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Formation and crystallization of bulk Pdg,Si;s amorphous alloys®
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Abstract: Bulk amorphous Pdg,Sig alloy with the largest diameter of 8 mm was prepared by water quenching the molten

alloy with flux medium in a quartz tube. The calculation result indicates that the bulk Pds;Sijs amorphous alloys have a

low critical cooling rate ( R.) of 4. 589 K/s or less. The experimental results show that purifying melt may improve glass

forming ability( GFA) of undercooled melt, while liquid phase separation ( LPS) of undercooled melt will decrease its

GFA. There are some differences in crystallization experiments between bulk metallic glass and amorphous ribbons of Pds,

Sijg alloys. These include the numbers of exothermic peak, glass transition temperature T',, crystallization temperature

T, region of undercooling liquid (AT = T — T,) respectively. The links of cooling rates of melt and crystallization of

Pdg»Siig amorphous alloys are explored.
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1 INTRODUCTION

Metallic glass is regarded as a state that is of dis-
order unlike crystal alloys with periodic atom struc
ture. So it shows excellent capabilities of soft mag-
netism, mechanics, corrosion resistance, etc. How-
ever, most of amorphous alloys were produced by us-
ing rapid solidification methods such as splat quench-
ing, melt spinning, and so on, with characteristic
cooling rates of 10* ~10° K/s. Because amorphous al-
loys are prepared with silk, powder and ribbon, it is
greatly limited in engineering application. Recently,
several bulk amorphous alloys with excellent glass
forming ability ( GFA) at cooling rate of 10° K/s or
less have been developed such as Zrs; 2 Ti13. 8 Cujzs
Nii2.sBex. st ", PdyNijgCunsPa alloy[ A,

Perepezko ! expounded a new idea on preparing
bulk amorphous alloys: if nucleation process has been
controlled, the melt can be undercooled below its
glass transition temperature( 7',). Thus undercooled
melt might form bulk amorphous alloys at slow cool-
ing rate. Competition to glass formation arises from
heterogeneous crystallization that started at melt in-
clusions such as oxides, and from homogeneous crys-
tallization. Therefore all kinds of techniques have
been developed to achieve homogeneous nucleation.
Kui'*' found heterogeneous nucleation may be hin-
dered and high undercooling achieved in melts held in
a molten flux or slag such as B,03. Kui and co-work-

ers®! formed spheres with about 7 mm in diameter of
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PdsoNiso P2o bulk amorphous alloys at a low cooling
rate of about 0.75 K/s.

Compared with conventional binary and ternary
amorphous alloys, we report our study on formation
of bulk amorphous Pdg,Sijg alloy produced by water
quenching the molten alloy together with flux medr
um in an quartz tube. Time temperature transformar
tion (TTT) diagrams are used for estimating critical
cooling rates R.. The effect of undercooling and cool-
ing rates of PdgySijg melt for the GFA is discussed.
The links of cooling rates of melt and crystallization of
Pdg>Siig amorphous alloys are also explored.

1 EXPERIMENTAL

Mixtures of elements of Pd(99.999% ) and Si
(99.99% ) having nominal composition Pdgs Sijs ( in
mole fraction, %) were alloyed by radio frequency
( RF) induction melting under Ar atmosphere
(99.999% ). Ingots of typical size of 1. 57 2.5 ¢
were prepared.

In the experiments, a Pds,Sijg ingot coated by
anhydrous B,03 was put in a dry, cleaned fused silica
tube. The system was then heated up to 1 371 K( T,
+ 300 K) and evacuated to about 10” ' Pa. Prolonged
heat treatment was applied for about 4 h. Owing to
thermal cycling treatment, the melts achieve a stable
undercooling. Then the system was transferred to the
furnace that was preset a stable temperature above
T of Pdg;Sijs. The schematic diagram of the experi-

mental setup is shown in Fig. 1. We may make melts
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crystallize in a designated undercooling by the way of
presetting furnace temperature. The actual tempera-
ture of the molten specimen was read by a thermocou-
ple that is sheathed by another fused silica tube and
insert directly into the molten specimen. Cooling of
the sample may be changed by air cooling, water
quenching and salt water quenching and so on. Be
cause flux may avoids oxidation from external envi
ronment and eliminates impurities from specimen,
heterogeneous nuclei of melts may be greatly dis-

solved.
Thermocouple
L
Toargon ™ T T To rotary pump
— Fused silica tube
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Fig. 1 Schematic of undercooling experiment

