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Synopsis

This paper deals with the amorphous-forming ability of Mn-P, Fe-P,
Co-P, Ni-P, Cu-P, Pd-P and Pt-P binary alloys quenched rapidly from the
melt and the stability and structural change of the amorphous phases on
heating. A melt-gquenching technique yields the formation of an amor-
phous phase only for Fegy_ sP17.5, NigiPj9, PdgiP19 and PtgoP20 alloys.
The critical cooling rate for the formation of an amorphous phase is
calculated to be of the order 109-106 K/s for these amorphous-forming
alloys from the transformation theories of crystal nucleation and growth
kinetics in the liquid. Therefore, it may be stated that the binary
alloys with the critical cooling rates lower than about 107 k/s can be
melt-quenched to the amorphous state by the centrifugal quenching appa-
ratus used in the present work. Further, it has been demonstrated that
the crystallization of these amorphous phases occurs through the two
stages of Am. —> Am. + Crys-I —> Crys-I + Crys-II —> Stable Phases near
the temperatures of about 620 K for Fegp ,sPj7.5, 600 K for NigjiPj1g,

535 K for Pdgi1Pj19 and 470 K for PtggP2¢ alloy.

I. Introduction

Amorphous metallic materials produced by rapid quenching from the
ligquid have aroused increasing interest owing to its valuable properties
in mechanical, physical and chemical fields. These amorphous alloys
may be roughly classified into two categories from the alloy composi-
tion. One is the early transition metal alloyed with a late transition
metal and the other is the alloys consisting of transition metal and
metalloid element. Most of amorphous alloys, which have attracted at-
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tention as an engineering material, belong to the latter typel) and they
always contain about 15-30 at% metalloid elements (e.g., phosphorus,
silicon, carbon and/or boron). Therefore, it is very important to ob-
tain an information on the amorphous-forming ability of the transition
metal-based binary alloys containing only one species of these metalloid
elements and the stability of their amorphous phases. The first purpose
of the present work is to examine the as-quenched structure of transi-
tion metal (Mn, Fe, Co, Ni, Cu, Pd or Pt)-based binary alloys containing
only phosphorus as metalloid element and to estimate the critical cool-
ing rate for the formation of an amorphous phase. The second is to
clarify the stability and structural change of the amorphous phase upon
heating.

II. Experimental

Binary alloys of Mnge.9P13.1, Feg2,5P17.5, C0g0.1P19.9, NigiP19,
Cug3.,9P1¢.1, Pdgi1P19 and PtgpPpp corresponding to the eutectic composi-
tion in each alloy system2'3) were prepared by melting high purity me-
tallic powder and reagent grade red phosphorus powder. The number of
compositions denotes the chemically analyzed compositions in atomic
percent. About 100 mg sample of each alloy was melt-quenched using a
centrifugal quenching apparatus4). Typically, the rotation speed of
the drum (10 cm in diameter) was about 5000 rpm and the inner hole dia-
meter of the quartz nozzle was about 0.2 mm. The microstructures of
the guenched ribbons were examined by conventional x-ray diffraction
and transmission electron microscopy techniques. The thin part of the
sample was used without electropolishing for the observation of micro-
structures by means of an electron microscope. The stability and struc-
tural change of an amorphous phase upon heating were examined by a dif-
ferential thermal analyzer (DTA) at a heating rate of about 5 K/min and
an electron microscope with a hot stage. Also, the variation of the
electrical resistance during heating was measured by the conventional

four-probe technique.

ITII. Results

1. As-quenched structure

Figure 1 shows the transmission electron micrographs and the se-
lected area diffraction patterns of the melt-quenched alloys. Mngg, g
Py3.1(a), Cogp.1P19.9(c) and Cugs_ 9P1g.1(e) alloys reveal the micro-
crystalline structures with fine grain sizes of about 100 nm. The dif-

fraction patterns indicate the existence of the mixed structures con-
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Fig. 1 Transmission electron micrographs and selected area diffraction patterns
showing the as-quenched structure of transition metal-phosphorus alloys.

