 0.12141 0.12145 33.957 24 20

103 0.12086 0.12081 34.142 14 10
202 0.11607 0.11608 35.579 9 9
220 0.10073 0.10073 41.229 2 2
004 0.10010 0.10002 41.535 2 1
301 0.09240 0.09235 45.165 2 3
213 0.09216 0.09219 45.247 7 6
310 0.09009 0.09009 46.365 4 3
222 0.08998 0.08995 46.440 2 3
114 0.08964 0.08966 46.601 5 3
312 0.08216 0.08221 51.115 3 4
204 0.08190 0.08189 51.326 1 2
321 0.07752 0.07749 54.475 3 3
303 0.07738 0.07741 54.536 2 1

The splitting of the cubic diffraction line 002, characteristic for the tetragonal distortion,
observed in the Guinier patterns recorded wittK@u radiation, as well as the splitting of the
004 and 006 diffraction lines, observed in the Guinier patterns recorded wikoli@adiation,
showed that the component of the largest intensity of thed@@blet occurs at a largérvalue
than observed for the component of smallest intensity. With respect to the multiplicity factors
for the tetragona{h00} and {00} planes (4 and 2, respectively), this kind of the tetragonal
distortion corresponds to values of the axial ratia < /2.

The diffraction lines of the palladium-rich boride §Blwere indexed in accordance with
thetl (4-x) unit cell, which possess the unit cell paramegers0.28490(4) nm¢ = 0.40038(9)
nm. The figure of merit according to [53] was found tofag = 75(0.013,19). The experimen-
tally determined number of atoms in the unit cell of the Pd(B) solid solution of composition
Pds35B165 equals 4.75 (see above, [50]). Thus, the following structure can be proposed for the
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low temperature tetragonal phasesBdn the space groupd/mmm 2 Pd @); 0.19x 2 B (b).
The powder diffraction data obtained for4dBdhave been presented in Table 2.1.

2.4. Discussion

At high temperatures palladium shows large interstitial solubility for boron [7,9, 10] and an ex-
tensive substitutional solubility for the homologous elements aluminium and gallium [42]. As
result of the palladium substitution by aluminium and gallium (i) the valence electron concen-
tration and the configurational entropy increase and (ii) a large negative enthalpy of formation
is observed [42]. Then, because an interstitially dissolved element as B is relatively valence
electron rich, it may be expected that alloying of palladium with boron would be possible while
maintaining the Cu type structure of the solvent Pd lattice.

At low temperatures substitution of palladium by aluminium and gallium cannot occur on
the basis of the Pétc structure and, consequently, different crystal structures have been ob-
served: P¢gAl (oP24,Pnma [54]) and Pd3Gas (MC36,C2/m; [55]). Therefore, destabilisation
of the interstitialfcc solid solution at relatively low temperatures may also be expected for the
binary system Pd-B. In this case tetragonal lattice distortion of the high-temperature phase has
been reported here (section 2.3). The first-order phase transformationFPeED shows the
characteristic space group-relationsﬁm§m LN [4/mmm[56].

An interesting similarity to the palladium-rich portion of the phase diagram for the system
Pd-B occurs in the hydrogen-rich part of the phase diagram for the system Pd-H. The intersti-
tial element hydrogen dissolves at high temperatures while the cubic structure of palladium is
maintained, whereas at low temperatures and higher hydrogen contents the solid solution Pd(H)
becomes unstable [57]. Thus the low-temperature hydride Bglfths been observedd. they
phase, T< 873 K;tl(4-x), a= 0.2896 nm¢ = 0.3333 nmg/a= 1.151< v/2) [58] (cf. Powder
Diffraction File 73-0004 [51]). The palladium sublattice is not fully occupied in this hydride
(the number of palladium atoms in the unit cellas1.5, whereas the number of Pd sites is
2): the small unit cell volume of Pditz (Ve = 0.02795 nm3 < 2Vpg = 0.02948 nni; where
Vpg = atomic volume of palladium) is indeed compatible with the presence of vacancies on the
palladium sublattice.

The palladium-rich boride B8 (0.15 < xg < 0.17) occurs nearly at the same valence
electron concentration as the hydride Rdkl(0.54 < x4 < 0.57 [58]) if the valence elec-
tron contribution of palladium is taken equal to zero; the valences of B and H are 3 and 1,
respectively. The differences between the borideBPdnd the hydride PdHss involve (i)
complete occupation of the palladium sublattice inB@cf. the relatively large unit cell vol-
ume of P@B as compared to PdHs: Ve = 0.03250 ni > 2Vpg = 0.02948 nd; cf. above)
and (ii) the occurrence of vacancies on the sublattice of the octahedral interstices formed
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by the Pd sublattice.e. vacancies at the atomic positiorty) ©f the space group4/mmm

The distortions of the tetrag-
onal body centeredl((4-x)) unit
cell as compared to the cu-
bic body centered unit cell, are
shown in Fig. 2.1, as func-
tion of the number of atoms in
the unit cell,n, for phases com-
posed of a transition metal as
solvent and an interstitial ele-
ment as solute. The small slope,
A(c/a)/An, between Pd (for the
number of atoms in the 'tetrago-
nal’ unitcelln= 2 andc/a= v/2)
and PdB (for 2.0 < n < 2.38)
corresponds to a large change of
the valence electron concentra-
tion (0 < cye < 0.5). The large
change of the slop&)(c/a)/An,
between P¢B and PdH 33 is re-
lated to the introduction of va-
cancies on the palladium sub-
lattice for PdH 33 (note, that

cla

1 Fe-C-martensite

/

Pd.B

*PdH, .,

2.0

T T T
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PdB and PdH 33 are not iso- Figure 2.1.Axial ratio, c/a, of the tetragonal body centered

typical but only homeotypical
structures). Thecye does not
change distinctly in this-range
(P&B: cye = 0.5; PdH, 33 Cye =
0.57).

(t1(4X)) unit cell as a function of the numbers of
atoms in thetl (4 — x) unit cell, n, for phases com-
posed of a transition metal as solvent and an intersti-
tial element as solute ( [26, 58], this work).

In contrast with the palladium-based interstitial compounds, the axial cgaoof the
metastable Fe-C-martensite increases strongly upon filling ob)ktyge distorted octahedral
interstices (4/mmn) with carbon. Consequently, the unit cell volume increases with the num-
ber of carbon atoms in the Fe-C-martensite unit ceD2855 nni < V. < 0.02477 nm for
2 < n< 2.08) [26]. The martensite Fe(C) is a derivative of thex (W type) structure [49],
whereas the palladium-containing phasegBPdnd PdH 33 are derivates of th&cc (Cu type)

structure.
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2.5. Conclusions

e The low-temperature boride B8l forms congruently from the cubic intersitial solid so-
lution Pd(B) €F(8—x), Fm3m, a= 0.401036) nm) upon annealing below 653(1) K.

e Pd;B shows a tetragonal distortion of the Pd(B) unit cell. The B atoms occupy the dis-
torted octahedral interstices formed by the Pd sublattice in a random way; the Pd sublat-
tice is fully occupied. This is in contrast with the pendant structure in the Pd-H system,
PdH; 33, that is characterized by vacancies on the Pd sublattice.

e The crystal structure data for Ei8l are: 14/mmm a = 0.2849Q4) nm, ¢ = 0.40038§9)
nm; 2Pd &), 0.19x 2B (b).



Chapter 3

Powder diffraction data for borides P4B
and PdB, and the formation of an
amorphous boride PsB

M. Beck, M. Ellner and E.J. Mittemeijer

Abstract: Powder diffraction data and refined unit cell parameters of two palladium borides
were determined. For BB (space groug’nmg Fes;C type) it was found thad=0.54602(3)
nm, b=0.75596(4) nm,=0.48417(4) nm and for B8, (space grougC2/c; MnsC; type)
a=1.27759(12) nmb=0.49497(5) nm¢=0.54704(4) nmPB=97.049(7). Further it was shown
that the position of the principal scattering peak of the amorphopB Rdfils the Nagel-Tauc
criterion about glass forming ability.
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3.1. Introduction

The binary phase diagram Pd-B (for the most recent evaluation, see [9]) shows a large ho-
mogeneity range for the terminal interstitial solid solution Pd(B) up to the mole fraggieon
0.186 [10], the low-temperature borides.R&, Pd._sB and the high-temperature boride 8.
The exact stoichiometry of the palladium-richest boride dBlis unknown; according to Ipser
and Rogl [6], the composition would correspondkgo= 0.14. Algasmiet al. proposed for the
composition range & xg < 0.186 only the solid solution Pd(B) and the palladium-rich boride
PdigB3 (a=0.8010 nm) [7].

The structure of the borides gl (Pearson symbadP16, space groupnma Fe;C type;
[11]), P&B2 (mC28,C/2c, MnsC, type; [11]) and PgB (oP6, Pnnm anti-Fe$ type; [12]) has
been determined by single crystal X-ray diffraction investigations.

The borides P¢B and PdB, melt congruently at 1398 K and 1350 K, respectively, as
indicated by Rogl [9]. In contrast, a peritectoid formation from the solid solution Pd(B) and
PdB2 at 1163 K was suggested for $Blby Algasmiet al. [7]. A deep eutectic occurs at
xg ~ 0.365 andT = 1237 K in the binary system Pd-B [9]. It is common knowledge that in
the neighbourhood of a deep eutetic glass formation is often found [59]. Indeed, amorphous
Pd-B alloys were prepared by means of the melt-spinning technique in the composition range
0.24 < xg < 0.30 [60].

No powder diffraction data have been given for the boridefBRahd PdB; (cf. [51]). This
article primarily reports such powder diffraction data to facilitate phase identification in the
very complex palladium-rich portion of the phase diagram of the binary system Pd-B.

3.2. Experimental

The Pd-B alloys were prepared from palladium (99.9 wt. %; Heraeus) and boron (99.5 wt. %;
Johnson Matthey) by arc melting under argon (550 hPa, 99.999 vol. %; Messer Griesheim).
Amorphous alloys were prepared from the as-cast Pd-B alloys by melting and liquid quench-
ing in a rotating-propeller apparatus [61]. The homogeneity of the crystalline bulk alloys as
well as the amorphous nature of the liquid-quenched alloys were checked by means of Guinier
diffraction patterns taken with an Enraf-Nonius FR552 camera usingpoGuadiation and by
metallographic investigations.

The bulk alloy of composition R, was heated in an evacuated silica capillary at 1213
K for 38 hours in order to ensure homogenization and then water quenched. For the unit cell
parameter measurements the bulk alloys were filed. The filings were put in quartz capillaries,
which were flushed with argon (99.999 vol. %; Messer-Griesheim), evacuated and annealed at
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Table 3.1. Experimental conditions used for recordingsBgpowder XRD pattern.

Radiation type, source X-ray, @1

Generator settings 45kV, 40mA

Wavelength 0.154056 nm

Primary monochromator germanium (111)
Divergenz slits 0.28

Receiving slit 0.1 mm

Rangein B 21.5-125.9

Scan technique continuous: step size 024
Countingtime perstep  9s

Detector proportional counter
Specimen motion rotation

973 K for 30 minutes (PsB) or 1213 K (PdB>) for 20 minutes, respectively, to remove internal
stress and then water quenched.

Powder diffraction patterns were recorded at room temperature in a Guinier transmission
camera (see above) usingKCay (A = 0.154056 nm) and FKex 1 radiation f = 0.193604 nm).
Silicon (99.9999999 wt. %; Ventroa,= 0.543094 nm) was used as an internal standard. Single
coated CEA Reflex 15 film was used for the Guinier patterns. Unit cell parameters were refined
by least squares fitting of Bragg’'s equation to the positions of the diffraction lines in the range
23 < 20 < 77° for PkB and 39 < 20 < 69° for P&B,. Powder diffraction intensities ob-
served in the Guinier patterns of 4B were determined densitometrically on a Line-Scanner
LS 20 (KEJ Instruments). The intensities of thesBdeflections were determined using a
Philips X'Pert diffractometer with Bragg-Brentano geometry an&Quradiation and employ-
ing Philips ProFit software. Further details of the data collection procedure have been given in
Table 3.1. For calculation of powder diffraction intensities the progt&zY PULV ERIXwas
used [52].

3.3. Results

The X-ray diffraction patterns of the alloy B8 (powder heated at 973 K for 30 min. and
subsequently water quenched) showed diffraction lines of the structure ty@e(é@mentite).

A Rietveld refinement (using the GSAS package [62]) of powder diffraction data recorded
with the diffractometer (cf. Section 3.2) confirmed the atomic positions in the unit cell as
given by Stenberg [11] (refined profile parameters: 3; refined background parameter: 3; refined
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Figure 3.1.Experimental (+), calculated (continuous line) and difference (below) plots fB.Pd

overall thermal parameter: 1;Ry: 0.32; R(F?)(F2 > o(F?)): 0.13; atomic positiorx, Y,

z (this work/ [11]): Pd 8¢) 0.1800(2)/0.1798, 0.0695(2)/0.0700, 0.3284(3)/0.3276; Y 4(
0.0384(3)/0.0372%, 0.8456(4)/0.8446; B (not refined) 0.8&14,0.433). The result is presented
in Fig. 3.1.

For alloy P@B> (powder heated at 1213 K for 20 min. and subsequently water quenched)
diffraction lines of the structure type M@, were observed in the Guinier patterns.

For calculation of X-ray powder diffraction intensities, the atomic positions @BPahd
PdB, determined by Stenberg [11] were used. The experimental and calculated powder
diffraction data have been gathered in Tables 3.2 and 3.4. KB ®e figure of merit ac-
cording to de Wolff [63] (1968) iM>o = 100 and that according to Smith and Snyder [53] is
Fa4 = 83(0.009,61). For P@B, the figure of merit according to de Wolff [63] Mo = 74 and
that according to Smith and Snyder [53Fs; = 76(0.010,35).

