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Critical cooling rate and thermal stability of Zr–Ti–Cu–Ni–Be alloys
Theodore A. Waniuk,a) Jan Schroers, and William L. Johnson
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~Received 13 October 2000; accepted for publication 19 December 2000!

The critical cooling rate as well as the thermal stability are measured for a series of alloys
in the Zr–Ti–Cu–Ni–Be system. Upon cooling from the molten state with different rates,
alloys with compositions ranging along a tie line from (Zr70Ti30)55(Ni39Cu61)25Be20 to
(Zr85Ti15)55(Ni57Cu43)22.5Be27.5 show a continuous increase in the critical cooling rate to suppress
crystallization. In contrast, thermal analysis of the same alloys shows that the undercooled liquid
region, the temperature difference between the glass transition temperature and the crystallization
temperature, is largest for some compositions midway between the two endpoints, revealing that
glass forming ability does not correlate with thermal stability. The relationship between the
composition-dependent glass forming ability and thermal stability is discussed with reference to a
chemical decomposition process. ©2001 American Institute of Physics.
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Alloy systems with critical cooling rates for glass fo
mation below 100 K/s, i.e., with good glass formin
ability ~GFA!, are a relatively recent development. Becau
of their resistance to crystallization, alloys such
Zr41.2Ti13.8Cu12.5Ni10Be22.5 ~Vit1!1 and Pd40Cu30Ni10P20

~PCNP!2 can be examined in the deeply undercooled liq
region on accessible laboratory time scales. As shown
Turnbull,3 GFA ~represented by critical cooling rate! scales
with the reduced glass transition temperatureTrg defined as
the glass transition temperatureTg divided by the liquidus
temperatureTl . This correlation has been confirmed in ma
experiments~see Ref. 4 for summary!. Thermal stability in
metallic glasses is usually quantified by measuring the t
perature differenceDT between the glass transition and t
first crystallization event upon heating at a constant rate.
some systems, it has been demonstrated that larger valu
DT tend to be associated with lower values of critical co
ing rateRc .5,6 As a result, the thermal stability has served
an indicator of GFA in these alloys.

In recent years, the crystallization of Vit1 has be
extensively examined.7–11 Several studies of this alloy
have revealed a tendency to undergo chemical dec
position in the undercooled liquid,7–10 which has a direct
influence on the subsequent nucleation and growth
crystalline phases. Since the decomposition occurs a
temperature close toTg , the isothermal crystallization be
havior of Vit1 for low undercooling is quite differen
from its behavior when deeply undercooled.11 In addition, a
study by Schroerset al.12 involving constant heating an
cooling experiments has shown that Vit1 crystallizes in
different manner upon heating from the amorphous so
than upon cooling from the melt. In this study, a cooling ra
of approximately 1 K/s was required to bypass crystallizat
during cooling, whereas a heating rate of 200 K/s w
necessary to avoid crystallization of a detectable volu
fraction. Chemical decomposition has also been observe
a series of alloys which lie along the tie line betwe
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Vit1 and Zr46.25Ti8.25Cu7.5Ni10Be27.5 ~Vit4!.13 These alloys,
Zr42.63Ti12.37Cu11.25Ni10Be23.75 ~Vit1a!, Zr44Ti11Cu10Ni10Be25

~Vit1b!, and Zr45.38Ti9.62Cu8.75Ni10Be26.25 ~Vit1c!, show in-
creasedDT values compared to Vit1.14

The present work is focused on a seven all
series which lies along the tie line described
(Zr37.512.5xTi62.522.5x)55(Ni3xCu10023x)41.2521.25xBe3.7511.25x ,
where x can vary from 0 to 25. This serie
includes Zr38.5Ti16.5Ni9.75Cu15.25Be20 @Vit1~-b!#,
Zr39.88Ti15.12Ni9.98Cu13.77Be21.25 @Vit1~-a!#, Vit1, Vit1a,
Vit1b, Vit1c, and Vit4, i.e., alloys withx513– 19, respec-
tively. In order to determine the GFA of the alloys, contin
ous cooling rate experiments have been performed to es
lish Rc for each. These results are compared withDT andTrg

values obtained through calorimetric methods, and a che
cal decomposition process in the undercooled liquid is u
to explain how a disparity between GFA and thermal sta
ity can arise in the Vit1~-b!–Vit4 alloy series.