(a) Mngg,9P13.1, (b) Fegn 5P17,5, (c) Cogp.1P19.9, (d) NigiPig,
(e) Cugz 9Py14.1, (f) PdgiP19 and (g) PtgoPoq-
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sisting of each mother metal and phosphide. On the other hand,

Fegy 5P17.5(b), NigiPy9(d), PdgiP19(f) and PtggPpg(g) alloys indicate
the results on the formation of an amorphous phase; namely, the bright
field images give the featureless contrast and the corresponding dif-
fraction patterns show only a few diffused haloes. The positions of
the first and second peaks on the diffraction pattern represented by
sin8/A were 0.239 and 0.414 A™% for Fegp.5Py7.5, 0.247 and 0.434 A%

for Nig1P19, 0.244 and 0.382 A~ for PdgiP19 and 0.209 and 0.546 A%
for PtggP20, respectively.
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Fig. 2 Differential thermal analysis curves and relative electrical resistance
(p/py m) curves during heating, where pr p is the electrical resistivity at

room temperature. (a) Fegp 5P17.5, (b) NigiP1g9, (¢) PdgiP19 and (d) PtggP20
amorphous alloys.
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2. Thermal stability and crystallization behavior

Figure 2 shows the DTA curves and the relative electrical resis-
tance curves during heating. The crystallization starts at the tempera-
ture where a sharp exothermic peak on the DTA curve and a sharp drop on
the electrical resistance curve occur. The crystallization temperatures
defined as the beginning point of the first exothermic peak on DTA
curves were determined to be 621 K for Fegy sP17.5, 601 K for NigjPj9,
533 K for PdgiPj9 and 471 K for PtggoPpg alloy, respectively.

The crystallization behaviors during heating for these four amor-
phous alloys were examined mainly by transmission electron microscopy.
In all the alloys except PdgiPj9 alloy it has been found that the crys-
tallization proceeds with the sequence of Am. — Am. + Crys-I —> Crys-I
+ Crys-II —> Stable Phases. As examples, the electron micrographs of
Fegy.5P17.5, NigijP19 and PtggP20 alloys heated on the hot stage of an
electron microscope are shown in Figs. 3 to 5, respectively. The fea-
tureless contrast of amorphous structures shown in the photographs (a)
remains unchanged up to about 600 K for the Fe-P alloy, 580 X for the
Ni-P alloy and 440 K for the Pt-P alloy. With further heating up to
temperatures near the crystallization temperature, a globular or ellip-
tic microcrystal precipitates numerically over the entire area of amor-
phous phase, as seen in the photographs (b). The growth rate of this
crystal is relatively slow and the average sizes in diameter are less
than about 15 nm for all the alloys. The corresponding diffraction
pattern indicates that this crystalline phase named as Crys-I is a
b.c.c. structure for Fegy,5Pj17.5 and a f.c.c. structure for NigjPjg9 and
PtgoPog alloy. With further heating up to the temperatures slightly
higher than the crystallization temperatures, an oval-shaped crystal
named as Crys~II appears and grows rapidly in the remaining amorphous
phase (the photographs c¢) and then complete transformation occurs as
shown in the photographs (d) to (f). The Crys-1I phase was identified
to be a M3P type compound with a b.c. tetragonal structureS), e.g.,
Fe3P for the Fe-P alloy, Ni3P for the Ni-P alloy and Pt3P for the Pt-P
alloy. On the other hand, the PdgiP19 amorphous alloy transformed di-
rectly to Pd3P compound with a b.c. tetragonal structure (Crys-II)
without the appearance of the Crys-I phase, as shown in Fig. 6. The
above~described crystallization behaviors are almost the same as those

of amorphous (Fe, Co, Ni)-Si-B ternary and guaternary alloys6'7).
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Am, Crys-1

Fig. 3 Transmission electron micrographs and selected area diffraction patterns
showing the crystallization of amorphous Fegy 5P17 5 alloy heated on the
hot stage of an electron microscope.

Fig. 4 Transmission electron micrographs and selected area diffraction patterns
showing the crystallization of amorphous NigiPjg alloy heated on the hot
stage of an electron microscope.
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0.3um As-Q Rl Am .|

Fig. 5 Transmission electron micrographs and selected area diffraction patterns
showing the crystallization of amorphous PtggPg alloy heated on the hot
stage of an electron microscope.

