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AbslrscL The temperalure dependence of lhe lattice parameten in the @-phase (BCC 
suuclum) of pure Zr and Zr-2 at.%Co was delemined between 900 and 1550T by 
neutron diffraction. All diffraction pattems show a high diffuse background. which is 
identified as thermal diffuse scaltering and originales from particular low-energy phonons 
in BCC Zr and its alloys. The latlice parameter of pure BCC Zr is given by az, = 
3.14( 17)~10-~T+3.579(5) in A (T in K), Alloyingwith CO resullsin a contraction of 
BCC Zr, from which it is concluded that CO is diuolved substitulionally. The consequences 
of these resulls for the fast diffusion of CO in BCC Zr are discussed. 

1. Introduction 

Metallic solutes such as Fe, CO and Ni diffuse anomalously fast in the high tem- 
perature BCC p-phase of the group IV metals Ti, Zr and Hf, i.e. diffusivities are 
ObSeNed, which are at least two orders of magnitude higher than the corresponding 
self-diffusion. Neither macroscopic investigations of the net transport of mass, using 
the radio-tracer technique, nor microscopic studies, using quasi-elastic neutron scat- 
tering or quasi-elastic Mossbauer spectroscopy were able to reveal, unambiguously, 
the underlying atomic jump mechanism [14]. 

It is the lack of information about the solute site an6 the solute induced lattice 
distortions which have, up until now, restricted the discussion of models for the 
atomic jump mechanism. Here we report on measurements of the bulk equilibrium 
lattice parameters of pure BCC Zr and Zr-2 at.%& between 900 and 1550'C in 
order to deduce the solute site of fast diffusing Co in BCC Zr. This investigation is 
part of an extensive study of the host-impurity interaction, using elastic and inelastic 
neutron scattering techniques [5-8]. CO was chosen as the solute, because microscopic 
measurements refer directly to this system [2]. The measurements on pure BCC Zr 
were taken for comparison, because the lattice parameter of pure Zr in its p-phase 
(BCC structure) has only been reported at 980T (azr = 3.6163(20) 8, (91). Within 
this early work corrections had to be applied in order to account for the large 
Hf content in the sample. Further corrections were made to take the continuous 
absorption of oxygen during the high temperature measurements into account. 
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2. Experimental details 

For the sample preparation, iodine grade Zr was obtained from Wah Chang, Albany, 
USA The main impurities were (in wt ppm): AI, < 20; B, 0.25; C, < 30; Cd, 
< 0.25; CO, < 10; Cr, < 50; Cu, < 10; Fe, 150; H, 8; Hf, 53; Mn, < 2 5  7 .  MO 
< 10; N, < 5; Nb, < 50; Ni, < 35; 0, < 100; P, 4; Pb, < 25; Si, 25; Sn, < 10; 
'B, < 50; Ti, < 25; U, < 1; y < 25; W, < 25. Additional analysis of the oxygen 
and nitrogen content by the Bundesanstalt fur Materialforschung und -priifung (BAM) 
in Berlin yielded 31(3) and 4(1) wt ppm, respectively. The speGpure CO for the 
aUoy preparation originated from Johnson Matthey, England (metallic impurities in 
wt ppm: Ag, < 1; AI, < 1; Ca, < I; Cr, < 1; Cu, < 1; Fe, 2; Mg, < 1;  Si, 7). 

Pe!lets of the samples were prepared by levitation melting in a high-purity AI 
atmosphere. Remelting of the pellets up to 10 times resulted in good homo- 
geneity for the alloy. The microprobe analysis of the solute concentration yielded 
2.14(20) at.%Co in the alloy. For reasons of comparison, the same melting procedure 
was also applied to the Zr  sample. 

The first difbaction measurements at looO°C showed that the pellets recrystallize 
immediately at high temperature. They were thus not ideally suitable for a powder 
diffraction experiment, because a preferred orientation of the grains occurred. An 
attempt to produce a tine powder of Zr and its alloys by ball-milling failed due to 
a high absorption of oxygen during the milling process. In order to obtain a sample 
as similar as possible to a powder, the pellets were chipped to pieces of about 5 mm 
length and 1 mm x 1 mm on a lathe. Surface contaminations, which occurred during 
the sample preparation, were carefully removed by chemical etching in a mixture of 
60% H,O, 30% HNO,, 10% HE 

For all experimem the samples were vacuum sealed into Nb containers of 0.5 mm 
wall thickness to minimize the accumulation of oxygen during the high temperature 
measurements. In addition, the containers prevented the evaporation of Co from 
the sample. Despite these precautions, taken to ensure the purity of the samples, 
further absorption of oxygen and nitrogen turned out to be unavoidable. An analysis 
performed by the BAM after the measurements gave 207(15)/12(3) wf ppm in the 
oxygenlnitrogen content for the massive pure Zr pellets and 230(23)D7(6) wt ppm 
for the chipped alloyed samples, respectively. 