The liquid quenched alloys of compositionsgi8ks and PdgB34 were completely amor-
phous with the principal scattering maximum in the range of 4.17 'nm2sin/A < 4.76
nm-L,
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Table 3.2.Powder XRD data of PgB (powder heated at 973 K min. and subsequently water quenched;
CuKa; radiation;lgns diffractometer datagl,,s Guinier camera data): space groupema
Pearson symbalP16, refined unit cell parameter data= 0.546023) nm, b = 0.755964)
nm,c = 0.484174) nm.

hkl  deaic (NM)  dops (NM)  Bops  lobs lcalc
011 0.40772 <1
020 0.37798 0.37779 23.529 2 1
101 0.36226 0.36216 24.560< 1 <1
111 0.32669 0.32676 27.270 3 3
200 0.27301 0.27299 32.779 2 2
121 0.26154 0.26161 34.248 31 29
210 0.25678 0.25681 34.908 25 26
002 0.24209 0.24210 37.104 21 21
201 0.23781 0.23783 37.796 17 18
211 0.22685 0.22689 39.692 47 49
031 0.22353 0.22361 40.300 100 100
220 0221324 55135 40730 89{
102 0.22131 43
112 0.21239 0.21241 42525 45 41
131 0.20686 0.20692 43.711 29 24
022 0.20386 0.20388 44.397 2 2
221 0.20129 0.20132 44.991 42 36
122 0.19098 0.19100 47.567 13 11
040 0.18899 0.18907 48.085 3 2
230 0.18517 0.18520 49.153 12 10
202 0.18113 0.18110 50.343 1 1
212 0.17615 0.17614 51.864 5 5
231 0.17295 0.17300 52.880 2 2
301 0.17037 0.17037 53.759 13 11
141 0.16756 0.16761 54.720 6 4
132 0.16628 <1
311 0.16620 0.16624 55.209 5 3
222 0.16334 0.16336 56.266 8 6
013 0.15783 0.15780 58.435< 1 <1
240 0.15539 0.15542 59.420 8 6
321 0.15532 <1

continued on next page
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continued form previous page

hkl  deaic(NM)  dops(NM)  Bops  lobs lcalc
103 0.15477 <1
113 015163 0.15166 61.050 3 2
042 0.14897 <1
241  0.14796 014799 62.733 4 3
232 014708 014707 63170 3 3
302 0.14548 <1
051  0.14432 014429 64533 2 1
142 0.14372 <1
123 014323 014323 65.065 17 14
312 0.14286 <1
331 014114 <1
151 013953  0.13952 67.021 2 2
203  0.13893 <1
213 0.13664 <1
400  0.13594 <1
033  0.13591 <1
322 013577 013577 69132 4 3
410 013433 <1
250 013226 013227 71230 9 6
133 013188 013189 71.471 22 17
401 013138 013137 71.796 14 13
242 0.13077 <1
223 0.13040 <1
411 012944 012942 73.053 2 2
420 012839 012840 73.728 2 1
251  0.12759 012761 74.262 16 11
341 0.12654 <1
060 4 012509 012598 75.387 34 '
332 19
152 012484  0.12480 76228 12 8
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Table 3.4.Powder XRD data of RgB, (powder heated at 1213 K for 20 min. and subsequently water
qguenched; Reéa; radiation;lps anddops Guinier camera data): space grddp/c, Pearson
symbol mC28, refined unit cell parameter data:= 1.2775912) nm, b = 0.494975) nm,
c=0.547044) nm, = 97.049(7)°.

hkl dcalc dobs 26obs Iobs Icalc

200 0.63397 <1
110 0.46108 <1
111 0.35944 <1
111 0.34395 1
310 0.32141 <1
400 0.31698 2

311 0.28864 0.28867 39.187 17 13
002 0.27146 0.27143 41.787 11 7
311 0.26591 0.26591 42.697 16 13
202 0.26142 0.24141 43469 10 9
020 0.24749 0.24739 46.069 14 23
202 0.23915 0.23910 47.764 41 26
112 0.23863 0.23859 47.873 53 38
220 0.23054 <1

112 0.22949 0.22949 49.899 11 13
510 0.22570 0.22567 50.803 100 100
021 0.22519 0.22530 50.892 51 55
402 0.21995 0.21993 52.228 29 19

312 0.21762 0.21761 52.826 50 32

511 0.21697 0.21698 52.992 17 16
221 0.21569 0.21561 53.354 26 15
600 0.21132 0.21133 54523 31 4
221 0.20887 0.20886 55.224 19 20
511 0.20077 0.20075 57.657 13 14
312 0.19846 0.19848 58.383 23 21
420 0.19507 3

402 0.19471 0.19469 59.630 19 15

421 0.18816 0.18816 61.925 9 10
512 0.18369 0.18370 63598 8 7
022 0.18289 0.18287 63924 6 4
222 0.17972 2
421 0.17932 <1

602 0.17765 0.17766 66.033 12 10
222 0.17197 0.17202 68.492 4 5
113 0.17107 0.17108 68.921 25 16




Discussion

3.4. Discussion

The binary system Pd-B shows a certain similarity to the metastable system Fe-C concern-
ing the occurrence of isotypical pair-phases: the boride8 kB, and the carbides EE-

FesCo. The cementite structure type @& can be interpreted as a twinned hcp structure of
the metal atoms with occupation of the trigonal-prismatic voids by interstitial atoms [49, 64].
This structure type has many representatives among the transition metal elements with inter-
stitial elements as boron and carbon, but not nitrogen and oxygen [47,48]. The structure type
Pd&B, (MnsCo) can be derived from the cementite structure type by a 'structural-block chang-
ing’ [64, 65]. Only three interstitial element-containing representatives of this structure type -

MnsC,, Fe;C, and PdB: - have been observed [48].
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Figure 3.2.Axial ratios b/c and b/a for the transition metal-containing borides and carbides of the

I I
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cementite structure type ( [48]; this work).

The axial ratiod/c andb/a are shown for the transition metal-containing borides and car-
bides with the cementite structure type in Fig. 3.23Bdhows the largest axial ratibga and
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b/c and therefore also the largest elongation of the unit cell, upon introduction of the interstitial
atom, among all phases isotypical withgEe On the other hand, BB as well as the quasiho-
mological 3 transition metal-containing carbidessCr...CaC exhibit the smallest values of

the axial ratioa/c. This can be interpreted as a tendency to adopt the tetragonal unit cell of the
UsSi, structure type which is structurally related to the cementite structure type [66].

The Nagel-Tauc criterion describes a model of metallic glass formation based on nearly-
free-electron approximation [67]. This criterion requirdé&2~ K, in order for an amorphous
phase transformation to be possible, wh€ge= Fermi sphere diameter akg = wave number
of the first peak. In the present case, the wave nuniygnwvas determined from the Bragg's
equation applied to the principal scattering maximum of the amorphous allgy843dnd
PdseBaa: Ky = 41tsin/A = 28.0 nm 1 using the data given in section 3.3. The value of the
diameter of the Fermi sphere was calculated from the relatioWﬁ:pf/BncvepNA\,/ YiXim =
14.4 nn! [68] (wherecye = valence electron concentratiop;= density;Na, = Avogadro’s
number;m = atomic mass of thecomponent; with the approximations valency of palladium
= 0 and valency of boron = 3 fofF= 0 K): 2K = 28.8 nm 1 ~ Kp. This shows that the
occurrence of amorphous alloys with compositiongzBgs and Pd@gB34 produced by liquid
guenching corresponds well with the prediction according to Nagel-Tauc criterion.




Chapter 4

Decomposition of the interstitial solid
solution Pd(B)

M. Beck and E.J. Mittemeijer

Abstract: The decomposition at 628 K of the Pd(B) solid solution containing 6 at. % boron
was analyzed by use of, primarily, X-ray diffraction. A structure model was used to simulate
the X-ray diffraction-line profiles. The decomposition was described as the precipitation of a
boron-poorifcc phase in the paremtc phase gradually enriching in boron. The experimentally
determined width of the miscibility gap is different from previous experimental results, but
agrees with theoretical data obtained on the basis of the quasi-chemical approximation. Further,
the microstrain in the decomposed state was measured and compared with that of the initial,
guenched supersaturated solid solution; good agreement was observed between results obtained
from X-ray diffractometry and transmission electron microscopy.
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4.1. Introduction

Palladium exhibits a very large interstitial solubility of boron up to a mole fractips 0.18

[10]. The solid solution Pd(B) is a high temperature phdse Rd lattice with boron in the
octahedral interstices; space grod‘-mﬁm, Pearson-Paréh§ymbolcF (8 — x)) which can be
retained at room temperature by quenching. The solid solution decomposes in the range of
0.02 < xg < 0.10 between 585 K and 683 K in twioc interstitial solid solutions [7, 13, 69].
Below 585 K and in the composition ranged@ < xg < 0.15 a two-phase region has been
reported, where thiec interstitial solid solution decomposes in fae Pd(B) solid solution and

the tetragonay-phase (P¢B, 14/mmm t12.38 [70]). This miscibility gap and the two phase
region were exhibited by X-ray diffraction analysis using samples heat treated in a temperature
range of 553 K to 723 K for 3 to 7 days [13].

A miscibility gap is a rare phenomenon for a binary interstitial solid solution based on the
fcc structure. Such a miscibility gap has only been reported for three systems: Th-C, Pd-H and
Pd-B [31]. The miscibility gap of the binary system Pd-H has been investigated extensively
(e.0.[71]), whereas the demixing of the solid solutions of Th(C) and Pd(B) has been the subject
of only a few works [7,13,69, 72-74].

All reported structural investigations of the miscibility gaps of thé&seinterstitial solid
solution, known to us, were confined to the start and final states of the decomposition. The
reaction path and the kinetics of this type of decomposition have not been investigated in detail
until now. The final state of the decomposition consists of two phases isotypical with the parent
fcc homogeneous solid solution. The two product phases contain different contents of the in-
terstitial element and, therefore, these phases have different unit cell parameters, different from
that of the parent phase. Hence, X-ray diffraction analysis is a useful method for studying the
decomposition process.

In this paper results are reported of a project devoted to the formation of the miscibility gap
in the Pd-B system primarily using X-ray diffractometry. The observed X-ray diffraction-line
profiles have been simulated on the basis of a simple structural model for the decomposed state
as a function of the degree of decomposition.

4.2. Model for calculation of the X-ray diffraction-line pro-
files

In the Pd(B) solid solution considered decomposition proségs redistribution of boron,
while maintaining the samiec parent Pd sublattice, leading to a boron-rich and a boron-poor
Pd(B) phase, which to our present knowledge, both exhibit a random distribution of boron, as
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holds for the parent Pd(B) phase. The unit cell parameter of Pd(B) depends strongly on the
boron content [50]. It follows that decomposition of the Pd(B) solid solution leads to spatial
fluctuations in the unit cell parameter. In an X-ray diffraction experiment lattice-spacing vari-
ation can be measured in a direction along the diffraction vector. Thus, to model an X-ray
diffraction hkl line profile recorded from a (partly) decomposed Pd(B) solid solution, it can be
proposed that a one-dimensional variation of the lattice spacing is considered.

It may be suggested that decomposition of Pd(B) is diffusion controlled. Then, the nature of
the evolving concentration profile may be described, for a start,afith) = A+ B- erf( 2\}‘&)
[75], wherex = position (in the crystal)D = diffusion coefficientt = time andA andB are
constants. Further, recognizing that the unit cell parameter depends linearly on boron content
[50], at a certain, intermediate stage of decomposition the unit cell parameter profile may be
subdivided into three zones, as follows.

The first zone of constant unit cell parameter represents the boron-poor product phase; the
third zone of constant unit cell parameter represents the boron-rich product phase; the second

zone in between represents the decomposing matrix (see Fig. 4.1):

a1 for 0<x< S; zone 1
a(x) = @Jr@-erf(%) for S < x< S; zone 2 (4.1)
a for S < X < Smax; zone 3

wherea denotes the unit cell parameterepresents positioly andS, designate the interfaces
between the zones a8y is the largest consideredvalue.

As a result, the evolution of the unit cell parameter, and thus of the boron content, is given
in Fig. 4.1 as a function of the position in the structure in a direction parallel to the diffraction
vector.

For the calculation of thékl diffraction-line profile the crystal is conceived as a set of
(hkl) lattice planes perpendicular to the diffraction vector with a distance between the lattice
planes given byl(x) = a(x)/vh?2+k2+12. The X-ray diffractechkl intensity,|, depends on
the diffraction angle & according to [76]:

2

1(8) = ‘Z“ SO (4.2)

where f is the atomic scattering facto\ the wavelength of the X-ray radiation used
and x is the position of thek" diffracting plane % = le(:ldj), where d; is the lat-

tice spacing assigned to lattice planpe Because of the very small atomic scattering fac-
tor of boron, the influence of the boron atoms on the diffracted intensity can be ne-
glected. The boron content is primarily reflected through its effect on the lattice spacing.



Model for calculation of the X-ray diffraction-line profiles 41

The line profile as described by Eq. 4.2
represents the true, so-called structural Iin;% I
profile. In a real diffraction experiment Iine%
broadening occurs also due to the wavér
length distribution and instrumental aberra‘-;3
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called intrumental broadening function. Th
observed line profile is then given by the co
volution of the structural line profile and the ‘ ‘ ‘ ‘
instrumental line profile [76]. It should be ° splositionx @u) 2 max
noted that a source of structural line broad-
ening, other than the compositional latticd=/gure 4.1.Mariation of the unit cell parameter, and
spacing variation considered in the model, as therefore of the boron content, Of_ a
due to the presence of microstrains, will show partly decgmposed Pd(_B_) SO_“d solution

. o - as a function of the position in the crys-
up as an additional contribution to the ’instru-

- : . tal (see text and Eq. 4.1).

mental’ line broadening as determined by the
fitting to be discussed (see section 4.7).

