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Structure changes on relaxation of differently
cooled Pd, 33:Si; 45 alloy glass

Y. NISHI, H. HARANO, S. UCHIDA, K. OGURI
Department of Materials Science, Tokai University, Hiratsuka, Japan

The radial distribution function (RDF) of X-ray diffraction was studied for liquid-quenched
Pd, ¢35 Sip 165 alloy glasses in relation to cooling conditions. The atomic distance (r;), total
coordination number (n) and volume (V) are obtained by a first peak of RDF. The faster the
cooling rate, the larger the r,;, n and V become. Based on the relaxation theory, we show
linear changes in r;, n and V with the sample thickness (D) which indicates the reciprocal

cooling rate.

log,(r; — 2.826) = —1.92 — 2.58D
log,(12.83 — n) = 0.130 — 2.50D
logy, (V ~ 7.95) = 0.011 - 2.80D

The volume change is mainly dominated by n.

1. Introduction

Various properties, such as magnetic, electric and
mechanical properties, have been reported in liquid-
quenched glassy alloys [1-3]. It is important to know
the effect of cooling conditions on the properties.

However, the effect has never been investigated system-.

atically. We have recently examined the cooling con-
ditions in liquid-quenching [4, 5]. With this experi-
ence, we have recently started a study to observe the
effects of cooling conditions on mechanical and mag-
netic properties in liquid-quenched glasses [6-8).
However, no one has ever quantitatively studied the
dependence of relaxation state (atomic structure, such
as atomic radius, coordination number and molar
volume) on the cooling condition.

In particular, it is difficult to obtain the change in
molar volume, because the boundary is often found in
slowly cooled glasses (Fig. 1). Fig. 1 shows a micro-
graph of the slowly cooled Pdgg;5Si, s alloy glass.
Because the slowly cooled glass has a slow cooling
curve and remains at a high temperature for a long
time, the diffusivity pass of free volume [9] is large (the
free volume is one of the defects and changes the
glassy structure), i.e. relaxed glassy clusters are easy
to grow. Because the migration pass is short at an aged
temperature (low temperature below the glass tran-
sition temperature), the ageing may induce the growth
of small glassy clusters and probably generates the fine
boundary between the clusters. Although it is difficult
to observe the boundary for the aged glass at low
temperature, the aged glass is often brittle [10].

If the density of atoms is dilute in the boundary, it
is impossible to measure the precise density of the
slowly cooled glass by means of the usual Archimedean
method [11, 12]. Thus, we have suggested a method to
evaluate the structural change by means of X-ray
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diffraction. The purpose of the present work was to
study the cooling condition dependence of the atomic
structure (atomic radius, coordination number and
molar volume) of the Pd, ¢, Si, 45 alloy glass.

2. Experimental procedure

An alloy of Pd,g;5Si; 4s was prepared from elemental
powders: Pd 99.8wt% metallic purity and Si
99.99 wt % purity. The powders were compacted
under high pressure with a hydraulic press, sintered
and melted in an argon-hydrogen atmosphere. Glass
plates were prepared by liquid-quenching [4, 5]. A
piston-anvil type apparatus was constructed to
quench the molten alloy in an argon-hydrogen atmos-
phere. The temperature of the liquid was about
1800 K. The cooling rate (R, Ksec™') was varied by
controlling the sample thickness (D, mm) as in the
following equation [4]

logR = —AlogD + C (N

where 4 and C are constants. Based on Newton’s
cooling condition, 4 is approximately equal to 1[4, 5].
Because the heat transfer coefficient () between the
molten sample and the copper plate of the apparatus
is not very high [4, 5], the temperature slope in the
sample should be small. The structure is monitored by
X-ray diffraction (model no. RU-200B, Rigaku
Denki, Tokyo). The diffraction is performed by a step
scanning method (copper target, 30kV, 50mA,
0.05 deg/step, 10 sec/step).

3. Results

3.1. Total structure factor, S(Q)

The total structure factor, S(Q), and radial distri-
bution function, 47nr’ p,g(r), were obtained from the
measured intensity by the following procedures [13].
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Figure 1 Scanning electron micrograph of the slowly cooled
Pdy 53551 145 alloy glass.