AU measurements were taken on the high-flux high-resolution neutron diffrao 
tometer DZB of the Institut LaueLangevin in Grenoble, using an incident wavelength 
of A = 1.59 k High temperatures were obtained using a standard vacuum furnace, 
with a Nb heating resistor, in which the sample was rotated continuously, around the 
axis perpendicular to the scattering plane, in order to improve the powder averaging. 

3. Results 

Measurements were performed over the whole range of existence of the BCC structure 
of Zr and Zr-2 at.% Co. Figure I@) shows a typical diffraction pattern of BCC Zr at 
1300°C. Quite remarkable is the high background, which is strongly modulated and 
shows peaks underneath the Bragg reflexions of the sample, but not undemeath the 
Bragg peaks originating from the Nb container. This background is due to thermal 
diffuse scattering (TDS) and was observed for both the pure and the alloyed samples. 
Before discussing the results on the measurements of the lattice parameters, some 
calculations of the TDS are presented. 



Lattice parameters of BCC Zr and BCC Zr-2 of %CO 729 

3.1. Thermal d i m e  scattering 

Insight into the ms is obtained by considering the scattering intensity of neutrons or 
x-ra$ resulting from the interaction with single phonons. In the high temperature 
limit (kBT w hw, where kB is the Boltzmann constant, T temperature and hw the 
phonop'energy) the one-phonon structure factor for a monoatomic lattice reads [lo, 
111 

j = 1,. . . , 3 N ,  where N is the number of atoms in the unit cell. Q = q fr,,, is 
the scattering vector and q the wavevector of the j t h  phonon with a displacement 
vector uj(q) and the energy hwj(q) .  T , ~ ,  is a reciprocal lattice point, b the coherent 
scattering length of the atoms and exp(-2W) the Debye-Wler factor. 

In a standard Born-von Karmin approach, lattice vibrations are parameterized 
by interatomic force constants, which are obtained by a fit to the measured phonon 
dispersion. Using the force constants up to the fifth nearest-neighbour shell for 
BCC Zr [SI, the phonon energy h w j ( q )  and the displacement vector uj(q) for any 
arbitrary wavevector q is easily calculated by diagonalizing the dynamical matrix. In 
order to calculate the scattering intensity, I, expected in an experiment without any 
energy analysis of the scattering events, the corresponding structure factors of the 
three independent phonon branches have to be added, i.e. I U E=, l<iz. For 
simulating scattering in a powder the direction of Q is chosen randomly. Its length 
is given by QZ = k? + kj - 2~kiIlkf(cos(20) where 229 is the angle between the 
incident and scattered wavevectors ki and k,, respectively. 

Results of such calculations are shown in figure I(b). These calculations include 
the geometrical factor 1 / sin(20), which accounts for the varying DebyeScherrer 
cone sizes for different scattering angles 26. %vo observations can be made: (1) 
diffuse peaks are found as satellites around the Brag  reflexions; and (2) strong 
intensities are calculated in between the scattering angles of the Bragg peaks. 

The first observation is caused by a general properly of lattice vibrations. NI 
acoustic phonon branches approach zero, when the wavevector q reaches a reciprocal 
lattice point. The (hw) -z  dependence of the TDS intensity on the phonon energy 
leads to singularities in tbe calculations. The relative intensity of the TDs around the 
different Bragg peaks corresponds to the multiplicities of the reflexions. The same 
calculations were also performed for Nb, which was used as the container material 
in the experiment and resulted in Bragg reflexions in the spectra (see figure I@)). 
The interatomic force constants for Nb were taken from [12]. Possible temperature- 
dependent changes in the phonon dispersion were not included in the calculation. 
These simulations yield 'IDS intensities considerably lower than for pure BCC Zr. This 
is caused by the steeper initial slope of the phonon branches and the overall higher 
phonon energies in Nb. 

