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The structure of amorphous Ni Zr ., _,-alloys (x=30, 31, 34, 63.7, and 65), which were produced
by melt spinning (MS), mechanical alloying (MA), and sputtering (SP) was studied by X-ray- and
neutron diffraction yielding structure factors, pair correlation functions, coordination numbers,
atomic distances, and Warren-Cowley chemical short range order parameters. The atomic arrange-
ment within the first coordination sphere is independent of the method of preparation while in the
second and higher spheres it differs between the MS- and the MA-alloys on the one side and the
SP-specimens on the other side. Thus one understands that some physical properties of the different

specimens differ.

1. Introduction

In the present paper we investigate the short range
order structure of amorphous Ni Zr ;- -alloys
(x=30, 31, 34, 63.7, and 65) and focus on the question
whether there exists an influence on the atomic
arrangement of the production method, namely melt-
spinning, mechanical alloying, and sputtering.

2. Theoretical

We refer to reference [1] concerning the theoretical
fundamentals of structural investigations and the defi-
nition of the Faber-Ziman structure factor S¥%4(Q),
where Q=4 n(sin ©)/4, /=wavelength, 2 © =scatter-
ing angle, as well as the definition of the Bhatia-
Thornton structure factor S®T(Q), the Faber-Ziman
pair correlation function G(R), the pair distribution
function g(R), and the Warren-Cowley short range
order parameter

szAA—Z-cA’ 1)
Z-cy
where
Z s, =number of A-atoms around an A-atom, in a
binary alloy A-B,
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Z =mean coordination number in the alloy,
¢; =concentration of atoms of kind i in atomic frac-
tions.

3. Experimental
3.1. Preparation of Specimens

In the following, MS, MA, and SP stand for melt-
spinning, mechanical alloying, and sputtering, respec-
tively.

3.1.1. MS-Specimens

We used two amorphous alloys produced by MS,
namely MS-Ni;y, Zrg, and MS-Niy,Zro,. MS was
done in He-atmosphere (100 mbar). The Cu-cylinder
with a diameter of 30 cm rotated with 50s~*. The
melt was contained in quartz cylinders with 0.7 mm
ejection hole diameter at a distance of 3 mm from the
cylinder. The amorphous ribbons were 20 to 30 pm
thick and 0.8 to 1 mm wide.

3.1.2. MA-Specimens

The MA-specimens MA-Niy,Zr,, and MA-NigsZr;
were produced within an inert Ar-atmosphere con-
taining less than 1 ppm O, and H,O starting from Ni-
and Zr-powders with typical particle diameters of
about 40 um. Milling was done during 60 h in inter-
vals of 15 min milling and 15 min pause [2].
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3.1.3. SP-Specimen

The SP-Niy,Zr,-specimen (thickness 50 um) was
produced within a sputter-unit (Z 400, Leybold-
Heraeus) on 6.2 pm thick mylar foil. During sputter-
ing the substrate was water-cooled. The experimental
parameters to obtain an amorphous specimen are
10”2 mbar Ar, high voltage 1.3 kV, cathode current
125 mA, DC-potential 1.2 kV, frequency 13.56 MHz,
and sputtering time 72 h. The mylar foil does not dis-
turb the X-ray diffraction work.

3.2. Diffraction Apparatus

3.2.1. X-Ray Diffraction

X-ray diffraction was done using molybdenum radi-
ation with the instrument D500 (Fa. Siemens) in
transmission mode. A quartz monochromator was
used in the primary beam. The radiation is detected
using a scintillation counter. The amorphous ribbons
and the mylar foil with the SP-specimen were fixed
onto frames.

..... Neutron Diffraction

Neutron diffraction was done at the Institute Laue-
Langevin, Grenoble, using the two-axes-diffractome-
ters D4 and D 20.

With D4 we used the wavelength 0.7 A which
allowed a Q-region between 0.2 A~! and 16 A"
With D20 we used the wavelength 2=0.87 A and
thus had available the Q-region from 0.5A ™! up to
14A-1%

The specimens were filled into cylinders made from
vanadium foils (outer diameter 7 mm, wall thickness
75 um). According to [3] for the two elements Ni and
Zr the scattering lengths b, the scattering cross sec-
tions o, and the absorption cross sections ¢, for the
wavelength /=0.7 A amount to the values given in
Table 1.