Finally, the specimen was cut by diamond saw,
polished, and chemically etched. The etchant used
was HCL: HNO3: HoO= 5. 17 3 (by volume). Mr
crostructural observation of different undercooled
specimens were conducted by optical and scanning
electron microscopy ( SEM ). The crystalline/ amor-
phous nature of specimens were detected by X-ray
diffraction ( PHILIPS X PERT MPD PRO), using
CuK g radiation. Crystallization of the amorphous

specimen was studied using a Perkin-Elmer differen-
tial calorimeter ( DSC-7) .

2 RESULTS

According to PdSi binary phase diagram, at low
undercooling, a representative microstructure is Pd3Si
dendrites, and the matrix consists Pd solution and
Pd3Si compound phase. It is obvious that Pd3Si re-

sults from dendritic crystallization. Pd and Pd3Si
combine to form an eutecticlike structure. With the
bulk supercooling increased, the microstructure of
undercooled Pds,Sijg alloy specimen has been refined.
When molten specimen is undercooled larger than 190
K below T, liquid phase separation of melts occurs.
A SEM micrograph shown in Fig. 2(a) is displayed
that solidification micrograph of melt is connected
network with 282 K. This is because undercooled Pd-
Si melt has separated into two different componential
regions from one homogeneous liquid. Fig. 2 ('b)
shows backscatter electron composition ( BEC) micro-

graph. Considering from BEC imaging principle, it
can be confirmed that bright regions are Pd-rich,
whereas black regions are Srrich. According to Gibbs
phase rule, the final crystalline undercooled specimen
should contain only two phases. However there are
three phases, Pd, Pd3;Si and PdoSi, present in an un-
dercooled specimen with undercooling larger than 190
K. Characteristic crystalline peaks of the metastable
phase PdoSi> in the XRD is shown in Fig. 3(a).
Guo'® predicted that the characteristic wavelength A
of a spinodal network decreases monotonically with
undercooling of melt. It coincides with our experi-
mental results, one with AT = 282 K and A= 800
nm, and the other with AT = 294 K and A= 600
nm. With undercooling of the melt increased, con-
nected networks of melt are broken up into some liq
uid droplets with size in nanometer order induced by
interfacial tension. Its solidification microstructure is
displayed with 320 K in Fig. 2(c¢).

It is difficult that bulk Pds,Siig amorphous alloys
are directly formed by undercooled melt below T,
temperature because of the presence of impurities that
act as heterogeneous crystal nuclei. Bulk Pdsg, Sijg
amorphous alloy with the largest diameter of 8 mm is
prepared by water quenching the molten alloy togeth-
er with flux medium in a quartz tube. Fig.3(b)
shows the XRD pattern for the as prepared bulk Pdg»
Sijg amorphous alloy with size of 8 mm. No peak cor
responding to crystalline phase can be detected. T his
indicates that the sample is fully amorphous.

3 DISCUSSION

3.1 Evaluation of glassforming ability( GFA) of
bulk Pds,Si;s amorphous alloys

The classical theory of nucleation and growth of
crystalline phases in an undercooled melt has been
used to estimate the GFA of amorphous alloys. A
high value of reduced glass transition temperature or a
deep eutectic should favor glass formation'”'. This
prediction is in good agreement with observations on
Pdg,Sijg alloys. In order to evaluate the GFA of Pdsgy
Siig alloys, The model of the isothermal transforma-
tion involving nucleation and growth was chosen to
construct TTT diagrams, which was proposed by
Davies and later developed by Uhlmann'®. This
model incorporated with kinetic and thermodynamic
factors. The critical cooling rates of Pdgs» Siig alloys
will be calculated by its TTT diagrams. In order to
obtain agreement with the experimentally observed
is set to 60 kT for a re-
T)/ T, of 0.2.