To take into account the instrumental broadening of the diffractometer in the experiment,
the calculated intensity (cf. Eg. 4.2) is convoluted with a symmetric pseudo-Voigt furiction,
PV(20). Recognizing the presence of tKex doublet in the X-ray radiation used in the ex-
periments (cf. section 4.3), arp component is added to the calculatedcomponent with a
fixed intensity ratid (Kaz)/I (Kag) = 0.5. The positionss; and$; of the interfaces between
the transition zone (zone 2 in Fig. 4.1) and the boron-poor phase (zone 1) and the boron-rich

. . . _ +Sl) o
phase (zone 3), respectively, have to be determined by fitting, but otﬁ%@’f&—) =-0.99

for S and er(%) = +0.99 for S, thus confining the entire unit cell parameter variation

to zone 2.Syax has been set somewhat arbitrarily to 3000, to avoid a contribution of size broad-
ening (larger values @& ax give not significantly different results). Finally a linear background

is added to the calculated doublet. The thus synthesized profile is fitted to the experimentally
observed one.

(Par

Un?cell

n
n

The fit parameters in principle are: the two constant unit cell paramateasid ap, the
FWHM (=full width at half maximum = % = 2wg) and the mixing parameterof the pseudo-
Voigt functiort, the interface positionS; andS, and the two background parameters (intercept
of the ordinate and slope). Fitting was realized by minimalizatiog; 0fns— lcalc)?, Wherelgps

“PV(28) = Io[L(26) + G(26)] with Lorentzian componerit(20) = nww, whereC_ = 3, and with
L
Gaussian compone@®(268) = (1—n) exg—Cg(20 — 260)?], whereCg = 1?,2—2 (W, wg = FWHM of L(28) and
G

G(20) respectively and) = mixing parameter) and withy as a constant.
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Table 4.1.The unit cell parametes, of the sample determined using the Guinier technique. The boron
content has been calculated using the dependereermboron content as given in Ref. [50].

start remixed
unit cell paramete (nm) 0.39346(7) 0.39332(2)
mole fraction xg 0.055 0.054

andl.yc are the observed and the calculated intensities, respectively, by using the Levenberg-
Marquardt method [77].

Three possibilities are distinguished to simulate the experimentally determined X-ray
diffraction-line profiles:

1. The boron-rich and boron-poor product phases diffract coherently with the matrtke
intensity in Eq. 4.2 is calculated by performing the summation &&eccording to the
range 1< k < Syax (cf. Fig. 4.1) and then convoluting with the instrumental broadening
functionPV(20):

lexp(26) = 1(28,1 < k < Snax) © PV(26). (4.3)

2. The boron-rich and boron-poor product phases and the matrix diffract incoherently,
(cf. Fig. 4.1):

lexp(20) = 1(20,1<k<S)@PV(20)+1(26,(S1+1) <k< S)®@PV(20) 4.4)

+1(28,(S2+1) <K< Smax) ®PV(26) |

3. Either the boron-rich phase precipitates out of the matrix which impoverishes (ultimately
becoming the boron-poor phase) or the boron-poor phase precipitates out of the matrix
which enriches (ultimately becoming the boron-rich phase). In this case the precipitating
phase could be considered as diffracting incoherently with the remaining enriched or
impoverished matrix,e. (assuming that the boron-poor phase precipitates):

lexp(28) = 1(26,1 < K < S1) @ PV(26) +1(28, (St +1) < k< Sna) ®PV(20)  (4.5)

4.3. Experimental

The Pd-B alloys were prepared from palladium (99.9 wt.%; Heraeus) and boron (99.5 wt.%;
Johnson Matthey) by arc melting under argon (550 hPa, 99.999 vol. %; Messer Griesheim).
The weight of the samples was measured before and after alloying; no significant differences
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were observed. The homogeneity of the as cast bulk alloys was checked by means of X-ray
diffraction.

The boron content of the alloy was determined using the dependence of the unit cell param-
eter on the boron content [50]. For the unit cell parameter measurements by means of X-ray
diffraction analysis the bulk alloys were filed. The filings were put in quartz capsules, which
were flushed with argon, then evacuated and annealed at 1073 K for 1 min. to remove internal
stress due to the filing procedure, and subsequently water quenched to avoid decomposition
phenomena. Powder diffraction patterns were recorded at room temperature in a Guinier trans-
mission camera (Enraf-Nonius FR552) usingfitq radiation § =0.070930 nm). Germanium
(99.9999 wt. %; Johnson Matthey, unit cell parameter 0.56574 nm [23]) was used as an
internal standard. Single coated CEA Reflex 15 film was used for the Guinier patterns. The po-
sitions of the diffraction lines in the Guinier patterns were determinated using a Line-Scanner
LS 20 (KEJ Instruments). Unit cell parameters were refined by least squares fitting of Bragg’s
eqguation to the positions of the diffraction lines in the range426 < 56°.

The filings for the long time heating were prepared in the same way. The samples were heat
treated at 628 K for 3.5 days to nearly 48 days and then subsequently water quenched. For the
transmission electron microscopy (TEM) investigations bulk material was prepared in the same
way as the powder (filing) and heat treated for nearly 70 days.

For decomposition reversion (redissolution), the filings in fully decomposed state (after an-
nealing for 33.6 days at 628 K) were annealed for 1 hour at 923 K and then quenched into
water.

The unit cell parameters and thus the boron contents were determined using the Guinier
technique for the initial solid solution and after redissolution have been given in Table 4.1.
Note that the value for the boron content after redissolution does not differ significantly from
the initial value.

The X-ray diffraction analysis of the long time heated samples was performed with a Philips
X'Pert diffractometer equipped with a Cu tube and a graphite monochromator in the diffracted
beam to select (a radiation and applying Bragg-Brentano geometry. The diffracted intensity
was recorded in the range of 3® 110 26 with a step size of 0.0126 and a counting time per
step in the range of 20 to 110 seconds. The divergence slit width was&an@3he receiving
slit width was 0.1 mm. To measure the line broadening due to the wavelength distribution and
the instrumental aberrations a La&andard specimen (NIST reference standard material 660a)
was used.

For TEM investigations the sample (bulk) was thinned using conventionalgk-milling
to obtain an electron transparent foil. To avoid sample heating during the milling the sample was
cooled using liquid nitrogen. For the TEM investigations a JEM 2000 FX electron microscope
operating at an acceleration voltage of 200 kV was used.
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Figure 4.2. Diffraction profiles of the 222 peak of BBg as a function of annealing time. The first
profile ¢ = 0) is the diffraction peak of the homogeneous interstitial solid solution (sample
annealed at 1073 K for 1 minute); various stage of decomposition are shown for annealing
at 628 K for the different times.

4.4. Observations

The decomposition of the B§Bg solid solution upon annealing was exhibited by X-ray diffrac-
tion analysis. The 222 diffraction-line profiles are shown for various annealing times at 628
Kin Fig. 4.2. Att =0 only one diffraction peak is observable, indicative of the homoge-
neous, supersaturated solid solution. Upon annealing a splitting of the diffraction peak occurs,
corresponding to the development of the boron-poor phase and the boron-rich phase.

Fitting of the profiles of the decomposed samples using two conventional, spliged (
asymmetric) pseudo-\Voigt functions [78] leads to opposite and about equal asymmetries of
the fitted profiles€.g.asymmetry parameters of -29 and +28, respectively).

Electron diffraction patterns of the homogeneous solid solution show sharp diffraction spots
(Fig. 4.3a). In contrast with this, electron diffraction patterns of the decomposed solid solution
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Figure 4.3.a) Electron diffraction pattern of a homogeneous4Bd solid solution ([100] zone axis).
The sample was prepared by annealing the decomposed solid solution (right figure) at 923
K for 1 hour.
b) Electron diffraction pattern of a decomposed B4 solid solution after annealing at 628
K for 70 days ([100] zone axis).

show broadened spots and (short) diffuse streakihl> directions (cf. Fig. 4.3b; [100] zone
axis).

The bright field electron microscope image of the homogeneous solid solution (after an-
nealing of the decomposed sample at 923 K for one hour and subsequent quenching into water)
shows an overall homogeneous contrast (Fig. 4.4). Further, dislocations are present, apparently
due to quenching after the solution annealing. The dislocation density, as measured from the
micrographs, is about-20'® m~2, which is significantly larger than the dislocation density for
well annealed metals [79]. After decomposition annealing the bright field electron microscope
image shows a strongly inhomogeneous contrast indicative of precipitation-strain variation on
a length scale of the order 10 nm (Fig. 4.5).

4.5. Fitting of X-ray diffraction-line profiles

Line-profile fitting has been carried out for all three cases of line-profile simulation indicated
in section 4.2 (Eqgs. 4.3 - 4.5). The results as expressed in the unit cell parameters of the
(developing) boron-poor and boron-rich phases show that, within the experimental accuracy, (i)
same results are obtained at a certain stage of decomposition from all fitted line profiles (111,
002,022, 113, 222, 004) and (ii) insignificant differences occur for the three cases of line-profile
simulation. Thus, the unit cell parameters for the boron-poor and boron-rich phases, as given
by the average derived from all reflections considered, is shown in Fig. 4.7. It follows that the
unit cell parameter of the boron-poor phase is the same for all stages of decomposition, whereas
the unit cell parameter of the boron-rich phase increases upon increasing annealing time.

This leads to the following description of the precipitation process: the boron-poor phase
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Figure 4.4.Bright field TEM image of the homogeneous solid solution of§4Bg after annealing of the
bulk material at 628 K for 70 days (=demixing, cf. Fig. 4.5) and subsequent annealing at
973 K for 1 hour. Hereby a homogeneous solid solution is established.

Figure 4.5.Bright field TEM image of the decomposed state 0§/Bg after annealing of the bulk ma-
terial at 628 K for 70 days.
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Figure 4.6.0bserved pointse|, refined pattern-{) and difference pattern<) of the 222 diffraction
peak of the decomposed Pd(B) solid solution after annealing at 628 K for 40.6 days. The
positions of the two main reflections have been marked (+).

precipitates from the start of annealing, leaving a matrix gradually enriching in boron until the
equilibrium value;i.e. of the boron-rich phase, has been reached. It will be seen that results
derived from the fitting support this interpretation (see section 4.6).

Hence the definitive line-profile simulations have been performed according to case 3 (cf.
section 4.2; EqQ. 4.5). The results are discussed in the following sections.

An example of fitting is shown in Fig. 4.6 for the 222 diffraction peak ob/Bgd after
annealing at 628 K for 40.6 days. The match between the experimental data and the calculated
profile is good. Only the line profile determined for an early stage of decomposition (after an
annealing time of 3.5 days) could not be fitted very well; the corresponding results have not
been considered in the discussion (cf. Fig. 4.7).
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Figure 4.7.The unit cell parameten, determined using all measured diffraction peaks, and the boron
content, expressed at the mole fractign of the decomposed state, as a function of an-
nealing time at 628 K (boron-poor phaseé’; boron-rich phase £)). The boron content
is calculated using the dependence of the unit cell parameter on the boron content [50].
The unit cell parameter of the initial homogeneous solid solution as determined using the
diffractometer data is also showix). The dotted lines represent the experimental deter-
mined boron contents of the miscibility gap as reported by [13]; the dashed lines represent
the prediction using the quasi-chemical approximation [13]. For the results 8t5 days,
see section 4.5.

4.6. Phase composition and amount

The unit cell parameter (linearly related to the boron content [50]) is given in Fig. 4.7 as
a function of annealing time for both the precipitating boron-poor phase and the remaining
matrix, enriching in boron (because of the compositional variation in the remaining matrix the
average unit cell parameter of zones 2 and 3 has been given). After an annealingttin2of
days the boron content of (also) the remaining matrix (boron-rich phase) is practically constant.
The boron content of the boron-poor phase matches well with experimental data reported
earlier for the miscibility gap at 628 K (cf. Fig. 4.7; [13]). The boron content of the boron-rich
phase differs significantly from the literature data presented in [13] (this wagyks= 0.061,
literature data [13]xg =2 0.093). On the other hand, a theoretical prediction of the miscibility
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Figure 4.8.The determined amount of the decomposed phases as a function of time (boron-poor phase
=, boron-rich phase €)). For the results at= 3.5 days see section 4.5.

gap has been obtained from an evaluation of activity measurements using the quasi-chemical
approximation with as result a composition range @38 < xg < 0.070 for the miscibility

gap (atT = 628 K) [13]. The width of this theoretical miscibility gap agrees well with the
experimental width determined in this work, but the theoretical compositions for the equilibrium
phases are somewhat higher than the experimental data (see Fig. 4.7).

The amounts of both phases as determined by the line-profile fitting have been given in Fig.
4.8. Upon decomposition the amount of boron-poor phase (of constant composition; see above)
increases, whereas the amount of matrix enriching in boron decreases. Beyond about 25 days

of annealing the amounts of both phases do not change further significantly, indicating that the
equilibrium situation has been reached.

A way to check the consistency of the phase-composition and phase-amount data, as deter-
mined by the line-profile fitting, is as follows. On the basis of the data from the line-profile
fitting for phase composition and phase amount, the overall composition of the specimen can
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be calculated. Doing this for every stage of the decomposition for which line-profile measure-
ments were performed (cf Fig. 4.8), it followed that i) practically the same overall composition
was calculated for every decomposition stage and ii) the calculated overall composition differed
only about 0.4 at. % from the initially measured overall value, which difference is considered
acceptable in view of the simple structure model used in the fitting. Results i) and ii) indicate
that the fit results for phase composition and phase amount are compatible.