The correction of the background was carried out by
subtracting the arithmetic mean intensity of the back-
ground (1) of pure palladium and pure silicon from
the experimentally measured intensity (Z,,). The
corrected intensity (I,,) was obtained by dividing
I,, — I, by the product of the absorption (4) and

polarization (P) corrections

Low = (L — L)/PA 2

P and A are defined as
P = [l + cos?268]2 3)
A = [l — exp (—2jit cosec 0)}/2 4

where 68, r and [ are the scattering angle, the sample
thickness and the linear total absorption coeflicient
[14], respectively. S(Q) was defined by using I, as

S(Q) = [Blcorr - <f2> - Imc]/<f>2 (5)
Q0 = 4na(sin 9)/1 ‘ (6)

where B, fand 4 are the conversion factor, the total
atomic scattering factor and the X-ray wavelength of
0.154 18 nm [14], respectively. I, is the Compton
scattering intensity, which uses the results of Compton-
Allison [15]. f was given by the equation [16, 17]

f = i a; EXp [— b, sinz(?/,lz] + C +f/ +f// (7)

where g, b, and C are the coefficients for fitting the
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Figure 2 S(Q) changes with Q of rapidly and slowly cooled
Pd, 35 Sig 65 alloy glasses.
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Figure 3 Changes in (O) peak height and (M) half value width
(full-width at half-maximum; FWHM) of $(Q) with sample thick-
ness (D) of Pd 435Sy 15 alloy glasses. D is inversely proportional to
the cooling rate.

atomic scattering factor. f* and f” were the real and
imaginary components of the anomalous dispersion.
In the generalized Krogh-Moe-Norman method,
the conversion factor B [18] was given by

B o= | Qs + 40K
< exp (~ R0 4@ — g, ||

| [ @ taairy) o0 (RO 00 | ®
Q = 4sin 0)/2 ®)

where Q... is the @ at the scattering angle
(20 = 133°), R® is the damping factor (R® = 0.01)
[19], and p, the atomic number density of the sample.

Fig. 2 shows S(Q) of Pd-Si glassy alloys obtained
under different cooling conditions. The high and
narrow first peak and the split second peak are par-
ticularly remarkable in the S(Q) of the slowly cooled
specimen in comparison with that of the rapidly
cooled glass. The faster the cooling rate (the thinner
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Figure 4 Radial distribution function changes with atomic distance
of rapidly and slowly cooled Pd,g;4Siy 5 alloy glasses.
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Figure 5 Changes in mean atomic distance (r,) of the first peak in
RDF with sample thickness (D) of Pdyz,5Si, ¢ alloy glasses. D is
inversely proportional to the cooling rate. r, and r; are the mean
atomic distance of extremely rapidly and slowly cooled glasses,
respectively. (——) Calculated on the basis of the relaxation process
(Equation 16).

the sample thickness), the lower and broader the first
peak becomes, as shown in Fig. 3.

3.2. Radial distribution function (RDF)
The radial distribution function (RDF) was obtained
as a Fourier transform of S(Q)

RDF = 4nr’p,g(r)
= dnr'p, + (2rn)
x [[2 QIS(Q) — 1]sin (Qr) d@  (10)

Fig. 4 shows RDFs as Fourier transforms of S(Q).
The remarkable split second peak, the high and narrow
first peak are found in the RDF of the slowly cooled
glass. The faster the cooling rate (the thinner the
sample thickness), the lower and broader the first peak
becomes.

3.3. Atomic distance

Fig. 5 shows the change in the mean atomic distance
(r1, nm) with the sample thickness (D, mm). The slowly
cooled glass (the thick sample thickness) shows small
ry. r, increases with an increase in cooling rate
(decrease in sample thickness). The atomic distance of
the rapidly cooled glass is 0.27% larger than that of
the slowly cooled glass.

3.4. Coordination number
The coordination number was calculated from the
area under the first peak in the RDF as follows
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Figure 6 Changes in total coordination number (O) and corrected
coordination number of Pd-Pd atoms (M) with sample thickness
(D) of Pdy 435 Siy 45 alloy glasses. D is inversely proportional to the
cooling rate. n, and #; are the total coordination number of rapidly
and slowly cooled glasses, respectively. npgpy and npy py are the
corrected coordination numbers of Pd-Pd atoms of rapidly and
slowly cooled glasses, respectively, (—) and (---) Calculated
using the relaxation process (Equations 17 and 18).

where 1’ is the value below which the RDF is zero, and
r” is the position of the first minimum of the RDF. In
other words, although the first peaks of Pd-Pd and
Pd-Si of this wavelength cannot be divided, the mean
coordination number (7)) was obtained by the area of
the first peak of RDF.

Fig. 6 shows the change in the total coordination
number (n) with the sample thickness (D). The rapidly
cooled glass (the thin sample thickness) shows small ».
n increases with increasing D. From the results of the
neutron diffraction analysis, separated first peaks were
found (see Fig. 7). Both peaks are for Pd-Pd atoms
and Pd-Si atoms. The two coordination numbers of '
Pd-Pd atoms (#p4_p4) and Pd-Si atoms (np, g;) are 10.6
(155 < at% Si < 20) and 1.38 (mpyg = 7.58 x
107 at % Si + 0.133; 15.5 < at% Si < 20) for the
rapidly cooled glasses produced by a roll-quenching
method [13, 20].