The second observation of strong intensities in between the Bragg peaks originates 
from extremely low and damped phonons in the BCC phase of the group IV metals 
Ti, Zr and Hf [S, 131. These low phonon modes contribute strongly to the TDS 
background and also lead to intensities away from the Bragg peaks. In this respect, 
the group IV metals differ from other metals such as Nb, in which no low energy 
phonon branches are found, and thus the calculated ms intensity is low in between 
the B r a g  peak in agreement with the experiment 
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Figure 1. (a) Diffraction pattern of BCC Zr (chip@ sample, incident wavelength X = 
1.59 A) at 13WC Note the high m background. D e  unmarked peak originate from 
the Nb sample conlaina. (b) Calculated 1Ds according lo the one-phonon structure 
factor and Ihe lattice vibrational spectrvm of BOC Zr [SI. 

At high scattering angles multi-phonon processes become important, which were 
not considered in this simple simulation. Rntatively they can explain the disagreement 
between calculations and the experimentally obselved background at large scattering 
angle, because they lead to a smooth background modulation underneath the one 
phonon scattering intensity (see [14]). 

In contrast to x-ray investigations, the TDS can be separated from the elastic 
scattering in a neutron experiment by performing an energy analysis of the scattered 
neutrons. However, in the @-phase (BCC structure) of the group IV metals and 
their alloys phonon intensities would still remain in the elastic scattering intensity. 
They have their origin in the short lifetime (or strong damping) of the low energy 
phonons, which causes the observation of intensity of inelastic origin at zero energy 
transfer. Experimentally, this physical property of the group IV metals means that 
inelastic intensity is always observed, independently of how good an energy resolution 
is chosen (see, for example, figures 4 or 7 in [SI). 

3.2. Lattice purumeters 

Figure 2 shows the lattice parameters of BCC Zr and BCC Zr-2 at.%&, as obtained 
from a simultaneous fit of all peak positions to Brag’s law for a given temperature 
and sample. The temperature dependence is described in a h e a r  approximation by 

uZp  = 3.14(17) x lO-’T + 3.579(5) in 8, 

uzr-* = 4.45(20) x IO-’?’+ 3.547(3) in .& 
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where Tis given in Kelvin. Within the present study the earlier determination of the 
lattice parameter of BCC Zr [9] at 980T is confirmed. Furthermore, the temperature 
dependence of the lattice parameter of Nb was extracted from reflexions originating 
from the sample container (aNb = 3.01(11) x + 3.287(2) in A). This result 
is in agreement with earlier measurements [U] in the investigated temperature range. 

On lowering the temperature to go from the BCC (@phase) to the HCP (a- 
phase) an expansion of the Zr lattice occurs: At Tes= 862°C a lattice parameter 
of aBCC = 3.615 8, is obtained from the previously noted temperature dependence. 
Using the crystallographic relationship between BCC and HCP, first derived by Burgers 
[16] (see also [6]) aHCP = &/2aBcc and cHCP = &a,,, are obtained. This 
corresponds to the ideal c/a ratio for the HCP structure. Measurements on the 
lattice parameters of HCP Zr just below Tea at 852C yielded [17] aHCP = 3.247 A 
and cHcp = 5.197 k This result is slightly larger than expected from thegeometrical 
relationship. Thus, on lowering the temperature, an expansion of 3.7% is found in 
the basal plane and of 1.6% in the c-direction. This is in agreement with the earlier 
observation which reported an expansion of the a-phase unit cell volume at Tas [9]. 

Alloying CO to Zr causes a contraction of the BCC lattice. The magnitude of 
this contraction can be expressed as the difference between the lattice parameters 
of the pure and alloyed sample Aa = azr - aZr-2 at.PbCo, normalized to the solute 
concentration c and the lattice parameter of the pure sample azr, i.e. ( A a / a ) c  = 
0.17 is found at 100OC 

The observed lattice contraction of BCC Zr due to alloying with CO can be un- 
derstmd by a substitutional dissolution of the solutes. The atomic radius of CO is 
considerably smaller (about 20%) than that of a Zr atom [IS]. Within this hard 
sphere model a substitutional solute site of the CO will yield a lattice contraction, 
whereas-independent of the atomic size of the solute in respect of the solvent-an 
interstitial site is supposed to result in an expansion, as is the case for all gaseous 
solutes in metals. 

It is thus concluded, that the contracior of the Zr matrix due to alloying is a 
strong argument in favour of substitutional disswed CO in the Bcc Zr lattice. 