Table 1. Scattering length b, scattering cross section g, and
absorption cross section g, for 2=0.7 A according to [3].

Element b [10"'2cm] o, [1072*cm?] ¢, [10"**cm?]
Ni 1.03 17.56 1.75
Zr 0.716 6.56 0.07

4. Results and Discussion

4.1. MS-Niy Zrgo and MA-NiyoZr,;
Neutron Diffraction

Both specimens were investigated using the diffrac-
tometer D4 at ILL, Grenoble, using the wavelength
0.7 A.

4.1.1. MS-Niy, Zrg,

Figure 1 shows the experimental intensity versus
the scattering angle 2©. With increasing 2 © values
the mean intensity decreases, 1.e. it does not oscillate
around a horizontal line as it should with neutron
diffraction. This decrease is stronger than explicable
by the inelastic scattering effect from the Ni-Zr alloy
and is caused by hydrogen. Thus the intensity curve
had to be corrected using a normalized intensity curve
for hydrogen as described in [4]. During the correction
method it became evident that the specimen contained
2 atom percent hydrogen.

Figure 2 shows the Faber Ziman structure factor
S¥Z with a distinct premaximum at Q=1.7 A~ !, which
is a strong hint on compound formation. Fourier trans-
formation of the structure factor yields the pair corre-
lation function G(R) with its split up main maximum
at R=2.68 A and 3.18 A as shown in Fig. 3 by the
dotted curve.

According to [5] the Goldschmidt diameters for Ni
and Zr amount to 2.49 A and 3.19 A, respectively.
Thus the maximum at 3.18 A can be attributed to the
Zr—Zr-correlation. To explain the maximum at 2.68 A
we need the equation

Nisizreo = 014 Gini +0.47 Gy, + 038Gy (2)

which shows how to split up the total pair correlation
function G*' into the three partial functions Gy,
Gnize» and G5,

Furthermore we use the shortest Ni—Zr-distances
in crystalline NisyZrs, from [6] which amount to
266 A, 2.70 A, and 2.87 A. If we assume the Ni-Zr-
distance in amorphous MS-Ni;, Zr, to be as small as
the shortest Ni—Zr-distance in crystalline NisyZrs,,
then we can attribute the experimental R-value of
2.68 A to the Ni—Zr-correlation. An interpretation as
Ni—Ni distance, which would be expected at 2.49 A,
can be excluded because of the small weighting factor
of only 0.14.
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Fig. 1. MS-Ni;, Zr,; neutron diffraction (1=0.7 A); exp. intensity after
corrections for absorption, container- and background-contribution.
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Fig. 3. Neutron diffraction (A=0.7 A); pair correlation function accord-
ing to Faber Ziman. MS-Niy Zreo (- - ); MA-Ni;oZr,, (- ).
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Fig. 2. MS-Ni;, Zr,; neutron diffraction (A=0.7 A); structure factor
according to Faber Ziman.
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Fig. 4. MA-Ni, Zr,; neutron diffraction (41=0.7 A); structure factor
according to Faber Ziman. For numbering see text.
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Fig. 5. MA-Ni sZr,4; neutron diffraction (A=
0.87 A); structure factor according to Faber
Ziman. For numbering see text.

Fig. 6. MA-Ni,,Zr,4; neutron diffraction (A=
0.87 A): pair distribution function with Gauss
fit.
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4.1.2. MA-Ni; Zr,

Also in this case a correction for hydrogen scatter-
ing had to be applied corresponding to a hydrogen
content of about 1.7 atom percent. Figure 4 shows the
Faber-Ziman structure factor. The small peaks marked
with numbers show that the specimen contains crys-
talline residuals which are Ni (peaks 1, 2, 5, and 6) and
2-Zr (peaks 3 and 4). The corresponding pair correla-
tion function is shown in Fig. 3 with a dashed line
and compared with that obtained with MS-Ni;, Zr¢,
(dotted line). G(R) obtained with MA-Ni;,Zr,, also
shows pronounced peaks at 2.68 A and 3.18 Aand a
run very similar to that of G(R) obtained with MS-
NisZtgg.

From the corresponding g(R)-curves we obtained
by fitting with Gauss curves for the first and second
maximum at 2.68 A and 3.18 A the coordination num-
bers as given in Table 2.

