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Thermodynamics of Cu  47TizsZr11Nig, Zrs; sCuq7gNij4 Al 10Ti5
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The differences in the thermodynamic functions between the liquid and the crystalline states of
three bulk metallic glass forming alloys, GWizaZr{Nig, Zrs, Cuy7 NijgAlqoTis, and
Zrs,Cus Nips Al1oNbs, were calculated. The heat capacity was measured in the crystalline solid,
the amorphous solid, the supercooled liquid, and the equilibrium liquid. Using these heat capacity
data and the heats of fusion of the alloys, the differences in the thermodynamic functions between
the liquid and the crystalline states were determined. The Gibbs free energy difference between the
liquid and the crystalline states gives a qualitative measure of the glass forming ability of these
alloys. Using the derived entropy difference, the Kauzmann temperatures for these alloys were
determined. ©2000 American Institute of Physid$s0021-897@0)07810-5

I. INTRODUCTION II. EXPERIMENTAL METHODS

Metallic glasses are a relatively new class of materials. ~We prepared the alloys in an arc melter with a titanium
They were first obtained from a metallic melt by rapid gettered, ultrahigh purity argon atmosphere, with elements
quenching (approximately 10Ks ) in 1961 by Duwez of purities from 99.9% to 99.9999%. The nominal compo-
et al! Recently, new metallic glass forming compositionssitions of the alloys prepared were lisZr;Nig,
have been developed, including La—Al-Ni, Zrs, &CUy7 Nigg Al 1oTis, and Zg;Cugs Nigp Al Nbs. To
Zr-Ni-Al-Cu} Mg-Cu-Y; Zr-Ti-Cu-Ni-Be} and  obtain amorphous samples for differential scanning calorim-
Cu-Ti-Zr-Ni’ The best glass former out of these alloys is etry (DSC) experiments, we melted the alloys in quartz tubes
Zrg12Ti1aClio NirBey s, with a critical cooling rate for i g radio frequency induction furnace and then injection cast
glass formation of 1 K's".” Due to the improved glass form-  the melt with argon into a copper mold. The molten metals

ing ability of these alloys, experiments on the thermophysiyyere held in the quartz tubes for as short a time as possible
cal properties in the glassy state and in the supercooled IioFusuaIIy<1O 9 to avoid any contamination
uid can now be performed, including measurements o In previous work done on SIiC composites with

coetlicient,” and the coetlicient of thermar expansion. material, silicon additions to the alloy improved the thermal
In this article, we investigate the thermodynamics of . 1415 o
. . . stability of the amorphous solid:'®> We do not see this im-
three bulk glass forming alloys: G#lizsZri{Nig, . . .
. . . 13 provement in the thermal stability of the amorphous solid, so
Zrsp Cuy7 Nizg Aliolis,  and  ZgCuys Niyz fAl1oNDbs. o P . ;
; o . the silicon contamination from melting these alloys in quartz
With critical cooling rates from 10 to 250 K'§, these alloys _ i
tubes is thought to be less than 0.5% atomic.

have a moderate glass forming ability compared to A DSC (Perkin El DSC dtod ine th
Zrgq 9Tz LU NigBer, 5. However, these glasses are (Perkin Elmer "ywas used to determine the

-n&bsolute specific heat capacity of the alloys. Heating a

them easier to process and to handle. After measuring the@mple at 0.333 K's and then holding it at a constant tem-
heat capacity of these alloys in the crystalline solid, theP€rature results in a step in heat flux given by
amorphous solid, the supercooled liquid, and the equilibrium
liquid, the differences in thermodynamic functions between
the liquid and the crystalline states can be determined. The . 4Q (4dQ 9Q
Gibbs free energy difference gives a qualitative measure of Q= W:(E) . _<
the stability of the glass compared to the crystalline state. T#0

) dT @
—_— :C.—,
gt _ 7 dt

dAuthor to whom correspondence should be addressed; electronic mail: . . .
sglade@caltech.edu where @Q/dt)1.¢ is the power required to heat the sample

BCurrent address: Department of Mechanical Engineering, Oregon Statgnd sample pan at a constant heating rat®/¢t)1—_, is the