4.7. Microstrain

The instrumental profile as defined in this paper (cf. section 4.2) does not necessarily only
contain the broadening due to the wavelength distribution and the instrumental aberrations.
Because for the line-profile simulation only the compositional variation has been considered
as structural line broadening (cf. section 4.2), it follows that possible microstrain broadening
and domain size broadening are incorporated in the ’instrumental’ profile determined by the
line-profile fitting. The real instrumental profile can be determined using a standard specimen
(LaBg, cf. section 4.3; this standard material gives rise to negligible size and microstrain broad-
ening). The contribution to the FWHM values of the "instrumental” profiles due to the true
instrumental broadening were eliminated by straightforward subtraction of the corresponding
FWHM values determined by interpolation, & alues corresponding to the measured Pd(B)
reflections, between measured FWHM data for thed stBndard specimen; this subtraction of
FWHM values holds exactly for profiles of Lorentzian shape. Then, values for the integrated
breadth 3, were obtained from the thus corrected FWHM values by using the relation between
FWHM andp for Lorentzian profilesp = FWHM - 11/2.

Analysis of line broadening can be performed on the basis of the Williamson-Hall anal-
ysis [14]. If it is assumed that the various components of structural line broadening can be
approximated with Lorentzian functions, the following relation holds between the integral
breadth,3, of an only structurally broadened reflection and the dixend the microstrairs
(cf. Ref. [14,80]): _
Bcoie) _ %_I_ZSZs;r\‘(e)
with 3 expressed in radian®2 Hence, a straight line behaviour should be observed in a plot
of Bcog0)/A vs. 2sin(B)/A. Now consider Fig. 4.9 which shows such plots as obtained for
the Pd-B alloy considered both as homogeneous solid solution and in the fully decomposed
state (after an annealing time of 33.6 days). Indeed, straight lines, as predicted by Eq. 4.6, are
observed.

(4.6)

These results can be discussed as follows:
The homogeneous Pd-B alloy exhibits distinct microstrain broadening (the slope in the
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Figure 4.9. Williamson-Hall plots for decomposed state (after annealing for 33.6 day3) and for the
homogeneous, quenched solid solutiefl.

Williamson-Hall plot for this alloy is larger than zero). This is ascribed to the dislocations
introduced by quenching after the homogenization (cf. section 4.4 and Fig. 4.4). Adopting the
approach in Ref. [81] the following estimate can be obtained for the dislocation demsity,
from the size and microstrain values:

2V/3 < & >1/2
- Db
with b = norm of the Burgers vector of the dislocations (takeh asa/+/2 for fcc-material) and
< € >1/2 = mean square strain approximated ve&i{80]. This result well agrees with the dislo-
cation density value as estimated from a transmission electron micrograph of the homogeneous
Pd-B alloy after quenching (cf. section 4.4 ).

Pd —1.3.10%m™2

No (additional) size broadening is caused by the decomposition, because the intercepts cut
from the ordinate by the lines of the homogenized and decomposed alloys are the same. Fur-
thermore, the size broadening as determined from the intercept is relatively large (si240f
nm).
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The decomposition of the Pd-B alloy introduces additional microstrain (cf. slope of
Williamson-Hall plot for the fully decomposed stage with the one of the homogeneous state
in Fig. 4.9). Comparing the slopes of the straight lines in Fig. 4.9 it follows that the decompo-
sition about doubles the microstrain in the Pd-B alloy:

e(homogeneous allgy= 3.6-10 g(decomposed allgy=7.2-10 “.

Also the diffraction-contrast variations observed in the transmission electron microscope mi-
crographs indicate development of pronounced microstrain upon decomposition (cf. section
4.4),

4.8. Conclusions

e A simple model for the spatial unit cell parameter variation in a decomposing Pd(B) solid
solution allows accurate fitting of simulated X-ray diffraction-line profiles to measured
ones.

e Thefcc Pd(B) solid solution decomposed in a boron-ptmrPd(B) phase and a boron-
rich fcc Pd(B) phase, such that a boron-poor phase of constant composition precipitates
in a matrix enriching in boron and thereby becoming the boron-rich phase.

e The range of the miscibility gap at 628 K was determined.828< xg < 0.061.

e The initial homogeneous alloy exhibited distinct microstrain broadening due to disloca-
tions. The dislocation densities determined from the X-ray diffraction-line broadening
and transmission electron microscopy agree well.

e Decomposition of the Pd(B) solid solution leads to development of pronounced micros-
train, as evidenced by the occurrence of diffraction line broadening: as compared to the
initial homogeneous, quenched alloy, the amount of microstrain was about doubled upon
decomposition at 628 K.

Acknowledgments: The authors wish to thank Dr. P. Lamparter for useful discussions on
line-profile simulation and Mr. P. Kopold and Dr. W. Sigle for assistance with the TEM inves-
tigations.



Chapter 5

Simultaneous determination of specimen
temperature and specimen displacement in
high temperature X-ray diffractometry
applying Bragg-Brentano geometry

M. Beck and E.J. Mittemeijer

Abstract: Temperature uncertainty and unknown specimen displacement are the most se-
vere errors in high temperature X-ray diffractometry, in particular when using a strip heater
mounted on a Bragg-Brentano goniometer. A method is presented which enables the simul-
taneous determination of the specimen displacement and the temperature of the sample. The
method splits the determination of the aberrations in two steps: at room temperature and at
elevated temperature. It is based on the use of a reference material as internal standard. An
experimental example applying the method to a specific material is given, which shows that the
method provides correct data.
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5.1. Introduction

In situ high temperature X-ray powder diffraction is a very useful tool for investigation of the
behaviour of (crystalline) materials at non-ambient temperatures. To arrive at correct values of
the unit cell parameters, the positions of the Bragg reflections, characterized by the correspond-
ing diffraction angles @, have to be determined accurately. For an overview on aberrations
affecting the diffraction peak positions, see [82—84].

The largest errors in@are the zero shift and the specimen displacement. The zero shift
involves a (constant) shift of the peak positions over the whéleadge. The specimen dis-
placement affects the peak position proportional witheck®2] (cf. Eq. 5.1, below).

For small values of @ the change ofthe specimen displacement induced peak shift as
function of D is small (for 0< 20 < 90° a variation of about 30 % occurs). Therefore it is
evident that the peak shift induced by the specimen displacement can hardly be distinguished
from the zero shift for low diffraction angles [85]. In this case, these two errors have been
considered as one combined error causing a constant shift of the peak positions like a 'new’
zero shift (approximation for the specimen displacementBeod, cf. Eq. 5.1).

If the zero shift is the only aberration, it can be determined and corrected without internal
standard using the reflection-pair method [86—88]. If both zero shift and specimen displacement
occur, they can be measured at constant temperature applying standard materials of which the
true peak positions are known [89]. It can be assumed safely that the zero shift does not change
when the specimen on the heating stage in the diffractometer is exposed to various temperatures.
This does not hold for the specimen displacement: for example, many heating stages consist
of a heating chamber equipped with a strip heater [90]. Upon heating, the strip will expand.
The elongation in the direction of the filament can be more or less compensated by means
of applying prestressing of the heating filament. However, the surface of the filament, which
may be in the ideal position at room temperature. (specimen displacement then is nil),
will in general not stay in this ideal position upon heating; heating leads to thermal expansion
possibly in association with stress development and the specimen surface can move upward or
downward. Specimen displacement is regarded as one of the most serious sources of error in
the A values [82].

Furthermore, the assignment of the correct temperature value to the data recorded at elevated
temperature can be problematic; the temperature of the filament is traced by a thermocouple
positioned normally on the bottom side of the strip heater. The temperature at this location
can differ significantly from the temperature of the specimen [91]. Further, this difference is
temperature dependent.

Hence, generally it is impossible to interpret shift of peak positions upon heating straight-
forwardly in terms of the temperature change imposed, not only because the true temperature
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of the specimen is unknown, but also because at the same time an also unknown specimen
displacement occurs.

A widely used method for calibration of the sample temperature in heating chambers is the
use of external standards by observing polymorphic phase transformations [92]. Then, during
the measurement, the specimen displacement is determined by the reflections of the heating
strip. A large problem of this determination of temperature and specimen displacement is that
the sample has to be mounted exactly in the same way as the external standard specimen. Small
changes in thickness or in package density of the sample lead to a not negligible temperature
error [93].

This paper presents a method which enablesmaltaneousletermination of both the spec-
imen displacement and the temperature of the sample. It is demonstrated experimentally, by
application to specific reference materials upon heating, that the method provides correct data.

5.2. The principle of the method

The method utilizes peaks recorded from a reference material that serves as an internal stan-
dard. Requirements for the reference material used as internal standard are: it should be inert
in the atmosphere used and not react with sample material and the heating strip. Further its
thermal expansion coefficient has to be known very well. It is of advantage if the thermal ex-
pansion coefficient is large, because this leads to a stronger temperature dependence of the peak
positions.

The method is subdivided in two steps:
() In the first step, the zero shift and the specimen displacement at room temperature are de-
termined from peak position measurements performed on the internal standard material, as
follows:

The specimen displacemestjeads to a peak shift(20)sq (rad) depending on@given by

A(20)sg= —%Scose, (5.1)

whereR is the goniometer radius arglis positive for upward displacement of the specimen
surface [82].

Then the difference between the true peak positiég,&1d the observed onefg can be
expressed as

A(20) = 20, — 280 = —%Scos(et) +A(20)5 (5.2)

whereA(20),s is the zero shift. A plot ofA(20) vs. cog6;) leads to a straight line and thus
the specimen displacement and the zero shift are determined separately and independently from
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each other from the slope and intercept of the straight line.

(ii) In the second step, the specimen displacement and the temperature of the sample are de-
termined form the peak position measurements performed on the internal standard at elevated
temperature, as follows:

At elevated temperature, the theoretical, true positions of the peaks recorded from the inter-
nal standard (here taken as a cubic substance; this is not a limitation) can be calculated using
Bragg’s law and the unit cell parametar,at room temperature, if the thermal expansion coef-
ficient is known. Then the relation between the true peak positiénaBd the expected peak
position €.g.the peak position affected by specimen displacement and zero sBdft)igiven

by

2eex(T) = Zet(T) - A(Ze)sd(T) - A(29)25

=2arcsin(%7”2§¥§“2)+%[l—(%7vh§¥§“z)] —A(28)s  (53)

The dependence of the unit cell parametem temperature for pure elements can be de-

scribed as .

a(T) = ap+Aa(T); Aa(T) :ao_ziori(T—To)i (5.4)

whereag = unit cell parameter of the internal standard at the reference tempefatamea; =
the thermal expansion coefficient (see data pool [94, 95]).

The zero shift in Eq. 5.3 is known from the measurement at room temperature (step (i)).
The values o andT now can be determine from the observed values for the peak positions by
minimalization ofy;(20ex; — 2603)2, where Bey; is given by Eq. 5.3 (the subscriphas been
added to distinguish th& component in the series of peak positions considered).

5.3. Application of the method

5.3.1. Experimental

As internal standard material germanium was used (99.9999 wt. %; Johnson Matthey; unit cell
parametera = 0.56574 nm at 298 K [23]; for thermal expansion coefficients see Table 5.1).
As a model material tungsten was used (99.9 wt. %; Johnson Matthey(.31648 nm at

298 K [96]; for thermal expansion coefficients; see Table 5.1). The high-temperature X-ray
diffraction patterns were recorded from 26 to 2B with a step size of 0.0220 using CKKa
radiation and a Philips X'Pefi — 0 diffractometer with Bragg-Brentano geometry (goniometer
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Table 5.1.Thermal expansion coefficients of the internal standard (Ge) and the material investigated
(W) [94]. For definition ofaq, a, andag, see Eq. 5.4.

a1 (05} a3
Ge 5H790x10% 1.768x 107 —-4562x1011 203K< T < 1200K
W 4.266x 104 8479x 108 —-1.974x10 11 203K < T < 1395K

radiusR= 230 mm). The time per step was between 8 and 20 sec. An automatic divergence slit
was used with a radiated sample-length of 4 mm; the incident beam mask was 5 mm. A heating
stage Anton Paar HTK 2000 was installed on the diffractometer. The heating filament consisted
of tantalum. The temperature was controlled using a Pt-10%RhPt thermocouple, which was
welded on the rear side of the Ta strip. For the high-temperature measurements, the heating
chamber was evacuated (L0~2 Pa). Before and during the measurements the heating chamber
was flushed with helium (99.999 vol. %, Messer-Griesheim). Then, the pressure in the chamber
was approximately 10 hPa higher that the ambient pressure. The standard as well as the model
material was pulverized, mixed and put directly on the heating strip. The measured peak profiles
were fitted with Peason VII profiles, using Philips Profit 1.0 software. This program fits a linear
background and peaks consistingkaf; andKa, peaks with a fixed ratio (0.5) and wavelength
difference.

5.3.2. Results and discussion

The purpose is to determine the unit cell parameter of tungsten to a high degree of accuracy
from the peak-position measurements at elevated temperature, after determination of the speci-
men displacement and the temperature using peak positions recorded from the internal standard
germanium. Because for tungsten the unit cell parameter and the thermal expansion coeffi-
cients are known very well (cf. Tables 5.1 and 5.2; [94, 96]), the experimental results can be
well compared with theoretical, expected values.

The determination of the zero shift and the specimen displacement at room temperature
using the peak positions of germanium is presented in Fig. 5.1 (step (i), see above). The
resulting zero shift in this case 4§20),s = 0.018 (part cut from the ordinate by the straight
line in Fig. 5.1); the specimen displacemensis —14 pym (from the slope of the straight
line in Fig. 5.1). Because of the low intensity of the germanium 440 diffraction peak at room
temperature and its further decrease for increasing temperature, this diffraction peak is not
considered in the analysis.