Further evidence for this solute site was obtained by recent measurements of the 
CO induced lattice distortions in BCC Zr by studying the elastic diffuse scattering 
intensity in ZI-1.5 at.%Co single crystals 171. It turns out, that the ObSeNed mod- 
ulation of the diffuse scattering intensity can be explained fully by CO dissolved on 
substitutional sites, causing a radial symmetric displacement field of the matrix atoms. 
The absolute value of the lattice contraction ( A a / a ) c  reported here was used in this 
explanation to describe the observed scattering intensities on an absolute scale. 

Applying Vegard’s law for the lattice parameters of alloys, consistency within our 
explanation of a suhstitutional dissolution of CO in BCC Zr can he verified. Accord- 
ingly, the lattice parameter of a substitutional alloy is the sum of the concentration 
weighted lattice parameters of the constituents. In the present case a direct com- 
parison with this rule is not possible, because the structure of CO is HCP at room 
temperature (aHCP = 2.51 8. and cHcp = 4.07 8. [19]). However, using the previ- 
ously discussed relationship between the lattice parameters of HCP and BCc CO 

2 
aZr-2 at,xco = 0.98 x 3.62 + 0.02 x - x 2.51 = 3.60 A at I ~ T  v5 
is obtained. Tais value agrees perfectly with the experimentally observed value (fig- 
ure 2). 
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Figure 2. Lattice parameter of BCC Zr and BCC ZI-2 at.%Co: 0, chipped samples; 0, 
massive pcllcls. ?he large cmr  bars for the results Imm the massive samples originate 
fmm unmnlmlled rrcrysIallition problems, which occasionally caused the disappearance 
of some of the Bra= pcab in the scattering plane. 

Whereas all these arguments are strongly in favour of substitutional dissolved 
CO in BCC Zr, a minor fraction of CO on interstitial sites cannot be excluded. For 
instance, the stronger increase in the lattice parameter of Zr-2 at.%& with increasing 
temperature, than for pure BCC Zr, might indicate that, with increasing temperature, 
an increasing fraction of CO is dissolved interstitially, thus causing a local expansion 
of the lattice. 

Alternatively, the difference. in temperature dependence of the lattice parameters 
could also be explained by an increase of anharmonidties in the interatomic potential 
in the alloy, in comparison to pure Zr. 

4. Conclusion 

The result of the present investigation has a major impact on models constructed 
so far for the fast solute diffusion of CO in BCC Zr. All models which are based 
on a major dissolution of CO in the interstitial sites can now be excluded [20]. The 
present results suggest that the majority of the CO migrates via vacancies similarly to 
Zr self-diffusion. 

Such a model is in agreement with direct observations of the diffusion of CO or 
Fe in BCC Zr using microscopic methods such as quasi-elastic neutron scattering [Z] 
or quasi-elastic Massbauer spectroscopy [3]. In these experiments it is observed that 
the major fraction of the CO or Fe solutes diffuse approximately ten times faster than 
Zr self-diffusion, but this is still not fast enough to explain the net transport of mass 
as determined by tracer measurements [I, 41. Based on this discrepancy it has to be 
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concluded that a minority fraction of CO or Fe atoms, which is not directly visible 
in the microscopic experiments, migrates very rapidly in order to explain the net 
transport of mass. Presumably such a very rapid diffusion occurs via interstitial sites. 
Whereas the quasi-elastic neutron studies on BCC Zr-2 at.%& yield a maximum 
fraction of 28% of the CO atoms dissolved on interstitial sites, a recent study of CO 
induced lattice distortions in BCC Zr [7] and the present work give a strong indication 
of a considerably smaller fraction. 

Finally we point out the similarities with the archetypal system of fast solute 
diffusion, i.e. the diffusion of Au in Pb. In this system a lattice contraction of the Pb 
mauix upon alloying with Au is also observed [21] and, by arguments similar to these 
presented here, it is concluded that the major fraction (> 80%) of Au dissolves 
substitutionaUy [Zl]. However, conclusions on identical dEusion mechanism are 
limited by the considerable differences between the system: Pb has a closed packed 
FCC structure, whereas BCC Zr exhibits an open lattice. The solubility of Au in Pb 
is extremely low of approximately 500 ppm at the melting point, whereas some 3 to 
4 at.%Co or Fe can be dissolved in BCC Zr. 
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