Fig. 6 Transmission electron micrographs and selected area diffraction patterns
showing the crystallization of amorphous PdgiPj9 alloy heated on the hot
stage of an electron microscope.
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IV. Discussion

The present results demonstrate that the application of melt-
quenching to (Mn, Fe, Co, Ni, Cu, Pd or Pt)-P binary alloys yields the
formation of the amorphous phase for Fegy s5Pj7.5, NigjPj1g9, PdgijP19 and
PtgoP20 alloys and of the crystalline phases for Mngg_g9Pj13.1, C080.1
P19.9 and Cug3 9Pjg_ 71 alloys.

Davies et al.8) have calculated the critical cooling rate for the
formation of an amorphous single phase, based on the assumption that
any metallic liquid firms an amorphous phase if it is supercooled rap-
idly below a glass transition temperature without the crystallization.
According to the transformation theories of crystal nucleation and
grwoth in the liquid, the time t for the crystallization of a small
volume fraction x in a congruently melting system at a temperature T is

given by the following equation:

£ = 9.32n {

a’® x exp(l.024/T,%ATy2) 1/4
kT }

£3 Ny [l-exp(-AHTETr/RT)]3

(1)

where a is the average atomic diameter, Ny the number of atoms per unit
volume, Ty = T/Tp, ATy = (Tm - T)/Tm, Tm the melting temperature, AH?
the heat of fusion per mole, n the viscosity at temperature T and f the
fraction of sites where atoms may be preferentially added or removed.
For the alloys with small entropies of fusion (<2R) such as Fegy s5Pj7.5/
NigjPj9 and PtggPyg, the interface is expected to be close and hence it
was assumed that £ = 1. On the other hand, PdgiPjg9 alloy is inferred to
solidify to two intermetallic compounds PdsP and Pd3P9), it was assumed
that £ = 0.2 AT.8). Further, x is taken to be 107°.
The critical cooling rate for amorphous phase formation, Rg, is

approximated by the linear cooling rate required to avoid the nose of
the time-temperature-transformation (T-T-T) curves constructed by using

Eg. (1) and is given by

Tm - T
Re = ——mEH——Q— (2)

where Tp and tp are the temperature and time, respectively, correspond-
ing to the nose of T-T-T curve. There is little information on the
experimental data of viscosities for molten amorphous-forming alloys
and hence the liquid viscosities at high temperatures for Fegj sPi7.5,
Cog0.1P19.9, NigiP19 and Cug3 ,9Pjg. 1 alloys were estimated from the
extrapolated value by Arrhenius-plotting the viscosities for the pure

liquid of iron, cobalt, nickel or copperlo).

Using the viscosity data
at high temperatures, smooth interpolations are achieved between melting
temperature T and glass transition temperature Tg as shown in Fig. 7.

The glass transition temperatures of the binary amorphous alloys were

-
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assumed to be equal to the observed
Ad-
the glass transition

crystallization temperatures.
ditionally,
temperatures of Mngg 9P33,1, Cogg.1
P19.9 and Cug3,9Pj4,]1 alloys were
estimated from the empirical rela-
tion Tx/Tp = Tg/Tm = 0.51 derived
for Fegy,s5P17.5. NigiP19, PdgiP1g
and PtggP20 alloys. Further, the
AH? values of the alloys were esti-
mated from the relation AH? 2.3
Tmll)

Figure 8 shows the T-T-T curves
constructed based on the above ap-
proximations. Table I lists the
critical cooling rates, Rq, for the
amorphous phase formation of the bi-
nary transition metal-phosphorus al-
loys.. The Rc values of Fe-P, Ni-P,
Pd-P and Pt-P alloys calculated by
Davies et al.8) are also represented
for comparison. Table I demon-
strates that these binary alloys
possess individually different crit-

ical cooling rates for the amorphous

1200

phase formation and the alloys ex-
hibiting the critical cooling rates
less than about 5 x 10° K/s can form
the amorphous phase. Also, this re-
sult suggests that the cooling rate
of the order 106 - 107 K/s is the

maximum cooling rate of the sample

Temperature

achieved by the present apparatuslzz
That is, the alloys do not exhibit
the amorphous phase when the criti-

cal cooling rate for the amorphous

Fig.
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phase formation of alloys are higher Fig. 8 Time-Temperature-Transformation
curves for Mngg 9P13,1, Feg2.5P17.5,
Cog0.1P19.9, NigiP19, Cug3 . 9P16.1,
Pdgi1Py19 and PtgpP2p alloys corre-

than about 107 K/s. Further, the
calculated Rg values suggest that
the amorphous-forming ability is the
largest for PtggPyg followed by