Based on the metallographic method (changes in
mean distance of dendrite and crystal orientation), the
cooling condition of the piston-anvil method can
be assumed to be nearly equal to that of the roll-
quenched method for the thin and fast-cooled spe-
cimens of Al-Cu alloys, though both methods show
different conditions at the same sample thickness for
the slowly cooled specimens [21]. Therefore, n of the
X-rays is assumed to relate to mpgpq (10.6) for the
rapidly cooled Pd,g;;Siy 65 glass (D = 0.06mm). If
the fraction (n/npypy = 1.10 for the Pd, g5 Si, 165 alloy

| Figure 7 First peaks of RDF by (a) neutron dif-
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Figure 8 Changes in molar volume (¥) with sample thickness (D) of
Pd, 535 Si, 15 alloy glasses. D is inversely proportional to the cooling
rate. ¥, and V] are the molar volumes of extremely rapidly cooled
and slowly cooled glasses, respectively. (——) Calculated on the
basis of the relaxation process (Equations 14 and 15).

glass) does not depend on the cooling condition, the
change in npypq With cooling condition is shown in
Fig. 6 (see dotted line). npy_py are between 8.6 for the
liquid [22] and 12 for the fcc crystal. npypy increases
with D increasing.

3.5. Molar volume (V)

Atomic volume, V, is estimated from the coordination
number (x), the first nearest distance between atoms
(r;) and the following equation [18, 23-25]

Viv: = (n[ry('n). (12)

n and r, are measured by the RDF of X-ray diffrac-
tion; r{ and »n" are the values when the molar volume
(V") is known. V' is assumed to be estimated from
the density of the rapidly cooled Pd-Si alloy glass
(Pdg535Sig 65 alloy glass, 0.02mm < D < 0.06 mm,
roll-quenched method) [13]

[V’ — V(Pd-14.5at % Si glass)]/
[V(Pd-14.5at % Si glass)
— V(Pd-19.8at % Si glass)]
= 0337 (13)

Taking into account the changes in the mean distance
of dendrite and crystal orientation, the cooling con-
dition of the piston-anvil method can be assumed to
be nearly equal to that of the roll-quenched method
for the thin and rapidly cooled specimens, although
the cooling conditions of both methods are different at
the same D for .the slowly cooled specimens [21].
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Figure 9 Changes in correlation coefficient (F) with ¥;. ¥, is molar
volume of an extremely slowly cooled glass.
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Figure 10 Linear plots between log,,(¥ — 7.95) and sample thick-
ness (D) of Pdg3Siy 65 alloy glasses, where ¥ is molar volume.
D is inversely proportional to the cooling rate. (——) Calculated
using the relaxation process (Equation 15).

Therefore, V'’ is assumed to be 8.74cm?® mol~! for the
rapidly cooled Pd,¢;5Siy 165 glass (D = 0.06 mm).

Fig. 8 shows the changes in the molar volume (V)
with sample thickness (D). The slowly cooled glass
(the thick sample thickness) shows small ¥, i.e. the
faster the cooling rate, the larger ¥ becomes.

4. Discussion

4.1. Relaxation process

The density of vacancies in a crystal depends on the
relaxation time [26]. A free volume (V) is defined in a
liquid [27]. If the concept of free volume is similar to
that of a vacancy in the crystal, the molar volume (V)
depends mainly on the relaxation time (¢, sec), which
is inversely proportional to the cooling rate (R,
Ksec™"). Here, R is inversely proportional to the
sample thickness (D) (see Equation 1). A reduced
molar volume (X,) is expressed by the following
equation.

X, = [V = WiV, = NI

= exp (—k'r)
= exp (—k"/R)
= exp (—kD) (14)

where V,, V., k, kK’ and k” are constants. If the cooling
rate (R) is extremely high, i.e. D is extremely small,
V' approaches the maximum free volume (V,) of
Equation 14. We suggest that the physical meaning of
V; is the volume of an extremely slowly cooled glass.
The glass may have an extremely small amount of free
volume. ¥, is 7.95c¢m’® mol~', when the correlation
coefficient (F) of Equation 14 is maximum (F =
0.946) as shown in Fig. 9.
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Figure 11 Linear plots between log,(r, — 2.826) and sample thick-
ness (D) of Pd, 5551, s alloy glasses, where r; is the mean atomic
distance, D is inversely proportional to the cooling rate. (——)
Calculated using the relaxation process (Equation 16).
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Figure 12 Linear plots between log,,(12.83 — n) and sample thick-
ness (D) of Pd,g55iy 45 alloy glasses, where # is the total coordi-
nation number, D is inversely proportional to the cooling rate.
(—) Calculated using the relaxation process (Equation 17).