University, Corvallis, OR 97331.
°Current address: Symyx Technologies, Santa Clara, CA 95051. power needed to hold the sample and sample pan at a con-
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FIG. 1. Thermal behavior of GyTiz,Zr,,Nig upon heating. The lower tem-
perature data were obtained with a D8@ating rate of 0.333 K'8) and

the higher temperature data were obtained with a Dfidating rate of 0.167

K s7%). The onset of the glass transitidly, , the onset of crystallizatiofT,, ,

the solidus temperatur@;q.s, the temperature at the peak of the melting
endothermT ., and the liquidus temperatur@q,iqus, are indicated. The
exothermic hump after the melting peak is due to the reaction of the alloy
with the graphite crucible.

stant temperature, amlis the heat capacity of the sample
and sample pan. By performing these heat flux steps every
20 K on the metal sample in the sample pan, a sapphire
standard in the sample pan, and the sample pan by itself, the
absolute specific heat capacity of the metal sample can be
determined by

_ Qmetal_ Qpan msapphiré Mmetal
Cp(T)metal_ . m - i
Qsapphin? Qpan metal' Msapphire

)

wherem; is mass,u; is molar mass, andy(T)sapphirelS the
heat capacity of sapphire.

The absolute specific heat capacity of the supercooled
liquid immediately after the glass transition could not be
measured using the method described above because these
alloys are not very stable against crystallization in this tem-
perature range. To determine the specific heat capacity in this

: Cp(T) sapphire

TABLE |. Glass transition temperatures, crystallization temperatures, soli-
dus temperatures, peak temperatypEsak of the melting endothepmiqui-

dus temperatures, and the heats of fusion for the three alloys. The solidus
and liquidus temperatures of Glii;nZr ;,Nig measured in this study differ
from the previously reported values of 1105 and 1160 K, respectisely

Ref. 6. Lin performed DTA experiments using alumina crucibles, while we
performed the DTA experiments using graphite crucibles. The difference in
the values measured is attributed to the reaction of the alloy with the alu-
mina crucibles.

Tga Txa Tsolidusb Tpeakb Tliquidusb AHfb .
K K K K (K (kIgatom)
CUy;TizeZr ;Nig 673 717 1114 1119 1128 11.3
Zrgp Cly; Nigg AlioTis 675 727 1072 1085 1091 8.2
Zrs,Cuys Nipa AliNbs 682 742 1091 1105 1115 9.4

3Measured with a heating rate of 0.333 K!'s
PMeasured with a heating rate of 0.167 K's

c, (J/g-atom K)

c, (J/g-atom K)
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FIG. 2. The specific heat capacity of the crystalline s¢l), the amor-
phous alloy((J), the supercooled liquid measured with constant heating rate
experimentgA), and the undercooled liquid and the equilibrium liquid mea-
sured with ac modulation calorimetr{®) for: (a) Cuy;Tiz.Zri;Nig, (b)

Zrsp CUy7 Nigg Al 1oTls,
Zrs, Cuy7 Nig Al1oTis, the equilibrium liquid data were not measured, but
a value of 42.5 Jgatont K at 1085 K was assigned to allow the deter-
mination of the fitting constant for the liquid specific heat capaity. The
lines on the graphs are the fits to E¢#). and (8).

For
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TABLE |I. Fitting constants for the heat capacity data, usigysu(T)=3R+aT+ bT? to fit the crystalline
state heat capacity data aogljq,is(T)=3R+cT+ dT 2 to fit the liquid heat capacity data.

a b c d
(Jgatom'K™?) (Jgatom!*K™® (Jgatom!K? (Jgatom!K)
CuUy;TizsZr1iNig —0.000 89 6.82< 10°° 0.0156 2.83x 1¢°
Zrey Clyz Nigg Al 10Tis —0.008 61 16.8< 1078 0.0112 6.43< 1¢°
Zr5:Cuys Nijp Al 1gNbg —0.003 02 8.37% 10°° 0.0133 6.32< 1¢°

temperature range, constant heating rate DSC experiments A differential thermal analyze(Perkin Elmer DTA-7,
were performed at 0.333, 0.667, 1.33, and 3.33 K§he using a heating rate of 0.167 K% was used to determine
specific heat capacity is determined by the heats of fusion, the solidus temperatures, and the liquidus
: temperatures of these alloys. Graphite crucibles were used in
these experiments to minimize the reaction between the mol-

Qu
c =——+C scaling constant, 3 ]
p.glass p.orystal” g @ ten alloy and crucible.