The seven alloys in this family were prepared by a
melting elements with purities ranging from 99.5%
99.995% in a titanium-gettered argon atmosphere. The
sulting ingots were then sealed in quartz tubes unde
vacuum of approximately 1026 mbar, heated above the liqu
dus temperature, and quenched in water. A Perkin–El
differential thermal analyzer~DTA 7! was used to heat amor
phous samples of each alloy at 10 K/min in order to det
mineDT, Tg , Tl , and the solidus temperatureTs . Continu-
ous cooling experiments were conducted in an rf-heat
device. Initially, samples with a mass of approximately 2
mg were inductively heated in a titanium-gettered argon
mosphere to 1225 K for 150 s. They were then cooled un
the control of a proportional integral differential softwa
algorithm at various rates. The experimental setup used
the continuous cooling rate measurements is deta
elsewhere.15,16

Figure 1 shows some representative results of a serie
continuous cooling measurements which were used to m
sure the critical cooling rate directly. The data were obtain
by differentiating the digitally recorded temperature–tim
3 © 2001 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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profiles measured for Vit1b. For each measurement,
sample is cooled at a controlled rate from its initial tempe
ture to some temperature below the glass transition. Du
cooling, crystallization in the sample manifests as an abr
decrease in the magnitude of the cooling rate due to a rel
of the heat of fusion, as shown in the curves labeled~a!, ~b!,
and~c!. The size of the crystallization peak decreases as
cooling rate magnitude increases in each subsequent
surement, and a crystallization event becomes undetect
i.e., the sample has been rendered amorphous for the
poses of this study, after the cooling rate exceeds a ce
value. Curve~d! represents such a measurement. Variati
in cooling rate prior to crystallization can be attributed
limitations in the control algorithm used to modulate pow
during cooling. Thus, to determine a cooling rate value
each measurement, an average of the rate between 120
900 K was calculated.

Also shown in Fig. 1 are data taken while free cooli
the sample from its initial temperature. These data show
other limitation of the experimental apparatus; as the te
perature decreases, the maximum constant cooling rate
can be maintained decreases dramatically because the ra
heat loss from the crucible exterior limits the overall cooli
rate of the sample/crucible combination. Therefore, as
constant cooling rate measurements approach the tem
ture where they intersect the free-cooling curve, they be
to follow the latter. In order to take measurements of cool
rates in excess of 10 K/s for Vit1c and Vit4, samples we
cooled with a flow of ultrahigh purity argon. Only the down
stream pressure could be varied to produce different coo
rates for samples of these alloys, and estimates ofRc have
greater error as a result.

Table I lists the results of DTA scans of each alloy. F
all seven alloy compositions, the glass transition tempera
Tg remains essentially constant, with an average value
625 K. The solidus temperature fluctuates to some deg
but Tl changes by a much greater amount between Vit1
Vit4, reaching a maximum value of 1239 K in Vit1c.Tl for

FIG. 1. Cooling rate vs temperature for Vit1b. The curves were obtained
differentiating the temperature–time profile recorded during cooling.
measurements~a!, ~b!, and ~c! an abrupt decrease in the magnitude of t
cooling rate in the vicinity of 860 K marks the onset of crystallization. N
crystallization peak is evident in~d!. The final curve,~e!, represents an
experiment in which the sample was allowed to free cool from the ini
annealing temperature.
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Vit1, 996 K, agrees well with previous results.17

The relationship between the experimentally determin
DT, Trg , andRc values is shown for all the alloys in Fig. 2
Trg , the reduced glass transition temperature, was calcul
usingTg /Tl . As shown in the top portion of Fig. 2,DT and
Trg show a negative correlation as a function of compositi
Both values remain fairly constant for Vit1~-b! through Vit1
but change dramatically from Vit1a to Vit4, reaching a ma
mum in DT and a minimum inTrg at Vit1c. SinceTg does
not vary significantly between the seven alloys studied, t
means that asDT increases,Tl increases as well in this alloy
series.

The Rc values depicted in the lower portion of Fig.
show a different behavior. At one extreme, they approac
limit of approximately 1.4 K/s in Vit~-b! and Vit1~-a!, but
from Vit1a to Vit4 they increase steadily, reaching a ma
mum of 28 K/s in Vit4. The increase inRc from Vit1a to
Vit1c follows the trend toward smaller values ofTrg . The
GFA of these alloys, however, does not seem to corre
well with the width of the supercooled liquid region,DT. As
the critical cooling rate increases in this alloy series,
width of the supercooled liquid region also increases; th
glass compositions with the largestDT are actually the poor-
est glass formers.

As shown above, the results tend to confirm Turnbu
criterion, which predicts that glass forming ability shou
decrease with decreasing reduced glass transition temp

y

l

TABLE I. DTA results at 10 K/min for the alloy series@Vit1~-b!–Vit4#.