In the second step the measured peak positions of germanium at elevated temperature were
used to determine both the specimen displacement at the specimen temperature concerned and
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Figure 5.1.The difference\(20) = 26; — 26, of the theoretical, true peak positior;2and the observed
one, B,, of germanium as a function of cd@) at room temperature (299 K; cf. Eq. 5.2).
The intercept corresponds to the zero shilit26),s, and the specimen displacemestis
represented by the slope of the straight line (results of this exani28),s = 0.018,

s=—12pum).

the specimen temperature itself, as described above. The results are shown in Figs. 5.2 and 5.3.

The determined, resulting differences of the actual temperature of the spedgnand
the temperature as indicated by the thermocoupdeare shown as a function df; for two
different measurement serieim Fig. 5.2. An appreciable difference between the true speci-
men temperature and the thermocouple indication is observed, that in particular increases for
temperatures higher than about 550 K.

The temperature discrepancy is due to a few errors which superimpose. Firstly, the thermo-
couple is welded in an area of length approximately 3 mm in the direction of the goniometer
axes and a width of approximately 1 mm in the direction perpendicular to the goniometer axis.
Hence the temperature measured by the thermocouple is an average temperature of (only) this
area, whereas the area observed in the diffraction experiment has a length in the direction of the

*A new mixture of the same internal standard and the sample were made for each measurement series. The
measurements of both series were performed under the same conditions.
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Figure 5.2.The difference of the actual temperature of specirmigran the temperature as indicated by
the thermocoupl€Ti, as determined for two different measurement series.

goniometer axis of 5 mm and a width of 4 mm perpendicular to the goniometer axis (a variable

(26 dependent) slit width was applied). Additionally the negative temperature gradient increases
near the edge of the heating strip [97]. A larger temperature gradient is expected in that part of
the area observed in the diffraction experiment that is not 'seen’ by the thermocouple. Also, the
temperature profile in the length of the heating strip narrows with increasing temperature.

Secondly, a pulverized sample powder was put on the heating strip. For a powder specimen
the thermal contact between the heating strip and the sample can obviously be far from ideal
[91]. Thus, the temperature difference between the heating strip and the sample depends on
the way of preparation of the powder sample and the surrounding atmosphere [93]: a loosely
packed powder on the heating strip could give rise to a relatively large temperature discrepancy,
whereas for a closely packed powder sample the temperature difference can be small. These
effects can be in particular pronounced if temperature calibration is performed using external
standards by observing polymorphic phase transformations, as in Ref. [92].

The (change of the) specimen displacement determined from the peak positions of ger-
manium is shown as function of the temperature indicated by the thermocdupl&r the
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Figure 5.3.The specimen displacemestas function of the temperature indicated by the thermocouple,
T, as determined applying the method described, for two different measurement series.

two measurement series in Fig. 5.3. Clearly, the specimen displacement depends strongly on
temperature; in particular for temperatures higher than about 550 K. Further, the specimen dis-
placement behaviour is not reproducible: see the results for both measurement series.

The thermal expansion of the fastened heating strip leads to an arch-type deformation of
the heating strip in the length direction of the heating strip. Further, the temperature gradient
in the width direction of the heating strip causes a strong arch-type deformation in the direc-
tion of the goniometer axis as well [98]. Thickness and packing differences of specimens will
cause temperature fields in the heating strip and the sample that can vary from specimen to
specimen. Thus the even opposite behaviours of specimen displacement versus temperature for
different measurements series (see Fig. 5.3) maybe understood. This observation enhances the
conclusion that the specimen displacement and the temperature have to be determined for each
measurement series separately. Further, a relatively small thermal conductivity of the sample
material can enhance heterogeneity of the temperature field of the heating strip leading to a
further inhomogeneity of the resulting deformation of the heating strip [93].

Using the zero shift determined at room temperature and the specimen displacement for the
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Figure 5.4.The differences between the theoretib&l peak position calculated using the unit cell pa-
rameter at room temperature and the thermal expansion coeffici@ptand the measured
hkl peak positions of tungsten after correction for zero shift and specimen displacement,
20.0rr, for different temperatures.

specimen concerned as function of temperature, the corrected, true peak position of the sample,
(26c0rv), can be determined for each temperature. These corrected values for the peak positions
can be compared with the theoretical values for the peak positi®sa® calculated using

the well known unit cell parameter at room temperature and the thermal expansion coefficients
as a function of temperature (cf. Tab. 5.1). The differences between the theoretical and thus
corrected, experimental values for the peak positions of tungste@n® D, respectively,

are shown in Fig. 5.4 for some temperatures. Clearly, the differences remaining be®yeen 2
and Do r are in the range of the experimental error of peak position determinagomipout

one fifth of the step size employed in recording the line profiles; cf. section 5.3.1).

The unit cell parameter was refined by least squares fitting of Bragg’s equation to the cor-
rected positions of the diffraction peaks. The results have been gathered in Tab. 5.2 for various
temperatures. The differences between the unit cell parameter values determined by applying
the described methodge, and the theoretical valuea, calculated using literature values for
the unit cell parameter at room temperature and the thermal expansion coefficient are negligible.
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Table 5.2.Unit cell parameter of tungsten at different temperatu$Ts) calculated from literature
data (cf. Tab. 5.1, [94, 96]) for the temperature of the specimgmndaye; determined from
measured peak positions after correction by the method proposed and fitting of Bragg's law
to these corrected peak positions; also the figure of merit according to [53] has been given.
AT = Ts— Tic andsis the specimen displacement determined by the method proposed in this

paper.

To(K) Ts(K) AT (K) s(um) a(Te) (") age (M) 5

299 12 031648 0.31648(1) 107(0.009, 7)
373 364 9 12 031657 0.31658(1) 102(0.010,7)
473 468 5 13 031671 0.31671(1) 130(0.008,7)
573 571 -2 14 031687 0.31688(1) 166(0.006, 7)
673 634 -39  -34 031696 0.31695(1) 85(0.012,7)

The very good agreement between theoretical and corrected experimental values for the in-
dividual peak positions (Fig. 5.4) and the unit cell parameter (in nm up to the fifth decimal,
Table 5.2) demonstrates that the correction method proposed (section 5.2) is very satisfactory.
Further, it follows that it is not necessary to take into account other diffractometer aberrations. In
this context it is noted that the effect of specimen transparency, which maybe non neglectable
if relatively thin specimens are investigated, is effectively incorporated in the specimen dis-
placement parameter determination, because the diffraction angle dependence of the specimen
transparency effect on peak shift obef$20)yans= t/RcosB, wheret is the specimen thick-
ness; cf. Eq. 5.1 [82].

If an invariant (.e. temperature independent) specimen displacement would have been as-
sumed large errors result in assigning a value for the temperature of the specimen; see results
shown in Fig. 5.5, wherAT = Ts— T¢ is shown as a function ofs; T¢ is the temperature for
the case that the specimen displacement is taken independent of temperature. Note the large
differences, increasing with temperature were resulting from the actual, strong temperature de-
pendence of the specimen displacement.

An additional advantage of the method proposed is that it is unnecessary to adjust the posi-
tion of the heating strip exactly before a measurement run is performed.

5.4. Conclusions

e Applying a heating chamber in X-ray diffractometry, interpretation of diffraction-peak
positions in terms of lattice spacings is only possible if appropriate determination of (zero
shift and) specimen displacement (other aberrations are usually of subordinate impor-
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Figure 5.5.The differences of the true temperature of the specimen determined by use of the method
proposed,Ts, and the temperature of the specimen determined assuming a temperature in-
dependent sample displacemeRt, as a function offs for one measurement series of Fig.

5.2 (marked a9 in Figs. 5.2 and 5.3).a): using results foff{ assuming a constant speci-
men displacement as determined at room temperateyeuging results foil, ignoring the
specimen displacemerd € 0).

tance) and temperature have been performeddchmeasurement run.

e A method has been proposed that allows the simultaneous determination of (zero shift
and) specimen displacement and temperature of the sample to be investigated by use of an
internal standard for which the unit cell parameter and the thermal expansion coefficient
are known.

e The method proposed leads to (i) corrected values for the individual peak positions that,
within experimental accuracy, are equal to the theoretical values, and (ii) unit cell param-
eter values for the specimen investigated that are equal to the true values (in nm up to the
fifth decimal).
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6.1. Einleitung

Interstitielle Mischkristalle auf Basis vdﬁbergangsmetallen mit leichten Elementen wie Bor,
Kohlenstoff und Stickstoff sind ein unabdingbarer Bestandteil der technisch wichtigen Mate-
rialien mit attraktiven mechanischen Eigenschaften. Die Kenntwigsedie Kristallographie

der interstitiellen Phasen unibér die Phaserberginge sind eine Voraussetzung um optimale
Materialeigenschaften bei niedrigen und hohen Temperaturen zu erreichen.

Die ersten Arbeiten, die sich mit der Bildung von interstitiellen Mischkristallen
besclaftigten, sind die Studien vonadgjg [1, 2]. Aus diesen Untersuchungen resultiert eine
Regel (s.g. lggsche Regel) nach débergangsmetallen) und leichte Elementé)(nur dann
interstitielle Mischkristalle bilden, wenn das Atomradienadthisr; /r, kleiner als 0.59 ist.

Ein weiteres Kriterium zur Bildung von interstitiellen Mischkristallen istin [3] gegeben: es sagt
aus, dal3 ausgedehnte interstitielle Mischkristalle nur dann gebildet werden, wenn dér-s.g.
lume Size Factdt Qsf, fur den Mischkristall kleiner wie 3@ 10° ist. Eine kleine loslichkeit

von Bor in denUbergangsmetallen wurde ferner von Speiseal. angenommen [4]. Die-

se begrenzte aslichkeit wurde mit der hohen Stabditdesp-Orbitales und mit dem grof3en
Atomradius des Bors begndet. Bor ist das @if3te der interstitiellen Elemente [17].

Alle diese Kriterien setzen geometrische Faktoren ein, die die Stahiliér interstitielle
Mischkristalle begrenzen. Unter BmKsichtigung dieser Regeln erwartet man keine interstiti-
elle Loslichkeit von Bor in den @10 Ubergangsmetallen.

Das System Pd-B spielt eine aul3ergéwiiche Rolle, das im Hinblick auf diese Prinzipien
keinen interstitiellen Mischkristall bilden sollte (z.B./r, = 0.663>> 0.59): es weist trotz-
dem die goRte LSslichkeit allerUbergangsmetalle von Bor auf. Der Pd(B)-Mischkristall ist
eine Hochtemperaturphase, die durch rascheuhhkig bei Raumtemperatur erhalten bleibt.
Der palladiumreiche Teil des Systems wird zudem in der Literatur kontrovers diskutiert [5-9]:
das Phasendiagramm nach Rogl [9] zeigt einen kfz Mischkristall Pd(B) mit einem Homoge-
nitatsbereich bixg = 0.18 [10], die Tieftemperaturphasen B8, Pd_sB und die Hochtem-
peraturphase PdB. Die Strukturen dieser Boride sind unbekannt, dagegen wurden die Struk-
turen der Boride PsB (oP16, Pnma Fe&C type [11]), PdB, (C2/c, MnsC, type [11]) und
P&B (0P6, Pnnm anti-Fe$ type [12]) mittels Einkristalluntersuchungen aufgekl ' Im Ge-
gensatz dazu weist der palladiumreiche Teil des Phasendiagramms Rd-g (@ 0.18) nach
Algasmiet al.[7] nur das Borid PgBs (= y-Phase) auf, dessen Struktur Bliserstruktur des
Mischkristalls ontgenographisch bestimmt wurde.

Ferner wurde eine Entmischungske im palladiumreichen Teil des lairén Systems Pd-B

*DerVolume Size Factadst definiert durchsf = 1/Va(0V /0%;), wobeiV; das Atomvolumen desdsungsmittels
undadV /0x; die Anfangssteigung der Alimgigkeit des Elementarzellenvolumeviszum Molenbruchy;, des
geldsten Elementes, ist.
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im Bereich von 002 < xg < 0.10 in einem Temperaturbereich von 585 K bis 683 K berichtet
[7,13,69]. Bei Temperaturen kleiner als 585 K wird von einem Zweiphasengebiet bei einem
Borgehalt von 2 < xg < 0.15, in dem der kfz Pd(B)-Mischkristall sich in einen borarmen kfz
Mischkristall und in PggB3 zersetzt [7].

6.2. Experimentelles

Die untersuchten Proben wurden durch Aufschmelzen aus den reinen Elementen im Lichtbo-
genofen hergestellt. Auf Angabarbér Reinheit und Hersteller der verwendeten Materiali-

en wird auf die einzelnen Kapitel des englischsprachigen Teils der Dissertation verwiesen.
Es wurde kein signifikanter Gewichtsverlust bei der Probenherstellung beobachtet. Die Ho-
mogenitt der Gul3proben wurde mit metallographischen (Lichtmikroskopie, teilweise ESMA)
und intgenographischen Methodeherprift. Die amorphen Legierungen wurden durch Auf-
schmelzen und Abschrecken aus der Schmelze in einer Dgeltdlilage hergestellt [61].

Fur die weiteren Untersuchungen wurden die Proben pulverisiert (gefeilt bzworgert).

Um die dadurch eingebrachten mechanischen Spannungen abzubauen wurden die Pulver unter
Vakuum bzw. unter Schutzgasatmoapiin Quarzkapillare eingeschweif3t und warmbehan-

delt (Auslagerungszeiten und Temperaturen sind im englischsprachigen Teil spezifiziert). Alle
Proben wurden nach der Warmbehandlung in Wasser abgeschreckt.