™m

whereQ is the power input,T is the heating ratem is the
mass, angk is the molar mass. The DSC was calibrated for
each heating rate to account for the shift in temperature withl- RESULTS

different heating rates. Upon heating an amorphous alloy at a constant heating

Alternating current@ag 'modulatlon callorlmetrjf‘ Was - yate, the alloy goes through the glass transition, crystallizes,
used to measure the specific heat capacity of the undercool%%d then melts. This behavior is shown in Fig. 1, a DSC scan

liquid and the equilibrium liquid. The ac modulation calo- and a differential thermal analysigDTA) scan of
rimetry technique was performed using TEMPWHegel- CuyTigsZrNig. The onset of the glass transitio, is

fre|e-s Elektromagnet|sches Prozessieren _Unter Schwerﬁdicated by a small endothermic rise. Crystallization begins
elosigkeit, see Ref. 18 an electromagnetic processing . 1 _717k with  three  exothermic  peaks
X ’ .

oA s i oo, i 2 £y N e a0 2N My ol
>P X i pace : X have a single crystallization peak after heating through the
tion cglorlmetry is a npncontact techplque for measuring heat << transition. For CuTis,ZrNig, melting begins at the
Capac'tYi by modulating the power input to the SamP'e aNGolidus temperature of 1114 K, with the alloy being com-
measuring the temperature response, the heat capacity can Qe molten at the liquidus temperature of 1128 K. Inte-
(rjneetﬁ':zr;:mmee(ihzé\{o time constants are important in this eXpe”grating the area of the melting peak, we find that the heat
' of fusion is 11.3 kJgatomt for Cu,;TizZr;Nig. The
Cp characteristic temperatures as well as the heats of fu-
" Aero TS (4)  sion of CuysTisZryNig and the other two alloys,
0 Zrsp CU7 Nigg Al1oTis and ZgCuys Nigp Al1oNbs, are

and summarized in Table I.
The specific heat capacity of the crystalline solid, the
;o= 3Cp (5) amorphous solid, the supercooled liquid, and the equilibrium
2 4w Ry’ liquid for each alloy is shown in Figs(8-2(c). The specific

heat capacity for the crystalline and the amorphous states
was determined by DSC experiments, while the specific heat
capacity of the undercooled liquid and the equilibrium liquid

was determined by ac modulation calorimetry. Since the

thermal conductivityr; is the external relaxation time due to amorphous SO“Q. 'S not' n thermodynam[c. eqwhpnum or
metastable equilibrium in the glass transition region, heat

radiative heat loss ang, is the internal relaxation time due itv data in this region are not included
to the finite thermal conductivity of the sample. Heat capac-c‘rjlmcty ata S region are not incluqed.
The heat capacity of a crystal well above the Debye

lty is determined by temperature can be described'by

Pr(®) T)=3R+aT+bT2 7
ATm(—w)w' (6) Cp,crysta( ) +al+ (7

wherec,, is the sample heat capacit,is the sample surface
area, et is the total hemispherical emissivity of the sample
surface o is the Stefan—Boltzman constaiiy is the sample
temperatureR is the sample radius, and, is the sample

Cp="F(w,71,72)

The heat capacity of an undercooled liquid can be described

wheref is a correction function for radiation loss and finite by

thermal conductivity,P(w) is the power of modulation, _ P
AT (w) is the amplitude of temperature response to the Cp,tiquig T)=3R+CT+dT"%, ®)
power modulation, andv is the frequency of modulation. where R=8.314®2Jgatom*K™1, anda, b, ¢, andd are

Modulation frequencies of 0.08 and 0.12 Hz were used irfitting constants. The constants for both fits to the specific

these experiments. heat capacity data for each alloy are summarized in Table II.
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FIG. 3. The calculated difference in enthalpy between the liquid and thd!G- 4. The calculated difference in entropy between the liquid and the
crystalline states as a function of temperature (®rCuy;TizZr,Nig, (b)  crystalline states fofa) Cuy;TigsZryNig, (b) Zrsp Cth7 Nisg Al 1oTis, and
Zrsp CU7 Nigg Al1oTis, and(c) Zrs;Cuys Nigo Al NDs . Also indicated on (€) Zr5,Cuys Nigp Al1gNbs . In¢cated on these plots are the Kau;mann tem-
these plots are the Kauzmann temperafiye the glass transition tempera- peratureTfl, the glass transition temperatu_'f@(onset yvlth a heating rate of
ture T, (onset with a heating rate of 0.333 K%, and the temperature at 0.333 Ks), and the temperature at which the Gibbs free energy of the
which the Gibbs free energy of the liquid and the crystalline states are takeliduid and the crystalline states are taken to be egyal

to be equallT;.