As a result we state a strong similarity of the short
range structure in the two amorphous specimens MS-
Ni;, Zrge and MA-Niy,Zr,,.

Table 2. MS-Ni,,Zr., and MA-Ni;,Zr,,: coordination
numbers.

Specimen ZLxize Lt
MS-Ni;, Zrq 5.9
MA-Niy Zr-, 5.9
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Fig. 7. MS-Nig5 -Zrsg 5 (- -+ and MA-NigsZr3s (

neutron diffraction (£=0.87 A);

structure factor S“T(Q
according to Bhatia and Thornton.

4.2. MA-NigsZrys and MS-Nigs 1Zr5¢ 3,
Neutron Diffraction

42.1. MA-NigZr,,

This specimen was investigated using the diffrac-
tometer D20 at ILL, Grenoble with 0.87 A wavelength.

The intensity curve as obtained with the MA-
NigsZrys-specimen oscillates rather well around a
horizontal line and thus had not to be corrected for
hydrogen contamination. Figure 5 shows the Faber
Ziman structure factor which contains small Bragg-
peaks which can be attributed to crystalline impuri-
ties, namely Ni (1, 2, 5, and 6) and «-Zr (3 and 4).

In Fig. 6 we present the total distribution function
g(R) as obtained from the structure factor in Fig. 5 in
the region 1.5 A <R <6.5 A. The main maximum lies
at 2.59 A. The total distribution function is composed
of the partial functions according to

qm“u;s 0.529 gnini + 0.396 gnize + 0.074 g4.7. . (3)

The three weighting factors show that the Ni—Ni- and
Ni—Zr-partial distributions are weighted with nearly
the same coefficient, whereas the weighting factor of
9z.7. only amounts to 0.074. According to Gold-
schmidt we expect for the Ni—Ni-distance and the
Ni-Zr-distance 2.49 A and 2.84 A, respectively. The
nearest Ni—-Zr distance in crystalline NisyZrs,
amounts to 2.66 A. All these distances lie in the range
of the maximum 1 which therefore is attributed to
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Table 3. MA-NigsZr;5, coordination numbers.

Gauss-peak Z gz, Zini Zize

. 6 6.1
5.6 —~

o -

Ni—Ni- and Ni-Zr-distances. The fitting of Gauss
curves to the maximum in Fig. 6 yields a small maxi-
mum 2 at 3.25 A which can be ascribed to Zr—Zr-
pairs.

42.2. MS-Nigs -Zr36 3

We use the data given in [7], which were obtained
with MS-Nig; ;Zry¢ 5, for comparison with MA-
NigsZry5. Figure 7 shows the Bhatia-Thornton struc-
ture factors as abtained from both specimens. Both
SBT(Q)-curves coincide very well, especially looking at
the Q-region around 1.5 A~ where in both cases a
premaximum is observed. This means that in the two
specimens MA-NigsZry5 and MS-Nig; ,Zr;4 3 €xists
a very similar chemical short range order. In [7] for
MS-Nig; ,Zr 5 5 in the region of the first coordination
sphere the partial coordination numbers Zy;n; =6,
Znize=35, and Z,.,, =5.84 were reported. These are
nearly the same coordination numbers as obtained
during the present work by splitting maximum 1 in
Fig. 6 into two Gaussians (see Table 3).

4.3. MS-Niy,Zrge and SP-Ni3,Zrge,
X-Ray Diffraction

Both specimens were investigated using the diffrac-
tometer D 500 with a resolution in 2@ of 0.2°. The
formfactors and coefficients of anomalous dispersion
were taken from [8, 9].

43.1. MS-Niy,Zr,

Figure 8 shows the Faber Ziman structure factor
and Fig. 9 the corresponding pair correlation function
with a split up main maximum. The distances 2.68 A
and 3.20 A correspond to those obtained with neutron
diffraction with specimens of similar composition
(Sect. 4.1) and are ascribed to Ni—Zr and Zr-Zr,
respectively.
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Fig. 8. MS-Ni,, Zr . ; X-ray diffraction (Mo-K«); structure factor accord-
ing to Faber-Ziman.
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Fig. 10. SP-Ni, Zr,,; X-ray diffraction (Mo-Ka); structure factor ac-
cording to Faber-Ziman.
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Fig. 9. MS-Ni,,Zr,; X-ray diffraction (Mo-Ka); pair correlation func-
tion.
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Fig. 11. SP-Ni,, Zr; X-ray diffraction (Mo-Ka); pair correlation func-
tion.
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g(R)

Fig. 12. MS-Ni, Zr., (——) and SP-Ni, Zr ¢
R ); X-ray diffraction (Mo-Kua); pair distri-
bution function g(R).
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Table 4. MS-Ni; Zr,, and SP-Ni;,Zr,; coordination num-
bers.