Based on the relaxation process of Equation 14,
V is expressed by the following linear equation for
Pd, ;55 S 15 alloy glasses (see solid lines in Fig. 10).

logo(V — 7.95) = 0.011 — 2.80D (1)

If Equation 14 is applied for r,, n and npypy, they
are expressed by the following linear equations of
Pd, 435 Sig s alloy glasses (see solid lines in Figs 11
to 13).

log,(r, — 2.826) = —1.92 — 2.58D (16)
l0g,o(12.83 — n) = 0.130 — 2.50D (17)
108,0(11.57 — npgps) = —0.086 — 251D  (18)

where r;, n, and #py_py are 0.2826 nm, 12.83 and 11.57,
respectively, when the correlation coefficients () are
maximum (F = 0.978, 0.935 and 0.935), as shown in
Figs 14 to 16. If the cooling rate (R) is extremely low,
i.e. Disextremely large, V approaches r;, #;, Hipg_py and
V.. If the cooling rate (R) is extremely high, i.e. D is
extremely small, the molar volume (¥} approaches V,
(V. = 8.98cm’ mol™') and the free volume (V' — V)
approaches the maximum free volume (V, — V) of
Equation 14. Thus, (¥, — ¥) is 1.03c¢m’ mol™';
[(V, — V)/V]is about 1/8.

The plots in Figs 10 to 13 confirm the assumptions
of Equation 14. The equations are applied for the
values of r;, n;, npyps and ¥; (cm® mol~') in Figs 5, 6
and 8. On the other hand, the reduced atomic distance
(X, = [(r, — r)/(r. — 1)), the reduced total coordi-
nation number (X, = [(n; — n)/(n, — n.)]) are applied
for the following linear equations, as shown in Fig. 17.

log,X, = 4.787 x 107* — 2.58D (19)
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Figure 13 Linear plots between log,(11.57 — npypg) and sample
thickness (D) of Pd;g5Siy,6s alloy glasses, where npypy is the
coordination number of Pd-Pd, D is inversely proportional to
the cooling rate. (—) Calculated using the relaxation process
(Equation 18).
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Figure 14 Changes in correlation coefficient (F) with r, where 7, is
the mean atomic distance of an extremely slowly cooled glass.
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Figure 15 Changes in correlation coefficient (F) with #; where 7, is
the total coordination number of an extremely slowly cooled glass.

—1.653 x 107* — 2.50D
—1.814 x 10 — 2.80D

(20)
@n

The changes in the reduced values are approximately
equal. These results show that the structure changes
depend on the cooling condition, simultaneously.

The plots in Figs 10 to 12 confirm the assumptions
of Equation 14. The equation is applied for the values
of r,, u;, npepq and V in Figs 5, 6 and 8.

Taking into account Equations 12 and 17, the fine
solid line in Fig. 18 shows the change in the molar
volume which depends on the atomic radius at the
constant coordination number of n,. On the other
hand, the dotted line in Fig. 18 shows the change in
molar volume which depends on the coordination
number at the constant atomic radius of r, by the use
of Equations 12 and 16. Considered in conjunction
with the results of the coordination number and the
molar volume, one of the coordinated atoms seems to
convert the free volume at extremely fast cooling.
Thus, we conclude that the dominant factor in volume
change is the coordination number.

log,p X, =
log, X, =

095 T T
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Figure 16 Changes in correlation coefficient (F) with npy pq Where
Mipg_pq 1S the coordination number of Pd-Pd of an extremely slowly
cooled glass.
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Figure 17 Linear changes of (&) log,y X,, (O) log,, X, and (0) log,, X,
with sample thickness (D) of Pd, 5 Sig 5 alloy glasses. D is inversely
proportional to the cooling rate. ( ) Calculated using the relaxa-
tion process (Equation 14).

5. Conclusion

The RDF change with the cooling condition is studied
for the liquid-quenched Pd,4;5Si; 6 alloy glass. The
rapidly cooled glasses show larger atomic distances
(r;) and smaller coordination numbers. The faster the
cooling rate, the larger the volume (V) becomes. The
reduced atomic distance (X, = [(r, — r)/(r. — 1],
the reduced total coordination number (X, =
[(n; — m)/(n; — n,)] and the reduced molar volume
X, = [(V — V)I(V, — V))]) are applied for the
following linear equations:

log, X, = 4.787 x 10~* — 2.58D
log,X, = —1.653 x 10°* — 2.50D
log, X, = —1.814 x 107* — 2.80D

Based on the equations, we conclude that the dominant
factor in volume change is the coordination number.
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