Die Hauptuntersuchungsmethode dieser Arbeit ist distgenbeugung, die bei Raumtem-
peratur verwendet wurde. Dabei wurde sowohl die Guiniertechnik (Enraf Nonius FR552,
MoKa1-, CuKa1- und F&Ka1-Strahlung; Filmtechnik) als auch die Diffraktometertechnik mit
Bragg-Brentano-Geometrie (Philips X'Pert, IKCu;- und ClKa-Strahlung) verwendet. Die
Guinierfilme wurden densitometrisch mit einem Linescanner ausgewertet (LS 20, KEJ Instru-
ment). Rir die Auswertung der Diffraktometermessungen wurde sowohl die Philips Software
ProFit, als auch das Rietveldprogrammpaket GSAS [62] verwendet. Die Berechnung der Beu-
gungsprofile in Abschnitt 6.6 wurde ein Auswerteprogramm selbst entwickeldi& Diffrak-
tometermessungen bei hohen Temperaturen (vgl. Kap. 6.7) wurde eine Heizkammer (Anton
Paar HTK 2000) auf ein Philips X'Pert Diffraktometer (s.o.,KauStrahlung) aufgebaut. Die
Gitterparameter wurden durch die Methode der kleinsten Fehlerquadrate der Braggschen Glei-
chung zu den gemessenen Reflexpositionen bestimmt.

Die Dichten (vgl. Kap. 6.3) der Gul3proben wurden unter Verwendung der Auftriebsme-
thode mit CCJ als Referenzilssigkeit bei 289 K bestimmt. Die kalorimetrischen Messungen
wurden mit einem DSC (Pyris 1, Pekin Elmer) mit unterschiedlichen Heizraten duathrgef”

Die transmissionselektronenmikroskopischen Untersuchungen (TEM) wurde an einem
Schnitt der Gul3probe druchgeifrt, der unter Verwendung von konventionellen Techniken (lo-
nendinnen) papariert wurde. Um eine E@avinung der Probe bei derdfxaration zu vermeiden,
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Abb. 6.1.:Links: Gitterparameteg, der Mischkristalle Pd(B), Pd(C) und Pd(H) als Funktion des Atom-
zahlverlaltnissesx ; Fehlerbalken sind mit angegeben. Rechts: Dighteler Mischkristalle
Pd(B) und Pd(C) als Funktion des Atomzahhathissesx ; Fehlerbalken sind mit angege-
ben.

wurde sie mit flissigem Stickstoff gakilt. Die TEM-Untersuchungen fanden an einem JEM
2000 FX Elektronenmikroskop statt (Beschleunigungspannung = 200 kV).

Der Borgehalt der Proben wurde mit Hilfe von induktiv gekoppelter optischer Plasmae-
missionspektroskopie bestimmt; der Kohlenstoffgehalt durch Verbrennung der Proben mit
zustzlichem Fe und W im Sauerstoffstrom und anschlie3ender Infrarotabsorbtionsmessung
von CQ als Verbrennungsprodukt des Kohlensoffes.

6.3. Bildung von intersititellen Mischkristallen auf Basis von
kfz Ubergangsmetallen; elastische und chemische Wech-
selwirkung

Gitterparameter- und Dichtemessungen wurden an Randmischkristallébelggangsmetallen
(a-Co, Rh, Ir, Ni, Pd, Pt), die eine Kristallstruktur isotyp mit Cu aufweisen (kfz, Pearsonsymbol
cF4, Raumgruppé& m§m), mit Bor und teilweise mit Kohlenstoff durchgdiit. Ein besonderer
Augenmerk wurde dabei auf die lsiren Systeme Pd(B) und Pd(C) gerichtet, da diese eine
besonders grof3edslichkeit aufweisen (bis zu einem Molenbruch wgn= 0.186 [10] bzw.

xc ~ 0.05 [50]).

Bei allen untersuchten Systemen wurde eine \@igriung des Gitterparameters des
Mischkristalles im Vergleich zum reinen Metall beobachtet. Diese Gitteraufweitung ist
ein Indiz flir die intersititielle Natur dieser Mischkristalle. Im Falle von Pt(B) steht dies
im Widerspruch zur Literatur, wo ein entgegengesetztes Verhalten berichtet wurde [22].
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Abb. 6.2.:Anzahl der Atome in der Elementarzelte als Funkii- Im Falle von Pd(B) strker aus-

on des Atomzahlvesithisse X (i = B (s), C (m)). Die gep@gt im Vergleich zum Pd(C)

Fehlerbereiche der experimetellen Daten sind ebenfilischkristall. Unter Verwendung

angezeigt. Die durchgezogene Linie stellt die theoretiieser experimentell bestimmten

sche Ablaihgigkeitn = 4+ 4x dar. GroRen @, p) lakt sich die An-

zahl der Atome in der Elementar-

zelle, n, mit Hilfe der Beziehungh = V;:pNay/A fur die jeweilige Zusammensetzung bestim-
men, wobeV,; = a3 das Volumen der ElementarzelNd,, die Avogadrozahl und die mittlere
Atommasse ist. Vergleicht man diese aus den Experimenten bestimmte Anzahl der Atome in
der Elementarzelle mit der theoretischen Anzallifiterstitielle Mischkristalle (i kfz Ele-
mentarzelle:n = 4/(1—x) = 4+ 4x, [50]) so wird durch die sehr gutébereinstimmung
eindeutig nachgewiesen (vgl. Abb. 6.2), dal3 Palladium und Bor bzw. Kohlenstoff einen inter-
stitiellen Mischkristall bilden, obwohl dies, den geometrischen Kriterien folgend (s.0.), nicht zu
erwarten ist.

EXAFS-Untersuchungen und Diffusionsmessungen von Wasserstoff im Pd(B) Mischkristall
weisen auf eine teilweise (statistische) Besetzung der oktaedrisclude dér kfz Elementar-
zelle hin [34, 35]. Damit kannuf’eine Zusammensetzung von zxX8.= 0.176, die nahe an
der Loslichkeitgrenze liegt, folgender Strukturvorschlag gemacht werden: 4)P6.21 x 4
B (b). Dies stellt eine defekte (partiell gefte) NaCl Struktur dar (Pearson-Pau$ymbol [38]:
cF(8—x)). Der mittlere Abstand derathsten Nachbarn Pd (Atompositi@))(und der Atom-
position @), die partiell mit Bor gefillt ist, dpg_ () = doo2 = a/2, kann dann aus dem Gitter-
parameter als Funktion des Borgehaltes bestimmt werden. Diesangigikéit kann auf eine
hypothetische NaCl Struktur im Pd-B System extrapoliert werden, d.h. volle Besetzung der
Atomposition p) mit Bor. Der so bestimmte Abstand deactisten Nachbarmlgy g = 0.2287
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nm) ist deutlich kleiner wie die Summe der Atomradiepgfrg = 0.2296 nm), die aus der
Additivitat der Atomradien nach dem harten Kugelmodell folgemde. Dies entspricht einer
Volumendifferenz zwischen dem harten Kugelmodell und den experimentellen Daten von 6.2
%.

Negative Abweichungen von der Additigitdes 'harten Kugelmodells’ bei der Bildung von
substitutionellen Mischkristallen sind bekannt [39,40]. Unter den palladiumreichen substitutio-
nellen Mischkristallen der quasihomologettB*-Elemente wird die Additivit nur von dem
Pd(Cu) Mischkristall erhalten. Die restlichen substitutionellen Mischkristalle weisen dagegen
eine atomare Volumenabnahme bis zu 30.6 % (Pd(Ga)) auf [41-43]. @kegr Volumenkon-
traktionen in Verbindung mit einem palladiumreichen Mischkristall treten interessanterweise
bei den Elementen auf, die die Elektronenkonfiguratismp! besitzen (Al, Ga, In, Tl); diese
Elektronenkonfiguration hat auch Bor. Dies legt nahe, dal3 die beobachtete Volumenkontrakti-
on durch einen Ladungbérgang vom gekten (interstitiellen) Element auf das Palladium beim
Legieren verursacht wird.

Die maximale loslichkeit von vielen substitutionellendénden Elementen wird durch die
Valenzelektronenkonzentration,£) kontrolliert. Rir Losungsmittel isotyp mit Cu ist die Va-
lenzelektronenkonzentration begrenzt durch den Kontakt der Feomélinit de{111} Bril-
louinzonentftiche ¢ye = 1.36) [44]. Die experimentell beobachtetendlichkeitsbereiche von
Substitutionsmischkristallen, die auf Palladium basieren, sind in Abb. 6.3 dargestetlicsé
3d Elemente ist die bslichkeit qualitativ umgekehrt proportional zu ihrer potentiellen Valenz
(bestimmt aus der Summe deund p Elektronen). Vhrend Cu kompletobar ist (Elektro-
nenkonfiguration: 8194s!) ist die Loslichkeit von As (8194s°4p®) vernachéiRigbar [31].

Die selben Betrachtungerokitien auchur interstitielle Mischkristalle auf der Basis von
Palladium durchgeiftirt werden: die maximaledslichkeit der interstitiellen Elemente H, B, C
und N sind in Abb. 6.3 dargestellt. B, C und N sind quasihomolog und haben entsprechend
ahnliche Abfolge der Valenzelektronen wie Ga, Ge und As (vgl. Elektronenkonfigurationen in
Abb. 6.3). Die maximale bslichkeit dieser interstitiellen Elemente ist ebenfalls umgekehrt pro-
portional zu ihrer potentiellen Valenz. Offensichtlich ist die Annahrber die hohe Stabibt
desp-Orbitals von Bor (vgl. Abschnitt 6.1, [4]) nichtudtig. Die hohe Stabildt desp-Orbitals
ware r die Einbringung von grol3en Spannungsenergien bei der Aufnahme des Bors in das Pal-
ladiumgitter verantwortlich, wovon die maximaleslichkeit sicherlich stark beeinfluf3t wird.

Dagegen kann die Niclasbarkeit von N in Pd erkrt werden, wenn man die Valenzelek-
tronenkonzentration als begrenzenden Faktor der maximalsiichkeit betrachtet.

Dies zeigt, dal’ die chemische (elektronische) Wechselwirkung zwischen destegelin-
terstitiellen Element und der Matrix die Bildung der untersuchten Einlagerungsmischkristallen
starker beeinflul3t, wie die elastischen Wechselwirkungen, die durchatig’sthe Regel oder
das s.gVolume Size FacteKriterium betrachtet werden.
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Abb. 6.3.:a.) Maximaler Loslichkeitsbereich und Elektronenkonfiguration der interstitgdeliden Ele-
mente in Palladium (B, C und N sind Quasihomologe). Die Daten der interstitiellen Misch-
kristalle Pd(H) und des Systems Pd-N entstammen [31]; Daten von Pd(B) und Pd(C) entstam-
men [7] bzw. [50]. b.) Maximaler aSlichkeitsbereich und Elektronenkonfiguration einiger
substitutionell bsenden Elemente (Quasihomologe) in Palladium. Daten der substitutionellen
Mischkristalle Pd(Cu), Pd(Zn) und des Systems Pd-As entstammen [31]; Daten von Pd(Ga)
und Pd(Ge) entstammen [42] bzw. [43].

6.4. Die Struktur des palladiumreichen Borids PdB
(Pd16B3)

Der palladiumreichen Teil des Phasendiagram dearbmSystems Pd-B wird in der Literatur
unterschiedlich dargestellt [5-9] (vgl. Kap. 6.1). Algashal. berichtet von einer Tieftempe-
raturphase P@B3 (= y-Phase), die sich kongruent aus dem Pd(B) Mischkristall bei 670 K bildet
und einen Homogeratsbereich A51< xg < 0.168 bei 638 K aufweist. Ihre Kristallstruktur
wurde alsUberstruktur des interstitiellen Mischkristalles beschriets#¥88, a = 0.801 nm =
2apyp) [7]. Obwohl mehrere perowslatinliche Boride und Karbide bekannt sind [45,46], wur-
de bisher wedeuber eine interstitiell&Jberstruktur auf der Basis des Cu Strukturtypes noch
andere Strukturen der Pearsonklasis88 berichtet [38,47-49].

Rontgenographische Untersuchungen von pulverisierten Pd-B Proben in einem Zusammen-
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setzungsbereich von.Ib < xg < 0.17 weisen nach einer Warmbehandlung bei 63blder”
sieben Wochen auf eine tetragonale Verzerrung der kfz Elementarzelle des Mischkristalles hin.
Dies deutet auf die Bildung der TieftemperaturphasgBPlin. Im Gegensatz zur Literatur
(s.0., [7]) konnten keine Beugungsreflexe beobachtet werden, die aubbarmstruktur des
Mischkristalles hinweisen. Eine erneute Warmbehandlung der tetragonal verzerrten Tieftem-
peraturphase bei 873 Kif'30 Minuten fihrte wieder zum kfz Pd(B) Mischkristall; d.h. die
Phasenumwandlung PdBPdB ist reversibel. Die Umwandlungstemperatur konnte unter
Verwendung von DSC-Messungen auf 653(1) K bestimmt werden.

Die Phasenumwandlung folgt der fundamentalen Raumgruppenbeziehun@:nﬁu
(Pd(B)-Mischkristall) ist die maximal nichtisomorphe Raumgrupp®/mmm  Unter
Berticksichtigung der beobachteten Inteat@ti der ohtengenographischen Untersuchungen
der aufgespaltenen D8eugungsreflexe des Mischkristalles und daukigjkeitsgfaktoren der
tetragonaler{ h00} und {00} Ebenen wird deutlich, daR das Achsvalthisc/a < /2 ist. Die
Beugungslinien des palladiumreichen BoridegBavurden in Anlehnung an einét (4 — x)

- Elementarzelle indiziert; die resultierenden Gitterparameter sind:0.28490(4) nm und

c = 0.40038(9) nm. Die experimentell bestimmte Anzahl der Atome in der Elementarzelle
des Pd(B) Mischkristalles mit der Zusammensetzungg E8h 65 betrdgt 4.75 (vgl. Abschnitt

6.3, [50]). Damit kann folgender Strukturvorschlag der tetragonalen Tieftemperaturph#@se Pd
in der Raumgrupp&4/mmmgemacht werden: 2 Pa); 0.19x 2 B (b).