Specimen Zyize Z e
MS-Niy, Zreq 5.8 10.8
SP-Ni, Zr . 6.1 112

Table 5. Warren-Cowley short range order parameters.

Radiation Specimen ax X max Ot

used

n MS-Nijy, Zrg, —0.08 —045 018
MA-Ni;,Zr, —0.14 —043  0.32

n MS-Nigy ,Zrye 3 —0.25 —-0.57 044
MA-NigsZrs —0.43 —0.54  0.80

X MS-Ni;, Zr,, —0.03 —-0.52  0.05
SP-Ni,,Zr,, —004 —052 007

43.2. SP-Niy,Zree

The sputtered specimen yielded the structure factor
shown in Fig. 10 and the pair correlation function
presented in Figure 11. The latter yields again Ni—Zr-
and Zr-Zr-distances at 2.68 A and 3.23 A, respec-
tively.

In Fig. 12 we compare the g(R)-curves as obtained
with MS-Niy,Zr,, and SP-Niy,Zr,,. Apparently the
sputtered specimen shows a more pronounced first
maximum and also a splitting up in the second maxi-
mum. The coordination numbers are listed in Table 4.

In both specimens we observe about 6 Zr-atoms
around each Ni-atom and about 11 Zr-atoms around
each Zr-atom. The splitting up of the second maxi-

20

mum in g(R) from the sputtered specimen shows that
in the higher coordination spheres the sputtered and
the melt-spun specimen have different atomic struc-
tures. Moreover, the peaks obtained with the sput-
tered sample are slighly shifted to large distances. This
points to a less dense structure of the sputtered sample
compared with the melt-spin sample. Concerning
mechanical properties we state the MS-specimen to be
ductile whereas the SP-specimen is very brittle as ob-
served in sputtered specimens from various alloy sys-
tems.

Many melt spun alloys are ductile but become brittle
during a relaxation treatment. This effect was ex-
plained by a decrease of the free volume during an-
nealing. Furthermore, it was often observed that re-
laxed specimens show more pronounced maxima in
g(R) [10, 11]. Therefore it is suggested that the SP-
Niy,Zrg, specimen is in an energetically lower state
than the MS-Ni;,Zrg, specimen.

4.4. Comparison of the Warren-Cowley Short Range
Order Parameters

For all six specimens the Warren-Cowley short range
order parameter « according to (1) was calculated as
well as the maximum short range order parameter

Ca

xmax = - ]7
Cp

with ¢, <cy

and the relative short range order parameter

X

rel —
max

o
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« 1s always negative which means compound forming
tendency in all the alloys under investigation. This
furthermore means that each Zr atom prefers next
Ni-neighbours and vice versa. This tendency, how-
ever, is pronounced for the different specimens in a
very different way. The MA-specimens show a com-
pound forming tendency which is twice as large as in
the MS-specimens. The degree of the short range
order in the SP- and MS-specimens, on the other
hand, is rather equal.

Furthermore we note that Ni-rich amorphous al-
loys show a stronger compound forming tendency
than the Zr-rich alloys when produced with the same
method. This agrees with theoretical calculations re-
ported in [12], where by minimizing the free energy,
the partial Sc(Q) structure factor was obtained, with
the result that the short range order is larger in the
Ni-rich alloys.

5. Conclusion

From the pair correlation functions, the atomic dis-
tances, and the coordination numbers follows that
amorphous Ni—Zr alloys which were produced by
sputtering, melt-spinning, and mechanical alloying
show nearly the same neighbourhood in the fist coor-
dination sphere. The quantitative consideration, how-
ever, which was done using the short range order
parameter, shows that there are differences in the com-
pound forming tendency between the alloys produced
by the different methods.
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