Structure of Ni-P Melts by X-Ray Diffraction
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X-ray diffraction was done with molten Nig, P, 4 (930°C) and with molten Nigg 4P;, , (1160°C).
The second peak of the structure factor and the pair correlation function of the Nig, P, 5-melt shows
a shoulder, as was observed for amorphous Nig,P,,. The first two peaks in the pair correlation
function can be modelled using crystalline Ni,P besides molten Ni. In the case of Nigg ¢Py; ,, the
first peak in the pair correlation function was modelled using the distance and coordination number

as in crystalline Ni,P.

1. Introduction

With the present paper we continue the investiga-
tion of molten alloys which become amorphous by
rapid cooling. Preceding investigations were con-
cerned with Fe-B-alloys [1], Ni-B-alloys [2], and Mn-
Si-alloys [3]. In each case the corresponding melts
yielded structure factors with a shoulder on the sec-
ond peak.

2. Theoretical Fundamentals

From the coherently scattered intensity I_, follows
the total Faber Ziman structure factor:

Ion(Q)—c, CZ(fl—fZ)z

ST (Q)= 1)
(c1 fit+er /o)
\ sinf

with Q =4n= —
20 = scattering angle,
/ = wavelength,
¢; = concentration of component i in atomic

fractions,

f:(Q) = X-ray scattering length of component i.

The total pair correlation function follows from S¥4(Q)
according to

G (Q)== | Q[ST*(Q)—1]sin QR dQ 2

RN S)
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with R=coordinate in real space.
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The corrections for polarization, anomalous disper-
sion, Compton scattering, and absorption as well as
the normalization procedure were done as described
for example in [4]. The structure factors as obtained
for molten Nig,P,4 and Nigg ¢P;, , in Fig. 1 do not
oscillate precisely along the whole Q-range around
unity. This behaviour may be caused by several rea-
sons:

i) Caused by the surface tension, the specimen sur-
face is not completely flat, which leads to a slight
angle dependence of the absorption correction.

i) During the experiment, by slight evaporation of
the specimen the height of the specimen surface is
varied.

i) There is a temperature gradient between crucible
and melt which may lead to the formation of a
vapour interface between the crucible surface and
the melt which influences the height of the speci-
men surface.

The rise of S (Q) at larger Q-values according to [5]
possibly is caused by errors in the form factor or
in the Compton scattering.

~
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To obtain the S’ (Q) factors which are given in Fig. 1
as broken lines and which show a normal behaviour,
S(Q) was Fourier transformed to yield G, (R) to which
then was given the shape of

G,(R)=—47R g, A3)

for R<R,_. The critical radius R_ corresponds to the
hard sphere diameter [6] of the atoms or to 80% of the
measured atomic diameters [7], respectively. Back
transformation into the Q-space yields the corrected
run S'(Q). For Nig, P,y at 930°C, g, amounts to
0.0856 atoms/A> (density 7.595gcm ?) and for
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Fig. 1. Faber Ziman structure factors; X-ray diffraction
(Mo-Ka): —— as obtained (S(Q)); - - - - corrected (S'(Q)).

Upper curves: Molten Nig,P,4; 930°C; Lower curves:
Molten Nigg ¢P5, ,; 1160°C.

Nigg gP5, , at 1160°C to 0.0811 atoms/A> (density
6.63 gcm™3).

The density values were obtained for Nig, P, from
the density of the amorphous material which was cor-
rected using the thermal expansion coefficient of
nickel. For Nigg gP5, , the starting density was that of
crystalline Ni,P.

Concerning the determination of coordination
numbers in the present work the minimum-minimum-
method was applied, which means that the integration
in G(R) always was done from the minimum at the
low R-side of a peak to the minimum at the high
R-side of the same peak.

3. Experimental Fundamentals

The diffraction experiments were done using MoKa
radiation in a 6-6-diffractometer as described in [3].
Boronnitride-crucibles were used. At Q-values near the
main peak, the step width A26=0.3° was used (corre-
sponding to AQ=0.05 A~1). At 20=80° A26 was 0.7°
(AQ =0.08 A~1), which yields sufficient accuracy for the
investigation of molten materials. The measuring time
for the region 0.75 A~'<Q<14.8 A~! amounted to

40 minutes. As protecting atmosphere Argon (15 mbar)
was used.

4. Results and Discussion
4.1. Molten Nig P4

Figure 1 shows as broken lines the corrected struc-
ture factors S’ (Q) for molten Ng, P, 4 (upper curve) and
Nigg gP3;.» (lower curve). The peak positions, full
widths at half maximum height, and peak heights are
given in Table 1. The second peak of Nig, P4 shows a
weak shoulder at 6.04 A~1. The corresponding pair
correlation functions are presented in Fig. 2, lower

Table 1. Position, height, full width at half maximum of the
peaks in the structure factors of molten Nig, P4 at 930°C
and Nigg Py, , at 1160°C.

