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Extremely low critical cooling rate measured on dispersed Pd 23Ni10CU»7P5
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Crystallization of dispersed RgNi,,Cu,,P,o melts is studied during constant cooling and heating.
Investigations are carried out on samples that are dispersed into several hundred particles which are
fluxed in B,O; The size of the particles is chosen in such a way that crystallization of individual
particles can be observed. Constant cooling experiments with rates between 0.3 and 0.0016 K/s are
performed. In order to determine the fraction of particles that crystallize upon cooling, the
crystallization during subsequent heating at 0.3 K/s is utilized. 10%—15% of the particles do not
crystallize during cooling with a rate as low as 0.005 K/s. This is the lowest rate that avoids
crystallization ever measured for a metallic system. This extremely low critical cooling rate suggests
that a fraction of the particles do not contain the impurities that act as nuclei in bulk samples.
Therefore, in these patrticles, nuclei first have to form and crystallization does not take place, as it
was found for bulk PgNi;Cu/Ps, by the growth on pre-existing nuclei formed by
impurities. © 2002 American Institute of Physic§DOI: 10.1063/1.1462861

PdygNisoPs is the first bulk metallic glaséBMG), dis-  vided into many particle¥'? However, those studies were
covered in 1974 by Chehlt was found that the glass form- limited to an undercooling region that is far above the nose
ing ability (GFA) can be improved by fluxing this alloy in temperature in the time—temperature—transformationT)
B,O,.2 A critical cooling rate as low as 1 K/s was measured.diagram'®*! Recently, PgNi;(CuyP,o samples were di-

By partially replacing Ni with Cu in PgNi,P,, an alloy  vided into small particles, each of a size for which crystalli-
with a substantially better GFA, RgNi,CusoPyoWas found®  zation of each individual particle could still be obserVed.
The GFA could be even further improved by adjusting the PdThese studies were performed in the entire undercooled lig-
composition with respect to Cu.This resulted in the uid region and reveal an inside view in the crystallization
Pd,3Ni;(Cl,7Ps alloy, which has the lowest critical cooling mechanism that changes from a nucleation-controlled crys-
rate of all BMG's discovered so far. The fact that the GFAtallization at high temperatures to a growth-controlled crys-
can be improved by fluxing in B, suggests a heteroge- t@llization at low temperatures.

neous nucleation mechanism. Indeed, it was concluded in This letter reports on crystallization studies during con-
several investigations that the major practical obstacle t§t@nt cooling and heating of Pi,(Cu,7P; to determine
glass formation in Pd-based systems is heterogeneod8€ critical cooling rate. A dispersion technique is applied
nucleatior®” In a recent publication, it was observed that Where the sample |s_d|V|ded into several hun_dred particles
the crystallization mechanism for RMli;Cl,P,, changes that are proce;sed smultanepusly. For the size of the par-
from a nucleation-controlled mechanism at high tem-icles, the purity of the material suggests that some of the
peratures to a growth-controlled mechanism at IOWpartlcles should be free of impurities and subsequently crys-

temperature8. The temperature of this transition could be tallize in a different manner.

influenced by heterogeneitiég.his suggests that at the tran- e 'I;::g Iﬁgo:ﬂgg- Egh3p_ugtr¥w:1g?écrgsteéfrla\év?ﬁcgfegr;?e q
sition from nucleation- to growth-controlled crystallization prep y. 74 b ! P '

the critical cluster size reaches the effective size of the ir;1-99'95%; Ni, rod, Alfa Aesar, 99.999%; Cu, shots, Alfa Aesar,
. . 99.9999%; P, lump, 99.999%. Pd, Ni, and Cu were pre-
purities and they thereby act as stable nuclei. Therefore

o . alloyed by inductive melting in a quartz tube. Amorphous
crystallization in the growth-controlled region proceeds bysamples were prepared by inductively melting the pre-
the growth of pre-existing nuclei which are the impurities.

alloyed PdNiCu and the phosphorus in quartz tubes for 20

L PT) ; €min at 1200 K followed by water quenching. During this
crystallization of supercooled liquids!! One approach is to rocedure, the samples were fluxed is(B. Constant cool-

disperse the sample int_o small particle_s. It was found th g and heating experiments were carried out in a Perkin—
much deeper undercoolings can be achieved in samples Cofymer differential scanning calorimet@dSC) 7 analyzer. A
sisting of a large number of small isolated droplets than ingispersed sample consists of several hundred particles of di-
one large sample. By dividing the sample into small par-gmeters between 100 and 3@, processed in graphite cru-
ticles, the probability increases that some do not contain imgiples with a mixture of BO; and ALO; particles. The
purities, wherefore heterogeneous nucleation is avoided ar’;aj|zo3 particles, about 5Q:m in size, were used to avoid
they can nucleate in a homogeneous manner. It should bgsing of the liquid particles during processing.