Tg ~K! DT ~K! Ts ~K! Tl ~K! Trg

Vit1~-b! 630 48 921 1003 0.628
Vit1~-a! 629 57 928 1006 0.625
Vit1 623 49 932 996 0.626
Vit1a 623 89 933 1057 0.589
Vit1b 625 114 917 1206 0.518
Vit1c 623 117 911 1239 0.503
Vit4 622 105 909 1185 0.525

FIG. 2. Top graph showsTrg and DT as a function of alloy compo-
sition, and bottom graph shows critical cooling rateRc as a function
of alloy composition. A dimensionless parameterx is used to
represent each alloy composition in the series described
(Zr37.512.5xTi62.522.5x)55(Ni3xCu10023x)41.2521.25xBe3.7511.25x along the lower
horizontal axis, while the alloy designations corresponding to eachx value
are shown along the upper horizontal axis.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ture. However, contrary to results published for other gl
forming systems, the thermal stability and GFA do not sh
a positive correlation for the alloy series examined in t
study. This suggests that different mechanisms influe
crystallization upon heating and upon cooling. It has be
demonstrated that decomposition in Vit1 influences
nucleation and growth of crystalline phases in the alloy.
addition, small-angle neutron scattering research on Vit1
Vit4 has revealed the existence of spatially correlated in
mogeneities in some of these alloys after annealing.13 This
research has resulted in the determination of an effec
critical temperatureTc for Vit1, Vit1a, and Vit1b, and has
established thatTc decreases from Vit1 to Vit1c, eventuall
reaching the glass transition temperature between Vit1c
Vit4.

It can be expected, given the trend in critical temperat
for Vit1–Vit4, that decomposition plays an important role
determining thermal stability in this alloy series~this phe-
nomenon has also been recently observed for Zr–Ti–C
Ni–Al alloys18!. For Vit1, the critical temperature is signifi
cantly higher (;60 K! than the glass transition temperatur
allowing a diffusion-controlled decomposition mechanism
effect significant changes in the alloy composition duri
heating through the temperature range fromTg to Tc . In
essence, the decomposition sets the time scale for crys
zation in these alloys, increasing in amplitude until certain
the decomposed regions have a composition which fav
nucleation and growth.8,10 For Vit1a, Vit1b, and Vit1c, the
critical temperature shifts progressively lower and closer
Tg . Thus, the effects of decomposition on subsequent c
tallization behavior in each alloy are mitigated by the
creasingly more sluggish kinetics of each alloy at tempe
tures below its respective critical temperature. This result
a dramatic increase in apparent thermal stability as the t
scale for the diffusion-controlled decomposition process
creases. It is unclear whetherTc for Vit4 lies above or below
Tg , but, given the decrease inDT observed between Vit1c
and Vit4, it seems likely that the crystallization of Vit4 upo
heating proceeds through different mechanisms than the
alloys preceding it in the series. This may also account
the abrupt increase inTrg between Vit1c and Vit4 despite th
fact thatRc also increases, but further study is necessary
elucidate the reasons for this departure from the Turn
criterion. It is important to note that the critical temperatu
for all studied alloys is lower than the crystallization tem
perature measured upon cooling. Therefore, this decomp
tion process cannot influence the crystallization upon co
ing.

In conclusion, results of continuous cooling and diffe
ential thermal analysis experiments have been presented
critical cooling rate was directly measured with a high ac
Downloaded 17 Aug 2007 to 131.215.225.175. Redistribution subject to A
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racy. A continuous increase inRc and a concomitant de
crease in GFA for each successive alloy in the series fr
Vit1~-b! to Vit4 was observed. The DTA results confirm, fo
the most part, the assessment of GFA for each alloy, bec
Trg also decreases asRc increases between Vit1 and Vit1c
The thermal stability does not follow this trend, howeve
DT values for the alloys tend to be largest for the poor
glass formers. Vit4 appears to be the exception to the
served trends inDT andTrg , and the author speculates that
change in crystallization mechanism is responsible for
observed results for this alloy. Between Vit1~-b! and Vit1c,
changes in thermal stability upon heating can be attribute
a decomposition process in the undercooled liquid. The c
cal temperature decreases from Vit1 to Vit1c, approach
the glass transition temperature near Vit4. As a result, c
tallization upon heating is influenced directly by the tim
scale for decomposition in each alloy, and this time sc
increases from Vit1 to Vit1c, increasing the apparent therm
stability. This decomposition process does not influence
crystallization upon cooling, which is evidenced by the fa
that the critical temperature is always lower than the crys
lization temperature.
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13J. F. Löffler, P. Thiyagarajan, and W. L. Johnson, J. Appl. Crystallogr.33,

500 ~2000!.
14C. C. Hays, C. P. Kim, and W. L. Johnson, Appl. Phys. Lett.75, 1089

~1999!.
15J. Schroers and W. L. Johnson, Mater. Trans., JIM41, 1530~2000!.
16A. Masuhr, Ph.D. thesis, California Institute of Technology~1998!.
17R. Busch, Y. J. Kim, and W. L. Johnson, J. Appl. Phys.77, 4039~1995!.
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