G" corresponds to the energy barrier for nucleation in

low critical cooling rates, G
duced undercooling AT .= (T, -

the kinetic formulation. If transform volume fraction

x = 10°°

of crystal solid is taken as solid as
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Fig.2 SEM micrographs of Pds,Siis alloy
(a) and (b) —Second electron image, AT = 282 K; (¢) —Microstructure of undercooled specimen, AT = 320 K
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Fig. 3 X-ray diffraction patterns of Pdg,Siig alloys
(a) —Undercooling; (b) —Fluxing and water quenching

amorphous crystal transformation. The TTT curve
on critical cooling rates forming amorphous alloy can
be calculated using the following equation :

1220 i
9. 3n| atx xpl 73,72
= kT |f3N0 | A AT, |
- ep= Tpp T
(1

where ¢ is time forming x of crystalline solid, Tlis
the viscosity of melt, aois an atomic diameter, f is a
structure constant, Ny is the number of atoms per u-
nit volume, £ is Bolzman constant , R is gas constant
, Hi is fusion enthalpy per molar. The parameters
have been taken in Table 1.

It is very difficult to measure experimentally the
viscosity of supercooled liquid, but Tsang!® found
capillary flow method may accurately measure viscosi-
ty of Pdg,Sijg alloys.

The viscosity of undercooled Pds,Sijs melt be

Table 1 Values of parameters for
calculation in Eqgn. (1)

Tm/K ;,()/ U N()/ m- 3 f
1 071 4.1272  6.424x 103 1
HEY/(Jomol™ 1 k/ (J*K) R/ (Jemol 'K~ )

4 906. 44 1.381x 10" % 8.31

tween the liquidus temperature T ,, and the glass tran-
sition temperature 7', can be described using Vogel
Fulcher expression:

InTl= — 3.779+ (1102. 135/( T - 684)) (2)

The critical cooling rates R. necessary for
amorphous phase formation can be evaluated from
TTT curve calculated using Eqn. (1) as shown in
Fig. 4. R. can be approximated as follows:

Re=(Twn— T/t (3)
where T, and t, are the temperature and the time
T,
1050 P\
Liquid
950
S Crystal
750 1
650 Ty
t, Glass . . X
230 0 1 2 3 4 5 6 7

lg(#/s)

Fig. 4 Calculated TTT curve and the
estimated critical cooling curve for

PdgSijg alloy, G* = 60 kT
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at the nose of the TTT curve, respectively. Thus the
R . necessary for Pdg»Siig amorphous alloy is evaluated
to be 4. 589 K/s from Eqn. (3). Since the value is so
small that the bulk Pds;Sijs amorphous alloys are pos-
sibly produced by air cooling on condition of homoge-
neous nucleation. But bulk Pdsy=Siig amorphous alloys
could not be prepared at a low critical cooling rates.
This implies that homogeneous crystal nucleation dose
not occur in experiments. Due to some effects of im-
purities of melts, heterogeneous energy barrier to nu-
cleation changes from Gro to Gzetf (0). Here 0 is the
contact angle of the effective catalyst in a liquid, f
( 0) is factor of the contact angle and is given by

f(9= _4L_( 2— 3cos0+ cos’ 0) (4)
The more the 0, the less the f( 0) between het-

erogeneous nuclei and melt. When 0 varies from 0° to
180°, the value of £ ( 0) is in a range from O to 1. In
this case, homogeneous nucleation may come about,
because heterogeneous nuclei are completely eliminat-
ed. Fig. 5 shows that the R. of Pdg;Sijg amorphous
alloy will be decreased with f ( 0) increased. Conse
quently preparing bulk Pds; Sijg amorphous alloys in
the experiments need higher critical cooling rates than
theory calculation, because impurities are unavoidable
in an alloy melt. Therefore fluxing will provide useful
tool in improving GFA of Pds,Siig melts and reducing
the R.of bulk PdgSiig amorphous alloys.