Palladium weist bei blieren Temperaturen grol3e interstitielteslichkeit von Bor [7,9, 10]
und eine ausgedehnte substitutionelleslichkeit der homologen Elemente Al und Ga [42]
auf. Durch die Substitution von Palladium durch Al und Ga steigt die Valenzelektronenkon-
zentration und die Konfigurationsentropie an und eine hohe negative Bildungsenthalpie wurde
beobachtet [42]. Bei tiefen Temperaturen kann die kfz Struktur dieser Substitutionsmischkri-
stalle nicht mehr aufrecht gehalten werden und es werden deshalb unterschiedlich Tieftempe-
raturphasen beobachtet: §Adl (0P24, Pnma [54]) und Pd3Gas (mC36, C2/m; [55]). Das
selbe Verhalten kann im System Pd-B beobachtet werden: der interstitiellen Einbau des valen-
zelektronenreichen Borsiffift zu einer Erbhung der Valenzelektronenkonzentration und damit
zu einer Destabilisierung des kfz Pd(B)-Mischkristalles. Der Mischkristall verzerrt bei tiefen
Temperaturen tetragonal. Diese Phasenumwandlung PdfB)B ist erster Ordnung und folgt
der charakteristischen Raumgruppenbeziehamﬁ_m B, [4/mmm[56].

Ahnliches Verhalten ist im palladiumreichen Teil des System Pd-H beobachtbar. Was-
serstoff bst sich bei hohen Temperaturen in Palladium und die kfz Struktur des interstiti-
ellen Mischkristalles Pd(H) bleibt erhalten. Bei niedrigeren Temperaturen und hohen H-
Konzentrationen bildet sich das Hydrid Pgid (=y-PhaseT < 873 K;tl(4—x); a= 0.2896
nm, ¢ = 0.333 nm;c/a= 1.151< /2, [58]). Das Palladiumuntergitter dieser Struktur weist
Leerstellen auf; so ist die Anzahl der Palladiumatomg5, dagegen ist die Anzahl der Palla-
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diumpositionen 2. Diealdtirt zu einer deutlich kleineren Elementarzelle und zu einem kleineren
Achsverlagltnisc/aim Vergleich zu PgB.

Das palladiumreiche Borid BB (0.15< xg < 0.17) besitzt fast die selbe Valenzelektronen-
konzentration wie Pdiks (Cve(Pd;B) ~ 0.5; cye(PdH, 353) = 0.57; Valenz von Pd = 0; von B =
3;vonH=1).

Bei der Betrachtung der
Abhangigkeit der Anzahl der
Atome in der Elementarzelle),
von dem Achsenvedithis c/a
N Pd.B fur die ubergangsmetallhaltigen
Phasen mit den intersititiellen
Elementen H, B und C wird
deutlich, dal3 die Veriderung
von A(c/a)/An zwischen Pd
(tl2-Elementarzellen = 2) und
P&B (n = 2.38) trotz grof3er
Veranderung vonc,e Klein ist
(0 < cve < 0.5) (vgl. Abb. 6.4).
Dagegen dihrt die Leerstellen-
11 Fe-C-Martensit bildung in Palladiumteilstruktur

/ des Hydrides Pdiss zu einer

cla

*PdH, .

besonders starken Verzerrung
der tetragonalen Elementarzelle,
obwohl sich c,e ahnlich stark
zum Pdandert. Diese beiden
homootypen Phasen sind von
dem Cu-Strukturtyp abgeleitet.
Abb. 6.4.:Achsverlgltnisse dertl(4 — x) Elementarzelle als Im Unterschied dazu nimmt
Funktion vonn fur Phase votUbergangsmetallen mitdje Verzerrung der Fe-C-
interstitiellen Elementen. martensitischen Elementarzelle
mit  zunehmendem  Kohlen-
stoffgehalt zu (vgl. Abb. 6.4). Die Struktur des Martensits ist, im Gegensatz zu den
palladiumhaltigen interstitiellen Verbindungen, ein Howotyp der W-Struktur [49].

T T T
2.0 25 3.0 3.5 4.0
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6.5. Rontgenbeugungsdaten der Boride P¢B und PdsB, und
die Bildung des amorphen Borids PdB

Durch die Komplexiét des palladiumreichen Teiles des dreri Systems Pd-B lagen keine
Pulverbeugungsdaten der BoridesBdund P@B, vor, um eine leichte Phasenidentifikati-
on in diesem System zu eoglichen. Die Struktur der Phasen4Bd(oP16, Pnmg FeC-
Strukturtyp) und PgB, (mC28, C/2c, MnsC,-Strukturtyp) wurde durch Einkristalluntersu-
chungen bestimmt [11]. Die Boride schmelzen kongruent bei 1398 K bzw. bei 1350 K [9].
Dagegen wurde auch von einer peritektoiden Bildung vogBRalis dem Pd(B) Mischkristall
und PdB> bei 1163 K berichtet [7].

Es ist allgemein bekannt, daf3 im Bereich tief einschneidender Eutektikas die Bildung von
amorphen Legierungen durch rasches éitlken aus der Schmelzauifig gebildet werden [59].
Dies wurde auch im Pd-B-System in einem Zusammensetzungsber2dch s < 0.30 nach-
gewiesen [60].

Rontgenographische Untersuchungen der BoridgBRahd P@B, konnten die Strukturty-
pen nach [11] beatigen (FeC bzw. Mn;Cy). Die Rietveld-Verfeinerung (GSAS, [62]) der
Beugungsdaten des BorideszBdbesttigten auch die bekannten Atompositionen (verfeiner-
te Profilparameter: 3; verfeinerte thermische Parameter:Rl; W.32; R(F2)(F2 > o(F?)):

0.13; Atompositioner, y, z (diese Arbeit/ [11]): Pd &) 0.1800(2)/0.1798, 0.0695(2)/0.0700,
0.3284(3)/0.3276; Pd ¢)0.0384(3)/0.0372%, 0.8456(4)/0.8446; B (nicht verfeinert) 0.88;&4,
0.433).

Die Gitterparameter von BB sinda= 0.546023) nm,b=0.755964) nm,c= 0.484174)
nm; die der Phase BB, sinda = 1.2775912) nm, b = 0.494975) nm, ¢ = 0.547044) nm,
B=97.0497)°. Der Vergleich der experimentell bestimmten Intezisti' mit den berechneten
[52] zeigen eine sehr gutébereinstimmung.

Die Zementitstruktur (F€C) ist bei Boriden und Karbiden voblbergangsmetallen eine
haufig vorkommende Struktur, dagegen sind keine Oxide und Nidride dieses Strukturtyps der
Ubergangsmetalle bekannt [47,48].

Die Achsenverhltnisseb/c und b/a der ubergangsmetallhaltiger Boride und Karbi-
de, die Zementitstruktur aufweisen, sind in Abb. 6.5 dargestellt. Es ist deutlich, dal3
P&B, im Vergleich zu allen anderen mit @ isotypen Phasen, die ajsten Achsen-
verhéltnisseb/c und b/a und deshalb die ofite Verzerrung der Elementarzelle beim Ein-
bau des interstitiellen Atoms aufweist. Zudem wird sichtbar, dagBPaie auch die
quasihomologen @ ubergangsmetallhaltigen Karbide die kleinsten Achseralgrissea/c
aufweisen. Dies kann als eine Tendenz zur Umwandlung in die tetragonale Elementar-
zelle des USix-Strukturtyps, der strukturell verwand mit der Zementitstruktur ist [66].
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1.58 Das Nagel-Tauc-Kriterium
8 beschreibt ein Modell der Bil-
1567 Q,ﬁ" f e b dung von metallischen @fern
f Qf“} oS basierend auf der &tierung der
vf & quasifreien  Elektronen  [67].
e Das Kriterium fordert, dal} ein
q> amorpher Phaseibérgang dann
/ moglich ist, wenn Kg ~ K,
ist (2Kg:  Durchmesser der
a7 MnCe®OrC ' Fermikugel, Kp:  Wellenzahl
122 124 126 128 1.30 ‘1.32. 1.34 136 1.38 1.40 deS el’Sten StreumaXimumS).
Achsenverhaltnis b/a
Fur die amorphen Legierun-
gen Pd;Bzz und PdeBzs
Abb. 6.5..Die  Achsenverhltnisse b/c und b/a der wurde K, mit Hilfe der Bragg-
Uibergangsmetallbasierenden Boride und Karbigehen Gleichung  bestimmt:
des Zementitstrukturtyps ( [48,99], diese Arbeit) K, = 4msinB/A = 28.0 nm L.
Der Durchmesser der Fermikugel
lafdt sich durchKg = \3/3ncvepNA\,/ Yixim =14.4 nmi1 bestimmen [68]ify = Atommasse der
i-Komponente; Valenz von Palladium = 0; Valenz von Bor @fSTF= 0 K): 2Kg = 28.8 nm 1~
Kp. Dies zeigt, daf? die Bildung der amorphen LegierungERalirch rasches Ahkilen aus der
Schmelze mit den Voraussagen des Nagel-Tauc-Kriteriums sehbguinstimmt.
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6.6. Zerfall des interstitiellen Mischkristalles Pd(B)

Entmischungslcken bei interstitiellen kfz Mischkristallen sind eine seltene Erscheinung. Nur
bei den 3 biaren Systemen Th-C, Pd-H und Pd-B ist diese Erscheinung bekannt. Die Entmi-
schung im System Pd-H wurde aukflich untersucht (z.B. [71]); dagegen existieren nur ein
paar wenige Arbeiten, die sich mit der Entmischuogk€ in den Systemen Th-C und Pd-B
besclaftigen [7, 13,69, 72—74]. Alle diese strukturellen Arbeiten untersuchten den Ausgangs-
und Endzustand des Zerfalles des Mischkristalles; Untersuchuriggndie Kinetik und den
Reaktionsweg der Entmischung sind nicht bekannt.

Bei der Entmischung zeaafit der homogene Mischkristall in eine borarme und borreiche
Produktphase, die mit dem Ausgangsmischkristall isotyp sind. Nach dem heutigen Kenntnis-
stand besetzt Bor statistisch die oktaedrischecken des kfz Pd-Gitter. Variationen im Anteil
des gebsten interstitiellen Elementes verursachen Variationen des Gitterparameters und lassen
sich deshalb sehr gut mit Hilfe vonoRtgenbeugungsanalyse beobachten. Im Falle von Pd(B)
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ist die lineare Abhngigkeit des Gitterparameters vom Atomzahlediriis genau bekannt (vgl.
Abschnitt 6.3, [50]).

Die Entmischung dhrt zu einer aumlichen Fluktuation des Gitterparameters. Im
Rontgenbeugungsexperiment werden Variationen der Netzebenemadstés Gitters in Rich-
tung des Beugungsvektors beobachtet. Dadurch lassen sich bei diesen Experimenkén die
Beugungsreflexe des zerfallenden Mischkristalles durch ein eindimensionales Modell simulie-
ren.

Unter der berechtigten An-
nahme, dal3 die Entmischung
diffusionsgesteuert ist,allt sich =
das Konzentrationsprofil durchs
c(xt) = A+ B- erf(zjﬁ) be-
schreiben [75], wobex = Positi-
on (im Kristall), D = Diffusions-
koeffizient,t = Zeit undA undB
Konstanten sind. Bei bestimm-g
ten Ubergangsstadien der Entmi-
schung kann das Profil des Gitter-
parametersg, und damit auch des

Borgehaltes in 3 Bereiche (bor-

arm, borreich und entmischend@bb. 6.6.:Verlauf des Gitterparameters und damit des Borgehal-
Matrix) unterteilt und als Funk- tes des zerfallenden Mischkristalles als Funktion des
Ortes in der Struktur.

Bereich 1 Bereich 2 Bereich 3

rparameter, Borgeha

e

S1 . S2 Smax
Position x (a.u.)

tion des Ortes in der Struktur in
Richtung parallel zum Beugungs-
vektor beschrieben werden (vgl Abb. 6.63; und S, sind die Positionen der Grenafifien
zwischen borarmen Bereich utidbergangsbereich bzwUbergangsbereich und borreichem
Bereich.

Zur Berechnung dehkl Beugungslinienprofile wird der Kristall als eine Reihe von
(hkl) Gitterebenen senkrecht zum Beugungsvektor angesehen, deren Alftand-
a(x)/vhZ4+k2+12 betreigt. Das strukturelle Linienprofil(28), 1aRt sich aus dem Verlauf des
Gitterparameters (vgl. Abb. 6.6) berechnen [76].

Zur Berechnung der beobachteten Beugungsprofile wird das strukturelle Linienprofil mit
der s.g. instrumentellen Verbreiterungsfunktion gefaltet. Das strukturelle Linienprofil beinhal-
tet die Linienverbreiterung auf Grund von Konzentrationsschwankungen. Andere Effekte, die
zur Linienverbreiterung beitragen (z.B. Mikrodehnunghrén zu einer zazlichen Verbreite-
rung. Die freien Parameter der simulierten Beugungsprofile lassen sich durch Anpassung an die
experimentellen Linienprofile bestimmen. Randbedingungen und Einzelheiten der Fitprozedur
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Abb. 6.7.:Gitterparameterg, und Borgehalte der einzelnen Stadien des Zerfalles des Mischkristalles bei
einer Warmbehandlung b&i = 628 K als Funktion der Zeit (borarme Phasé&l=borreiche
Phase =), Ausgangsmischkristall béi= 0 = x). Experimentell bestimmte Borgehalte der
entmischten Phasen nach [13] sind eingezeichnet (gepunktete Linien). Die gestrichelten Lini-
en entsprechen den unter Verwendung der quasichemischismumg’ bestimmten Borgehalte
der Produktphase [13].

sind im englischsprachigen Teil spezifiziert (vgl. Kapitel 4.2).