mentioned that the only cases where homogeneous nucle- Prior to the cooling experiment, the dispersed sample
ation has been observed involved samples that were also divas held for 120 s at 990 K. From this temperature, the
sample was cooled with various constant cooling rates below
aAuthor to whom all correspondence should be addressed; electronic mailtS 9lass transmo_n temperature. _The_ DSC therm()grams_mea'
schroers@hyperfine.caltech.edu sured upon cooling are shown in Fig. 1. They are depicted
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temperature (K) temperature (K) FIG. 2. DSC thermograms of 0.3 K/s heating experiments, performed on

samples that were cooled with different rates.0.05 K/s,(b) 0.016 K/s,(c)
FIG. 1. Thermograms of constant cooling experiments with different rates0.005 K/s, andd) 0.0016 K/s. Cooling with 0.05 K/s, 0.016 K/s, and 0.005
(@) 0.05 K/s,(b) 0.016 K/s,(c) 0.005 K/s, andd) 0.0016 K/s. Note that the  K/s is sufficient for a fraction of the particles to avoid crystallization.
x andy scales vary for the different cooling rates. The different time scales
are indicated.

guent heating. Cooling with 0.0016 KJBig. 2(d)] results in

. ) . the crystallization of all particles during cooling as evi-
for cooling rates of 0.05 K/4Fig. 1(@], 0.016 K/s[Fig.  genced by no heat release on subsequent heating.

1(b)], 0.005 KI/s[Fig. 1(c)], and 0.0016 K/$Fig. 1(d)]. For The cooling experiments have shown that the various
temperatures above 700 K, the peaks in the thermogramsyiicies have different critical cooling rateR,. Whereas
re_present the crystallizatiqn qf individual particles. B?lo"}’none of the particles crystallize upon cooling with 3.3 K/s,
this temperature, crystallization events overlap. This isyhout 40% crystallize during cooling with 0.05 K/s. For even
caused by the broadening of the crystallization peak at loweg|o\wer rates of 0.016 and 0.005 K/s, between 10% and 15%
temperatures due to the decrease of the growth rate and by g the particles still did not crystallize during cooling. By
increase of the overall crystallization rate of all particles.dividing the sample into small particles, the nucleation rate,
With decreasing temperature, the crystallization peakgssuming bulk nucleation, in each of the particles is much
broaden. Note that theandy scale are different for each of gmaller than in the bulk sample and can be describet by
the various cooling rates in Fig. 1. A slower cooling also pylk)=3 1, (particles. Kelton already pointed out that if
makes the crystallization events on this plot appear narrowegomparing undercooling results, the sample size has to be
Therefore, the different time scales are depicted in Fig. 1. taken into account since the nucleation rate is an extensive
The subsequent heating with 0.3 K/s was used to deteiguantity’®> One could argue that the lower nucleation rate in
mine the fraction of particles that crystallized upon coolingthe individual particles causes the lowRy of some of the
with different rates. The corresponding DSC thermogramsarticles in the dispersed sample. This, however, would only
are shown in Fig. 2. Onset and end of crystallization and the,o|d true if nucleation is the limiting step for glass forma-
heat of crystallization measured on samples processed undgsn, which would be the case if the growth velocity is suf-
different cooling histories are summarized in Table I. Aficiently large that the time scale for crystallization is domi-
sample that was cooled with 0.05 K/Sig. 2@)] crystallizes nated by the time required to form nuclei. In
at 694 K and releases 31.6 J/g. Cooling a sample with 3.8d,,Ni,Cu,7P,o, the limiting step for glass formation is the
K/s, where no crystallization was observed upon coolinggrowth of pre-existing nuclei. Each nucleus grows to a size
results in a heat release during subsequent heating of 54which is on the order of magnitude of the size of the par-
J/g. By comparing the heat releases of the differently proticles. In other words, the crystallization rate of a bulk
cessed samples, we can conclude that 40% of the particlgample would be comparable to the crystallization rate of a
crystallize during cooling at 0.05 K/s. For comparison, adispersed sample if each particle contains impurities. A de-
bulk sample of 2.X10 % g that was cooled with 3.3 K/s crease oRR, simply by decreasing the particle size and not
was also heated with 0.03 K/s. The main difference in theby gaining some particles that do not contain impurities
crystallization during subsequent heating of a bulk and avould be observable if the particle size is substantially
dispersed sample cooled with the same rate of 3.3 K/s is thamaller than the crystal size in the bulk sample. Therefore,
the bulk sample exhibits a narrower crystallization peak thanhe finding that some particles did not crystallize even with
a dispersed sample. The dispersed sample cooled with 0.016e low rate of 0.005 K/s suggests different crystallization
K/s [Fig. 2(b)] shows a slightly higher onset of crystalliza- mechanisms in the various particles. Critical cooling rates
tion and the peak broadens by about 20 K. From the heaheasured on bulk BeNi,(Cu,7P,, samples vary depending
release of 6 J/g, we can conclude that between 10%—-15% @h the flux treatment and the purity of the alloy. For low
the particles did not crystallize upon cooling. Even for apurity PdisNi;(Cu,7P,g, a critical cooling rate of 0.4 K/s was
dispersed sample that was cooled with 0.005[klg. 2(c)],  measured andr.=0.09 K/s if processed in ;.'* The
10%—-15% of the particles did not crystallize upon cooling,high purity material exhibits a slightly loweR; of 0.07 K/s