7
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Fig. 5 Relations between critical cooling
rates R, and infiltration angle

factor f( 0) of Pdg,Sijs amorphous alloy

3.2 Effect of liquid phase separation( LPS) of umr
dercooled Pds;Siis melts for its GFA

Considering from thermodynamics point of view,
the attraction between like species in an eutectic alloy
is stronger than that between the unlike species, so
the like species in the melt prefer to stay together. In
eutectic system, when undercooled melt cool below its
miscibility gap, LPS of melt will occur. Namely a

homogeneous liquid splits into multiple undercooled
liquid networks interwined with each other. There
are two mechanisms for LPS, which are nucleation
and growth ( LNG)
(LSD)T,

When molten Pdg,Siig is undercooled to 190 K,
the homogeneous liquid splits into two undercooled
liquids. i.e., L Li+ Lo, Ly is Strrich regions,
but L, is Pdrich regions. LPS of undercooled Pdgo-
Sijg melts will affect its GFA from two aspects:

and spinodal decomposition

1) LPS of melts will provide driving force for
crystallization of undercooled Pds,Sijs melts. Free en-
ergy curve of PdgSiig alloys in Fig. 6 shows Co com-
position of melt with an undercooled temperature can-
not crystallize in thermodynamics, because it need to
increase free energy AG,. But when a homogeneous
original Co composition changes into two different liq-
uid compositions C; and C,, undercooled melt will
hold driving force of crystallization AG in free ener
gy. Thus the melt can start to crystallize in the un-
dercooling. On another side, thinking of phase dia-
gram of Pd-Si alloy, after LPS of melt occurs, com-
paring undercooling of Co, it is clear that undercool-
ing of melt among C; and C; is the largest. And so
driving force for crystallization of the undercooled liq-
uid phase will be enhanced. Crystallization of the liq
uid phase results in nucleation in another liquid
phase. Ultimately GFA of undercooled Pdg:Siig melts

is diminished.

Free energy(AG)

Composition

Fig. 6 Schematic diagram of free energy variety
after liquid phase separation of PdSi melts

2) On account of formation of LPS of under
cooled melt, there are a lot of interfaces between two
liquid phases. Those interfaces may provide effective
nucleation sites for nucleation of melt. It is a pity that
currently no directly experimental evidences indicate
nucleation between liquid interfaces. It is assumed
that the interfacial energy may be too small to satisfy
interfacial energy between crystalline and liquid. But
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in the experiment of devitrification of amorphous rib-
bons AlggsGdgLayNis, it separates into the AFrich and
soluterich typical

wavlength A= 40 nm. TEM studies reveal a preferen-

amorphous  regions, having

tial rapid nucleation of Al at the interface of phase
separated regions' '

Therefore, LPS in general does not favor the
GFA of eutectic system. If spinodal microstructure of
undercooled melt whose characteristic wavelength is
very short can be “freezed” by rapid solidification, a

spinodal metallic glass alloys will be formed ',

3.3 Crystallization of Pdg,Si;s amorphous alloys

As the amorphous alloys are heated, the glass
undergoing structural relaxation and internal equilib-
rium is approached. If the glass has been transformed
to crystalline, some excellent properties of the materi
als will be debased. Hence high quality amorphous al-
loys require good thermal stability. The temperature
interval AT = T,— T, is a measure of the thermal
stability of the undercooled liquid( 7'y is crystallization
temperature) . The DSC signal on heating a bulk Pdg»
Sijg amorphous alloys at 20 K/ min which was pre
pared by fluxing and water quenching method is given
in Fig. 7. The sample is protected by flowing argon
(99.999%). T4, T, T2 and undercooling liquid
region (AT = Ty— T,) of bulk Pds>Si;s amorphous
alloys are 613, 632, 668 and 55 K respectively. The
sample is not oxidized from environment in DSC ex-
periments.