temperature (K)

alloys, including  Zk; ,Tig3 Clip NiggBens,2  and

The specific heat capacity of rCu;; Niqg Al 1oTi5 IN MgesClsY 10,° is approximately 40 JgatomK ™! at the

the undercooled liquid and equilibrium liquid was not mea-melting  temperature. For  GligeZriNig  and
sured with ac modulation calorimetry. However, the specificZrs;Cu;s Niqo Al 1gNbs (this work), the heat capacity near

heat capacity of the liquid for many metallic glass forming the melting temperature is approximately 45 J g atbk .
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TABLE lll. The Kauzmann temperatures, the glass transition temperatures T T T T T
(measured with a heating rate of 0.333 ¥)s and the entropies of fusion 44 amorphous (@) Cu,Ti_ Zr Ni -
for the three alloys. 1
34 4
Tk Ty AS P supercooled
(K) (K) (JgatomiK™Y g 2 liquid 4
Cuy7TigsZry Nig 537 673 10.1 g ] ] ]
Zrgp eCU7 Nigg Al 1oTis 638 675 7.6 3 ]
Zrg:Cuys Nigp Al 1Nbg 664 682 8.5 5 0
< | T T crystal ?
A4T T, T, :
Therefore, a specific heat capacity of 42.5 J g atbki * at 2
1085 K was assigned to &Cuy7 Nij4 Al1oTi5, SO that the e -
fitting constants for the liquid specific heat capacity could be 500 600 700 800 900 1000 1100 1200 1300
determined. It is expected that this value is within 10% of the temperature (K)

actual value.
The difference in the specific heat capacity of the liquid

and the crystalline stateA,c'p’X, was calculated. With these — T . ———
data, the differences in the thermodynamic functions of the 44 (b) Zr, Cuy, Niy, (Al Tig 1
liquid and the crystalline states can be determined. The cal- ] ]
culated difference in enthalpy is given by 3'_ amorphous
Ts B g o e supgrcgoled B
AH'—X(T):AHf—f Acy, X(THdT’ 9) 5 liquid
T 9 11 iy
and is shown in Figs.(8)—3(c) for these alloys. In this equa- <
tion, AH; is the enthalpy of fusion and; is the temperature 3 0 1 crystal 1 ]
at which the Gibbs free energy of the liquid and the crystal- 1 TT, T, J
line states are equal. The difference in the enthalpy between
the liquid and the crystalline states at the glass transition 21 1
(measured WIFh a rate_of _0.333 KY is the amount of en- 500 600 700 8o 960 1000 1100 1200 1300
thalpy frozen into the liquid aTy. temperature (K)
T¢, the temperature at which the Gibbs free energy of
the liquid and the crystalline states are equal, is not known
exactly for these alloys. However, the Gibbs free energy of —— — —
the liquid and the crystalline states are equal to one another 44 (c) zrCu,, Ni, Al _Nb, -
between the solidus and liquidus temperatufgswas taken 1 o 1
to be the temperature at which the endothermic peak is maxi- 3 o T
mum during melting(determined with the DTA Tpeals @S € 2_3@?.?”5 supercooled |
listed in Table I. S liquid
The calculated difference in entropy between the liquid (g, 1 4
and crystalline states is given by g ]
T ACIIJX(T’) (<91 0 ] { crystal {
ASTXT)=AS— L TdT' (10 . T ‘ T, i
] T,
and is shown in Figs.(d)—4(c) for these alloysT ,c.«is used -2 1 1
in p!ace ofT; in this calculationAS;, the entropy of fusion, 500 600 700 800 900 1000 1100 1200 1300
is given by temperature (K)
AHf FIG. 5. The calculated difference in the Gibbs free energy between the
ASf=T—. (11 liquid and the crystallne states for(@) Cuy;TizeZryNig, (b)
f Zrsp L7 Nigg Al1oTis, and (€) Zrs;Cuys Niqp Al1gNbs.  Indicated on

Entropy of fusion data are found in Table . Similar to the these plots are the Kauzmann temperafife the glass transition tempera-
ture T4 (onset with a heating rate of 0.333 K%, and the temperature at

AH' (M) fun.Ctlon that was calculated, there is reg@ual €M which the Gibbs free energy of the liquid and the crystalline states are taken
tropy frozen into the glass below the glass transition temyg pe equal; .