Nislplg Ni68.8p31.2
1. Maximum Position [A 1] 3.10 3.08
Height 2.90 2.22
FWHM [A7] 0.52 0.75
2. Maximum  Position [A"'] 545 5.58
Height 1.27 1.16
FWHM [A~}] 1.36 1.48
3. Maximum  Position [A"']  8.15 8.33
Height 1.08 1.03
FWHM [A~1] 1.28 1.45
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Fig. 2. Faber Ziman pair correlation functions: Upper curves:
—— molten Nig,P;g: 930°C; - --- amorphous Nig,P,,.
Lower curves: molten Nig, P 4; 930°C; - - - - molten

Nigg 5Py, 2: 1160°C.
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curves. For molten Nig, P4 (solid line) the first peak
lies at 2.48 A and the number of nearest neighbours
amounts to 12.5 atoms. Furthermore, the second peak
(4.39 A) shows a shoulder at 4.69 A.

Up to now, a shoulder at the second peak of the
structure factor or the pair correlation function, re-
spectively, was only found with melts which form
amorphous solids during rapid cooling [1-3]. There-
fore we compare in Fig. 2, upper part, the total pair
correlation functions of molten Nig, P,4 and of amor-
phous Nig,P,, [8]. In [8] the partial pair correlation
functions G;;(R) were determined. These functions
add for X-rays to the total G;(R) according to

G*(R) (NigoPy) =0.778 Gy (R) )
+0.014 Gpp(R)+0.208 Gyip (R),

if one uses the X-ray form factors fy;(0)=28 eu and
fp(0)=15eu.

The run of this function is shown in the upper part
of Fig. 2 as broken line. Good accordance in the posi-
tions of the first and second maximum is observed,
whereas the further maxima of the melt lie at larger
distances. The splitting up of the second maximum in
the pair correlation function of the amorphous alloys
is for the melt only indicated as a shoulder. Caused by
the thermal atomic motion in the melt, the solid curve
decays more rapidly with increasing R.

In Fig. 3 we compare the run of G(R) as obtained with
the melt along the two first maxima (solid line) with the
run of a model structure G,,.4(R) where in the lower
part crystalline Niy;P was used as model, and in the
upper part a mixture of crystalline Ni;P and molten Ni.

For melts [9, 10] and for amorphous alloys [11, 12], in
the past it was tried to model the first peak from crys-
talline counterparts. For this purpose, G,,.4(R) is com-

posed from the partial G (R)-functions according to
¢, f2(0)
Groa (R)=2 G (R) 4)
’ o>

with

k Z
G:‘,L"d(R)Z —4mo, R+ Zl ﬁ
m= m v m 4

(R—R,,)? (R—R,)’
*| €Xp ——2—82—— —€Xp ——282— 3

R,, = position of the m.™ sphere,
k total number of spheres,
m = 2.335 - ¢, =half width of the sphere,

S)
|

Z, .
Z,, = —* =area of the m." Gaussian curve.
c
n
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Fig. 3. Faber Ziman pair correlation functions: Upper curves:
—— molten Nig,P,4: 930°C; - - - - G, 4(R) from Ni +

molten

Ni,P. Lower curves: —— molten Nig,P4; 930°C; ----
G noa (R) from NiyP.

The positions of the Gaussians are obtained from
the distances of p-atoms to the central v-atom. The
number Z,, of nearest neighbours at the distance R,,
is determined, and one has to keep in mind that not all
v-atoms are surrounded at the corresponding distance
R, by Z,, p-atoms. The share of v-atoms with only
Z? p-neighbours at the distance R,, is designed with

n
c?. Then

Z\'u =é&p Cf Z\Pp (6)
with

YcP=1.

P
In [13] the mean fluctuation of the squared distance of
nearest neighbours is calculated for a primitive lattice.
For high temperatures and uncorrelated motion of
neighboured atoms follows

2 18 oo T )
AR, Mw} * 7’
M =mass of one atom, w,=Debye frequency.
According to [13], for cubic face centered lattices the
empirical relationship is

kg

2 Tm,
MR?

wh=6-10"2

®)

T,,=melting temperature of the crystal.
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This relationship is taken as approach for all kinds
of crystals. Now the mean distance of nearest neigh-
bours to their equilibrium distances is taken as half of
the half width of the Gaussians in (4). According to
[14] one obtains finally for the broadening o, of
nearest neighbour distances

1 T
a,gZ:O.z[ /SAR,Z]= /R,Z?. )

If the atoms are strongly correlated, then according to
[9] for the coordination spheres with larger radii fol-
lows:

T
a,,,=0.2|: R2 —].
I

However, for large distances this assumption indeed is
not realistic. Therefore it has been proposed in [15] to
use Einstein’s diffusion equation, according to which
the total deviation is proportional to the root of the
single deviations. In this way follows

T
0';,,=0.2|: /R, R, —].
I

This stands for a gas, and thus the real breadths will
lie between a,, and a,,.