PdSi
amorphous ribbons , Masumoto and Maddin' "™ found

By investigating crystallization of
that the glass experiences two metastable phase
transformation and form stable Pd and Pd;Si structure
finally. Thermal effect from two metastable transfor
mation was too small to detect by DSC instrument.
Thus DSC

curve of the sample has only

55
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Fig.7 DSC scan of bulk Pdg,Sijs

amorphous alloy taken at a heating
rate of 20 K/ min

single exothermic peak!"™'. Moreover, Nanao and
M aeda indicated that if the samples is not oxidized in
DSC experiment, Pd-Si amorphous ribbons did not
undergo transition of metastable phase and directly
form stable phasel '

However exothermic peaks of DSC curve become
two in bulk Pdg;Sijg amorphous alloys prepared at low
cooling rates. We must study the reason why the dif-
ference appears between the two amorphous specr
mens. As undercooled melt transform to the glass, in
order to suppress crystallization from undercooled
melt, a metastable amorphous phase with phase sepa-
ration character may be formed. Compared with “ide-
al” amorphous with completely disorder structure,
the glass may possess several amorphous parts with
different composition or “structure” in a sample.
Amorphous alloys prepared by rapid solidification may
go over metastable regions and preserve the structure
of the liquid with higher disorder structure. Thus its
crystallization shows eutectic crystallization character
(single exothermic peak). Whereas crystallization of
the bulk amorphous alloys shows that several amor-

Bl found

phous parts crystallize respectively. Chenl
that there are not enough time for liquid phase separa-
tion to take place in Pdg2Siig melt beyond cooling rate
of about 1 000 K/s. In experiments, on account of
thermal stability distinction of two amorphous parts,
crystallization of the bulk glass presents two exother
mic peaks. Intensity distinctness of two exothermic
peaks may ascribe to volume fraction difference of two
part amorphous alloys in a samples.

When compared to rapidly quenched glassy Pds»
Siig ribbons' "% the present bulk glassy PdsrSiig al-
loys have the follow ing changes:

1) a lower glass transition temperature 7'y, from
640 K to 613 K.

2) a higher crystallization temperature T',, from
655 K to 668 K.

3) a wider region of undercooling liquid AT,
from 15 K to 55 K.

Free energy of T, temperature in the same sam-
ple is not almost change with difference of cooling rate
of melt. Metallic glass prepared at a slower cooling
rate should have a lower amount of free volume and
Gibbs free energy. With the glass heated, it will be
provided higher crystallization driving force than
amorphous ribbons. So its structural relaxation may
easily take place. This may explain the lower T, in
bulk amorphous alloys. Because melt flux decrease
atomic oxygen and impurities, the removal of het-
eronucleants raises T'x. Since region of undercooling
liquid AT of bulk metallic glass become wider, its
thermal stability has been improved greatly.
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4 CONCLUSIONS

1) Bulk amorphous Pdg> Sijg alloy with the
largest diameter of 8 mm was prepared by water
quenching the molten alloy together with flux medi
um in a quartz tube with low cooling rates. A ther
modynamic evaluation ( Temperature-T ime T ransfor-
mation diagrams) has been made by using the classical
crystalline nucleation and growth theory to calculate
critical cooling rates R . of PdsSiis amorphous alloys.
Calculation result shows the glass with very low R.of
4. 589 K/s as homogeneous nucleation occurs. Its R
will be greatly raised with impurities infiltration angle
factor decreased. Accordingly melt fluxing is effective
method for achieving high undercooling of melt and
formation of bulk amorphous alloys.

2) When undercooled Pds;Sijs melts are under
cooled below 190 K, liquid phase separation ( LPS) of
undercooled melt will take place. LPS will provide
higher driving force for crystallization of undercooled
melts. Thus its glass forming ability is decreased. If
the undercooled Pds; Sijs melts are transformed to
amorphous alloy, it must stride over LPS regions.

3) Compared with amorphous ribbons prepared
by melt spinning, exothermic peaks of DSC curve in
bulk Pdg, Sijs amorphous alloy change from one to
two. It may be explained that bulk amorphous alloys
compose of two amorphous parts with different com-
position or “structure”, while amorphous ribbons
with higher disorder state. The distinction can be as-
cribed to the links of between cooling rates of under-
cooled melt and crystallization of Pdg,Sijs amorphous
alloys.

4) When compared to rapidly quenched glassy
Pdg>Siig ribbons, the present glass transition tempera
ture T, crystallization temperature Ty, region of un-
dercooling liquid ( AT= T'«— T,) of bulk glassy Pds>
Siig alloys have been changed. Experimental results
show that purifying melt may not only enhance glass
forming ability ( GFA) of undercooled melt but also
improve thermal stability of the amorphous alloys.
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