reflected in the heat release of 6 J/g measured upon subséprocessed in BO;.” The number density of nuclei was
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TABLE I. Onset and end temperatures of the crystallization peak measured upon subsequent heating with 0.3
K/s on dispersed RgNi,Cu,7P,o, samples cooled with various rates. The heat release measured during subse-
quent heating is utilized to determine the volume fraction crystallized upon cooling.

Percentage crystallized

Cooling rate(K/s) T, onset(K) T, end(K) AH (J/9 during cooling(%)
3.3 694 705 53.3 0
3.3 698 718 54.7 0
0.05 694 717 31.6 40
0.016 708 736 6 85-90
0.005 703 739 6 85-90
0.0016 0 100

3Bulk sample of 2.X10°2 g.

estimated from the microstructure of a bulk,gNi,(Cu,,P,;  homogenous way cannot be unambiguously concluded from
sample that crystallized at low temperatures below the nosthe results. Although the growth of pre-existing nuclei is the
in the time temperature—transformation diagram. It wasdominating crystallization mechanism that limits the glass
found to be~ 10 nuclei/n? for a sample prepared from low formation, minor surface crystallization was also observved.
purity material and~10'° nuclei/n? for a high purity  This surface crystallization, observed on bulk samples does
sample’ This finding suggests that the impurities act as nu-become more important at smaller particle sizes.
clei. Comparing the average volume of an impurity of Pdy3Ni oCu7Pog samples were dispersed into several
~101°m® with the average size of a particle of 5 hundred particles, and their crystallization was investigated
X102 m? results in about 5% of the particles that still during constant heating and cooling. Upon cooling, the crys-
contain impurities. This should be considered as a rough ottallization of individual particles can be detected. Cooling
der of magnitude estimate since the impurity density waswith a rate as low as 0.005 K/s still avoids crystallization of
estimated indirectly from a microstructure and the size disapproximately 10%—15% of the particles. This is the lowest
tribution (100—300um) was not considered. The estimate, critical cooling rate measured for a metallic system. The
however, suggests that dividing the sample into particleslrastic decrease in the critical cooling rate compared to the
with diameters of about 20am should result in a consider- bulk samples is explained by the fact that in the bulk
able fraction of particles that do not contain any impurities. samples, the limiting step to glass formation is the growth of

It was found in isothermal experiments that for tempera-pre-existing nuclei. The results suggest that some of the par-
tures above the nose in the TTT diagram, the time to reacticles in the dispersed sample do not contain the impurities
crystallization scatters enormoudly?'®By cooling the dis-  which cause crystallization in the bulk material by acting as
persed sample, it first has to pass the high temperature regiqgme-existing nuclei. Whether the corresponding nucleation
where crystallization is nucleation controlled. In this region,rate follows a homogeneous mechanism cannot be unam-
it was observed that the purity of the material, i.e., whethebiguously concluded from the experimental results.
or not a particle contains impurities, does not substantially ) )
alter the nucleation probabilify.Therefore, particles with  11"iS work was supported by the National Aeronau-
and without impurities pass this region with a similar prob-fics and Space AdministratioiGrant No. NAG8-1744
ability. The stochastical nature of the crystallization proces@d the Department of EnergyGrant No. DEFG-
in this temperature region explains why some particles crys03086ER45242 The authors express their gratitude to Na-
tallize upon cooling through this temperature region,t@ssia Gaznick for technical assistance.
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