perature. TheTy indicated on these plots is the calculated

Kauzmann temperature. The Kauzmann temperature is the

isentropic temperature, the temperature at which the entropyaneously crystallizing or forming a gla¥sKauzmann tem-

of the liquid is equal to the entropy of the crystal. This tem-perature data are found in Table Ill. It is important to note
perature is commonly believed to be the lowest temperaturthat the entropy difference that is calculated from the heat
at which a supercooled liquid can exist without either spon-capacity data is the total entropy difference between the lig-
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L LI A S B B B TABLE V. The critical cooling rates and the reduced glass transition tem-
44 Z N, | peratures for the three alloys in this work and two other metallic glass
(10'Kss) forming alloys, in order of decreasing glass forming ability.
Cu,Tiyz iy — -
3 Mo, Cu Y, ___ (250Kss) Critical cooling rate
07 e R supgrcc?oled 7 (Ks™} T
£ 1z, 2Tl sCu, Ni_Be,, liquid
B (10Kss) P 2141 Ti13 6CUo NisoBes 1 0.67
‘; 2 Tl CuNpe, / = . ZreCuis Niyp Al1oNbDs 10 0.62
S, S . .
= 2 Cu, Ni, AlTi, N | Zrsp Cly7 Nigg Al 10Tis 10 0.62
= (10Kss) MggClhsY ;¢ 50 0.59
O 14 Z,Cu, Ni, Al Nb, . Cuy7TizeZry;Nig 250 0.60
< (10K/s)
#Determined using the onset of the glass transition measured with a heating
crystal rate of 0.333 K s! and the liquidus temperature measured with a heating
0 a1
rate of 0.167 Ks™.
-— bSee Ref. 8.
0.3 0.4 0.5 0.6 0.7 038 09 1.0 ‘See Ref. 9.
T/T
m

FIG. 6. The calculated difference in the Gibbs free energy between thé_NhiCh _iS a g_O_Od approximz_itio_n i_mmediately below the melt-
liquid and the crystalline states for a number of glass forming allsge  ing point. Initially, as the liquid is undercooled, the entropy
Ref. 9. of fusion AS; determines the rate at whichG' ~* changes.

Another parameter that is a qualitative indicator of the
glass forming ability in glass forming alloys is the reduced

uid and the crystalline states and not the configurational er@12SS transition temperatulig,. The reduced glass transition

tropy difference. The total entropy difference between thd€mperature is given by
liquid and the crystalline states includes configurational en- T,
tropy, communal entropy, and vibrational entropy. Thus, this ~ Trg=7 (14)
calculated Kauzmann temperature does not necessarily rep- .m N _
resent the temperature where the configurational entropy d¥hereTg is the glass transition temperature afg is the
the liquid vanishes. melting temperature. It is a measure of the time spent in the
The calculated difference in the Gibbs free energy besupercooled liquid regime when cooling the liquid from the
tween the liquid and crystalline states is given by melt. Larger reduced glass transition temperatures indicate
. better glass forming ability; the temperature interval between
AG'X(T)=| AH _f fAc"X(T’)dT’ the melting temperature and glass transition temperature is
f p . . . . .
T smaller, decreasing the likelihood of crystallization. Values
R of the critical cooling rates andl, for the three alloys in this
TrAcy (T') . ; .
-T Asf_f P dT’ (12) work and two other metallic glass forming alloys are given
T in Table IV.

and is shown in Figs.(®)—-5(c) for these alloys.
V. SUMMARY AND CONCLUSION

The thermodynamic functions of three bulk glass form-
IV. DISCUSSION ing alloys, CuzTizsZriiNig, and Zg, {Cuyz Nigg Al1oTlis,

A comparison of the Gibbs free energy difference pe-2Nd Z67CU1s.Nizo fAl1Nbs, were determined. To do this,

N . the heat capacity in the crystalline solid, the amorphous
tween the liguid and the crystal for several metaliic glasssolid the supercooled liquid, and the equilibrium liquid, and
forming alloys is shown in Fig. 6, along with the estimated ' b qud, g quid,

o ; the heats of fusion for these alloys were measured. The
critical cooling rates for these alloys. In general, the IowerGibbs free enerqy difference between the liguid and the crvs-
the Gibbs free energy difference between the liquid and th oy q Y

crystalline states, the better the glass forming ability of the?allme states gives a qualitative measure of the glass forming

alloy (according to the critical cooling ratdt is important to ability of these glass forming alloys.
note that this Gibbs free energy difference is the driving
force for crystallization only in the case of a polymorphic ACKNOWLEDGMENTS
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