The G4 (R)-curve is Fourier-transformed and back-
transformed using the same Q,,,, as in the experiment
in order to produce the same truncation error as con-
tained in the experimental curves [8, 16]. To produce
the G, .q(R)-curve in Fig. 3, lower part, broken line,
the results of structure investigations [17] with tetrag-
onal Ni;P were used together with the mean coordi-
nation number of nearest neighbours according to
[18].

The parameters used are compiled in Table 2.

(10)

(11)

Table 2. Modelling the G,(R)-curve for molten Nig,Pg;

930°C; parameters used, namely coordination numbers Z,
atomic distances R, and half widths .

Ni,P Ni molten + Ni,;P

A R[A] o[A] Z R[A] o[A]

Zyp 30 228 030  Zyp 211 233 040

. 372 246 0.38
(molten)

Zogu 10 268 055 Zyy 704 275 059
(Ni;P)

Zyp 40 344 060  Z, 40  3.53 060
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The solid and broken lines in the lower part of
Fig. 3 do not show good accordance. Therefore an-
other approach was used: Molten Nig, P, contains
6% more nickel than Ni;P, i.e. Ni, 5P, 5. Therefore the
second model, the parameters of which also are pre-
sented in Table 2, contains besides NiyP molten Ni [4].
In Fig. 3, upper curves, the result is presented and
yields very good agreement between experiment and
model. This means that molten Nig, P, shows a segre-
gation tendency in the sense that NiyP and Ni coexist
in a similar way as AuCs and Au or Cs, respectively,
in molten Au-Cs-alloys [19]. Thus, for molten Nig, P,,
in a similar way as for amorphous Nig,P,, [20] and as
for molten Au-Cs-alloys the effect of small angle scat-
tering is to be expected.

4.2. Molten Nigg gPy, ,

In Fig. 1, lower curves, as broken line the corrected
total Faber Ziman S’(Q) is presented as obtained with
molten Nigg gP;, ,. The position of the first peak is
the same as for molten Nig, P, o, but with 0.75 A~ 1 it
is broader than the Nig, P, ,-peak with 0.52 A~*. The
height is 2.22 compared to 2.9 in the upper curve.

If we calculate the weighting factors for the case of
molten Nigg ¢P;y; , analogous to (4), then the weight-
ing factor is smaller for the Ni-Ni, but larger for the
Ni-P and P-P-correlations. Thus, for nearly the same
atomic distribution in molten Nig,P,, and molten
Nigg sP5; , indeed a broadening of the first peak in the
structure factor and in the pair correlation function is
to be expected. The fact that the Ni-Ni correlation has
a smaller weighting factor explains why the first peak
in molten Nigg ¢P;, , is smaller [4].

There is no shoulder at the second peak, neither in
the structure factor nor in the pair correlation func-
tion of Figure 4. Also up to now no amorphous phase
with a corresponding composition could be produced.

The concentration ratio of Nigg g Py, , and Ni, P, i.e.
Nige ¢P33.3, 1s nearly the same, and therefore mod-
elling of the first two peaks of the pair correlation
function in Fig. 4 was done using the crystal structure
of hexagonal Ni, P [21]. The model has to be fitted to
the first coordination sphere. All distances had to be
enlarged, as in the case of Ni;P, by 2.5%. The broken
line in Fig. 4 shows the model pair correlation func-
tion. The number of nearest neighbours amounts to
11.5 atoms in the melt and to 11.7 in Ni,P. Apparently
the structure of the melt depends on the structure of
the corresponding or a directly neighboured phase.
Table 3 contains the parameters used for the fit.
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Fig. 4. Faber Ziman pair correlation functions; —— molten
Nigg sPy, 55 1160°C; - - - - G,,.q(R) from Ni,P.

5. Conclusions

Molten Nig, P4 at 930°C and molten Nigq o Py, , at
1160 °C were investigated using X-ray diffraction in a
0-6 diffractometer. Total structure factors and pair
correlation functions were obtained in which for
molten Nig, P,y always the second peaks shows a
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