PdgiP19, NigijPjg9 and then Feg) 5P17.5

sponding to a volume fraction
crystallized to 1076,
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Table I Critical cooling rates for the formation of the amor-
phous phase of transition metal-phosphorus binary alloys.

Alloy composition Re (K/s) Re* (K/s)
Mngg 9P13.3 2.0 x 103

Fegs.5P17.5 4.6 x 106 | 3.2 x 106
Cog0.1P19.9 1.4 x 107

NigiP1g9 6.3 x 10% | 7.9 x 10°
Cug3.9P16.1 7.4 x 107

Pdgi1Pi9 5.4 x 10° | 2.0 x 10°
PtgoP20 3.3 x 10° | 6.3 x 10°

* Calculated by Davies et al.l1l3)

alloys. Although the PtggPjg alloy possesses the highest amorphous-
forming ability, the melt-quenched sample often showed a slight exist-
ence of crystallites precipitated from the amorphous phase during cool-
ing after the formation of amorphous single phase, owing to the low
crystallization temperature of PtggP20. The discrepancy between the
calculated Rg value and the actual amorphous-forming ability for

Mngg, 9P13.1 alloy may be due to the ease of oxidation of the Mn-rich
alloy because the melt quenching was made in air. Hence, the
Mngg . 9Pj3.1 alloy could be quenched to the amorphous state if the oxida-
tion of sample during cooling was prevented. The quenched Coggp,1Pj9.9
alloy does not exhibit any trace of amorphous phase even though the al-
loy possesses almost the same melting temperature as that of Fegp 5P17.5
alloy. Such a difference of amorphous-forming ability may be attributed
to lower viscosities in the supercooled liquid of Cogg,1P19.9 alloy.
Similarly, Cug3,9Pj1g.] 2lloy cannot be quenched to the amorphous state
because of its high critical cooling rate due to extremely low viscosi-

ties of the supercooled liquid.

V. Summary

The microstructures of melt-quenched binary alloys, Mngg . 9P713.1,
Feg2,5P17.5, Cog0.1P19.9, NigiP19, Cug3.9P16.1, Pdg1P19 and PtgoP20,
were investigated by x-ray diffraction method and electron microscopy.
The crystallization behaviors of the alloys, which showed amorphous
structure, were also examined with differential thermal analysis and

electrical resistance measurements. The results obtained are summarized
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as follows:

(1) The amorphous phase was obtained for Fegj sP17.5, NigjPjg,
PdgiP19 and PtggPpo alloys, while Mngg.9P13.1, Cogp.1P19.9 and Cugjy g
P1g.1 alloys consisted of two crystalline phases. The crystallization
of the amorphous phase occurred through the two stages, e.g., Am. —

Am. + Crys-I —>» Crys~I + Crys-II —» Stable Phases, near the temperatures
of 620 K for the Fe-P alloy, 600 K for the Ni-P alloy, 535 K for the
Pd-P alloy and 470 K for the Pt-P alloy.

(2) The critical cooling rate for the formation of an amorphous phase
was calculated using the transformation theories of crystal nucleation
and grwoth kinetics in the liquid. The critical cooling rate was the
highest (4.6 x 100 K/s) for Fegp s5P17. .5 followed by 6.3 x 10° K/s for
Nig1Py9, 5.4 x 10° K/s for PdgjP1g and then 3.3 x 10° K/s for PtggPa2q
alloy. Therefore, it is concluded that the binary alloys with the crit-
ical cooling rates lower than about 107 XK/s can be melt~-quenched to the

amorphous state.
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