Bei Elektronenbeugungsuntersuchungen des homogenen Mischkristalles konnten scharfe
Beugungsreflexe beobachtet werden; dagegen wurden bei Unteruchungen des entmischten Zu-
standes diffuse Beugungsreflexe und Streaks inkdi#1> Richtung beobachtet. Das Hell-
feldbild der TEM-Untersuchungen des homogenen Mischkristalles zeigt eine homogene Probe
mit deutlichen Versetzungen, die vermeindlich beim Abschrecken in Wasser nach der Homo-
genigétsglihung entstanden sind. Die Versetzungsdichte des homogenen Mischkristalles ist mit
2-10' m~2 deutlich foher, als siedi geglinte Metalle zu erwarten ist [79]. Das Hellfeldbild
der TEM-Untersuchungen des entmischten Zustandes zeigt deutliche Inhorategemtder
GréRR3enordnung von 10 nm.

Aus den Anpassungen der theoretischemtgénlinienprofilen an experimentellen Daten
der Diffraktometeruntersuchungen lassen sich die Gitterparameter der einzelnen Phasen des
zerfallenden Mischkristalles und damit der Borgehalt bestimmen. Aus Abb. 6.7 wird deutlich,
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dafi3 der Borgehalt der borarmen Phaseafle Stadien des Zerfalles des Mischkristalles konstant

ist; dagegen nimmt der Borgehalt der borreichen Phase mit zunehmender Auslagerungszeit zu.
Damit lalt sich der Zerfallsprozess wie folgt beschreiben: die borarme Phase scheidet von
Beginn der Warmbehandlung aus und der Ausgangmischkristall reichert sieh&dmrit Bor

an. Die bestimmten Borgehalte der borreichen Produktphase sind signifikant kleiner verglichen
mit den experimentellen Daten der Literatur (vgl. Abb. 6.7, [13]).

Die Entmischungsicke kann
mit Hilfe der quasichemischen
Nahrung theoretisch beschrieben
werden [13]; die so vorhergesag-
te Breite der Entmischungstke
stimmt mit den in dieser Arbeit
experimentell bestimmten Breite
sehr gutuberein.

100

Anteil (%)

Die Anteile der borarmen und
borreichen Phase sind als Funkti-
on der Auslagerungszeit in Abb.
6.8 dargestellt. Damit wird deut-
lich, dal3 der Zerfall des Misch-
kristalles nach ca. 25 Tagen ab-
geschlossen ist. Mit den beapp. 6.8.:Aus den Rintgenbeugungsexperimenten bestimmte
stimmten Anteilen und dem da- Anteile der Produktphasen als Funktion der Auslage-
zugelorenden Borgehalal3t sich rungszeit.

Richtigkeit der Linienprofilean-

passunguberptifen. Es zeigt sich, daf} in jedem Stadium des Zerfalles des Mischkristalles
der Borgehalt konstant ist und dieser Borgehalt nur um 0.4 At.-% von dem des Ausgangsmisch-
kristall abweicht.

Zeit (Tage)

Bei der Anpassung der Beugungsprofile an die experimentellen Daten kann eine Verbreite-
rung der Beugungsreflexe beobachtet werden. Die Halbwertsbreiten der beobachteten Beugun-
greflexe wurden um die instrumentelle Verbreiterung korrigiert, die mit einem Standardmaterial
(LaBg) bestimmt wurde.

Bei der Anwendung der Williamson-Hall-Analyse [14] wird deutlich, dal3 beim Zerfall des
Mischkristalles Mikrodehnungerg, entstehen, die selbst bei volsidiger Entmischung um
einen Faktor 2 gi3er sind im Vergleich zum homogenen Mischkristall:

e(homogener Mischkristgl= 3.6- 1074 ¢(entmischter Zustand= 7.2-10~%.
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Abb. 6.9.:Williamson-Hall Auftragung @it den entmischten Zustane- (O, Warmbehandlung bei 628
K fur 33.6 Tage) unduf' den homogenen Mischkristal=(CJ). B = integrierte Breite der
Beugungsreflexe in rad2

Dies ist in Abb. 6.9 dargestellt. Die Steigung der an die experimentellen Daten angepal3ten
Geraden des entmischten Zustandes ist deutlicRerivie die des homogenen Mischkristalles.

Der homogene Mischkristall weist ebenfalls Mikrodehnungen auf, die durch den Einbau der
relativen grofRen Anzahl von Versetzungen veruracht werden. Die Versetzungdichte des homo-
genen Mischkristalles kann nach [81] aus der Teilclo&ggiind der Mikrodehnung bestimmt
werden. Diese aus deroRtgenbeugungsprofilen bestimmt Versetzungdichte v@rD3 m—2

stimmt sehr gut mit der aus den elektronenmikroskopischen Untersuchungen bestimmten Ver-
setzungsdichte (s.o.ilbérein. Bei der Williamson-Hall-Analyse kann aus dem Ordinatenab-
schnitt die Teilchengif3e bestimmt werden. Diese lagt'~ 240 nm und tagt damit einen

nicht zu vernacldRRigen Beitrag zur Verbreiterung der Beugungslinie bei. Aus Abb. 6.9 wird
deutlich, daR® der Zerfall des Mischkristalles keine Einfluf3 auf die Teilclof&sghat.
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6.7. Eine neue Methode zur simultanen Bestimmung von
Probenhbhenfehler und Probentemperatur bei der
Hochtemperaturdiffraktometrie unter Verwendung der
Bragg-Brentano-Geometrie

Die groldten Diffraktometerfehler bei der Verwendung der Bragg-Brentano-Geometrie im Beu-
gungswinkel B sind die Nullpunktsverschieburdy(28),s, und der ProberdtienfehlerA(20)sq

[82]. Die Nullpunktsverschiebung verursacht eutgei’ den gesamten Winkelbereich konstan-

te Verschiebung der Beugungsreflexe [82] und kann unter Voraussetzung, dal es die einzigste
Fehlerquelle ist, mit Hilfe der s.gReflection-Pair-Methodehne Verwendung von Standard-
materialien bestimmt werden [86—88]. Es kann sicher davon ausgegangen werden, dal} dieser
Fehler im Laufe einer Mel3serie konstant bleibt. Kommt noclatalish der Proberdtienfehler
(A(28)sq proportional zu co@®), [82]) vor, so lonnen die Fehler nur mit Hilfe von Standardma-
terialien, dessen Reflexpositionen genau bekannt sind, bestimmt werden [89].

Werden Hochtemperaturdiffraktometeruntersuchungen mit Hilfe einer Heizkammer, bei der
das Heizband auch derdpérattager ist, an einem Bragg-Brentano-Goniometer duraigéf”
sodandert sich die Probeohé fir unterschiedliche Temperaturen infolge der thermischen Aus-
dehnung des Heizbandes. Dies entspricht einem variablen, unbekannten Bhandéahlér.
Zugitzlich ist die Temperatur der Probe nicht hinreichend bekannt. Die Temperatursteuerung
bzw. -messung erfolgt meisibér ein Thermoelement, das an der Unterseite der Probe ange-
schweil3t ist. Auf Grund von unzureichendenalviekontakt zwischen Probe und Heizband
kann die wahre Probentemperatiig, von der des Thermoelementélg;, stark abweichen.
Durch dieUberlagerung der Fehler ist es nichbgiich, die Verschiebungen der beobachte-
ten Reflexpositionen ahrend der Hochtemperaturuntersuchungen direkt dem Temperaturfehler
oder dem Proberdhienfehler zuzuordnen.

Im Folgenden wird eine neue Methode vorgestellt, die eine simultane Bestimmung des Pro-
benlohenfehlers und der Probentemperaturagheht. Sie ist in zwei Schritte unterteilt und
basiert auf der Verwendung eines internen Standards, dessen Positionen der Beugungsreflexe
bei Raumtemperatur sowie dessen thermische Ausdehnungskoeffizient genau bekannt sind:

i) Im ersten Schritt wird die Nullpunktsverschiebung und der Probbahfehler bei Raumtem-
peratur bestimmt. Die Abweichung der Reflexpositionen zwischen den theoretiséh€d,I2
sowohl die Nullpunktsverschiebung als auch der Probkehfehler sind gleich Null) und der
beobachteten Reflexpositione®,2des internen Standards kann beschrieben werden als

A(28) = 26, ~ 20, = — = cO%8) +A(26):5 (6.1)
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wobeiR der Goniometerradius urglder Probenbhienfehler ist. Gleichung 6.1 zeigt einen li-
nearen Zusammenhang zwisch®i20) und co$6;). Damit lassen sicls und A(26),s durch
die Steigung und den Ordinatenabschnitt einer Ausgleichsgeradenamuadponeinander be-
stimmen. Ist positiv, so ist die aktuelle Lage der Proleei der Idealposition.
i) Im zweiten Schritt wird die Probentemperatur undhlenfehler aus den Positionen der Beu-
gungsreflexe des internen Standardes bei hohen Temperaturen wie folgt bestimmt:

Bei ertohten Temperaturerokinen die Lage der Beugungsreflexe des Stan8anidHilfe
der Braggschen Gleichung und des Gitterparameters bei Raumtemperatur berechnet werden,
wenn der thermische Ausdehnungskoeffizient bekannt ist. Daraus folgt die Beziehung zwischen
theoretischen Reflexlagef und der erwarteten Reflexlage (z. B. wenn die Peaklage durch
einen Probenttienfehler und eine Nullpunktsverschiebung beeinfluf3t wirgh): 2

2eex(T) = Zet(T) - A(Ze)sd(T) o A(Ze)zs

11/2
= 2arcsin(%7”‘z+('ﬁ+'2> +& [l— (%%) } — A(20)s. (6.2)

Die Abhédngigkeit des Gitterparameters kann beschrieben werden durch

a(T) = ag+Aa(T); Aa(T) :aoiai(T—To)i, (6.3)

wobeiag der Gitterparameter bei der Bezugstempergumda; der thermische Ausdehnungs-
koeffizient ist (vgl. Datensammlung [94, 95]).

Die Nullpunktsverschiebung in Gl. 6.2 wurde bei der Raumtemperaturmessung bestimmt
(Schritt i)). Die Werte vors und T konnen mit Hilfe der gemessenen Reflexposititionen des
internen Standards durch Minimierung v8Rn(20ey; — 2907i)2 bestimmt werden, wobeiy;
durch Gl. 6.2 gegeben ist (der Indedenicksichtigt die einzelnen Beugungsreflexe bei der
selben Temperatur).

Die Methode wurde an Wolfranuf'eine Reihe von Temperaturen angewandt, wobei Ger-
manium als interner Standard diente. Die bestimmten Gitterparameter sind in Tabelle 6.1 dar-
gestellt und mit Literaturwerten verglichen. Es wird deutlich, daf3 die mit der hier vorgestellten
Methode bestimmten Gitterparameter bei unterschiedlichen Temperaturen mit den Werten aus
der Literatur eine sehr gutdbereinstimmung zeigen (bis zurrfften Dezimalen in nm). Ferner
wird damit deutlich, dal3 weitere Diffraktometerfehler nur einen untergeordneten Einflul3 auf
die Mel3ergebnisse haben.

TDie Methode wird hier an Hand einer kubischen Kristallstruktur des Standards gezeigt, das allerdings keine
Einschinkung darstellt.
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Tabelle 6.1.Gitterparameter von Wolfram bei unterschiedlichen Temperaturengifie mit der hier
vorgestellten Methode bestimmte Probentemperalyr,aus Literaturwerten berechnet:
a(Ts) [94, 96]; nach Korrektur der gemessenen Reflexpositionen mit der beschriebenen
Methode bestimmte Gitterparametetje. DasFigure-of-Merit nach [53] ist mit angege-
ben.AT = Ts— T, Tic = Temperatur des Thermoelemerdsst der Probenditienfehler, der
mit der beschriebenen Methode bestimmt wurde.

Tie (K) Ts(K) AT (K) s(um) a(Ts) (nm)

adet (NM) F

299
373
473
573
673

364
468
571
634

-9

-5

-2
-39

12
-12
-13
-14
-34

0.31648
0.31657
0.31671
0.31687
0.31696

0.31648(1) 107(0.009, 7)
0.31658(1) 102(0.010, 7)
0.31671(1) 130(0.008, 7)
0.31688(1) 166(0.006, 7)
0.31695(1) 85(0.012, 7)

Die Temperaturabweichung und der Probamdrifehler werden bei steigender Temperatur
gréRer. Mehrere Mel3serien haben gezeigt, dal3 das Verhalten dieser Fehler nicht vorherge-
sagt werden kann. Die Ursachen higrfiegen in einer nichtvorhersehbaren Deformation des
Heizbandes aufgrund der thermischen Ausdehnung bzw. in kleinen Unterschieden in der Pro-
benpeparation (Probendicke, Packungsdichte, etc.) der einzelnen Mel3serien. Dies zeigt die
Notwendigkeit, dal3 die 0.g. Fehler eder Messung bestimmt werdenussen, um exakte
Gitterparameter/Reflexpositionen bei hohen Temperaturen zu bestimmen. Ferner konnte ge-
zeigt werden, dal3 die Vernaelfdigung des Probeohénfehlersg= 0 bzw. er wird als un-
abléngig vonT angenommes = s(Raumtemperatiiz~ s(T) = konstant) einen Fehler in der
Temperatur von 13 K (bzw. 8 K) verursacht, im Vergleich zur wahren Temperatur (634 K), die
mit der hier vorgestellten Methode bestimmt wurde.






Appendix A

Phasediagrams of the Pd-B system
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Figure A.1..The phase diagram according [8].
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