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The thermal behavior of the structure of Pd40Cu30Ni10P20 bulk metallic glass has been investigated
in situ through the glass transition by means of high-temperature x-ray synchrotron diffraction. The
dependence of the x-ray structure factorS(q) of the Pd40Cu30Ni10P20 glass on temperature follows
the Debye theory up to the glass transition with a Debye temperatureu5296 K. Above the glass
transition temperatureTg , the temperature dependence ofS(q) is altered, pointing to a continuous
development of structural changes in the liquid with temperature. The atomic pair correlation
functions g(r ) indicate changes in short-range-order parameters of the first and the second
neighborhood with temperature. The temperature dependence of structural parameters is different in
glass and in supercooled liquid, with a continuous behavior through the glass transition. The
nearest-neighbor distance decreases with temperature, changing the slope atTg . The interatomic
distances of higher coordination shells expand analogously to the macroscopic linear thermal
expansion. ©2003 American Institute of Physics.@DOI: 10.1063/1.1567457#
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Bulk metallic glasses are characterized by a high gla
forming ability and the existence of a wide supercooled l
uid region.1,2 The glass transition in this class of materials
an interesting physical phenomenon in general, but is a
important for hot deformation of the material while prese
ing the amorphous structure.3 The atomic processes by whic
liquids become amorphous upon cooling or amorphous
loys transform into supercooled liquids upon heating ha
not been completely understood until now. The transition
the glass into the supercooled liquid state upon constant
heating gives an endothermic event in a differential scann
calorimetry ~DSC! scan at the calorimetric glass transitio
temperatureTg , which is related to changes in thermod
namic properties~e.g., the enthalpy! and in the thermal ex-
pansion coefficient.4 On the other hand, the temperature d
pendence of relaxation times and diffusivity in bulk metal
glasses are discussed within the framework of the mode
pling theory with a critical temperatureTc well above the
calorimetric glass transition temperature.5,6 A direct observa-
tion of the structural behavior at the calorimetric glass tr
sition temperature has been rather limited so far.7,8 The aim
of this work is to analyze the temperature dependence of
structure of Pd40Cu30Ni10P20 bulk glass in the glassy, the su
percooled liquid, and the liquid state.

a!Author to whom correspondence should be addressed; electronic
n.mattern@ifw-dresden.de
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Samples of Pd40Cu30Ni10P20 bulk glasses were prepare
in the form of rods with a 5-mm diameter and a 50-m
length by copper mold casting of the pre-alloy from the pu
elements and refined by fluxing in B2 . To remove the influ-
ence of structural relaxation, the samples were pre-anne
at 543 K for seven days. Disks of 1-mm height were cut fro
the rods for DSC and x-ray diffraction~XRD! experiments.
Cylinders of 15 mm in length were used for the measu
ments of the thermal expansion. The DSC experiments w
performed employing a Netzsch DSC 404 calorimeter~heat-
ing rate 10 K/min!. The calorimetric glass transition tem
peratureTg5569 K and the crystallization temperatureTx

5663 K for the alloy agree well with values from literatur
~both characteristic temperatures are here defined as the
set temperatures of the respective endothermic and exo
mic DSC heat flow events!. The supercooled liquid region
spreads over about 95 K for this alloy. The linear therm
expansion coefficientsa were determined by a Netzsch DI
402 C dilatometer in the glassy state between 300 and 65
at a heating rate of 5 K/min toa51.231025/K, and in the
liquid and undercooled liquid states from 973 to 820 K a
cooling rate of25 K/min to a5g/353.131025/K. In situ
XRD measurements at elevated temperatures were condu
at the high-energy beamline BW5~wavelength l
50.01 076 nm) at the storage ring DORIS~HASYLAB,
Hamburg!. The experimental setup consisting of a hig
temperature chamber and an image plate detector enable
il:
9 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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recording of a diffraction pattern in transmission within 30
up to a scattering vectorq5200 nm21.9 The sample was
held for 140 s at the corresponding temperature~30 s for
exposure and additional 110 s for data readout time!, and
then heated up to the next temperature within 10 s. Imm
ately thereafter, the measurement was started again.
mass density at ambient temperature was determined by
buoyancy method by weighing samples in air and in dode
(C12H26).

Figure 1 shows representative examples of the struc
factorST(q) of Pd40Cu30Ni10P20 measuredin situ at elevated
temperatures. The amorphous structure of the superco
liquid is preserved up to 656 K, which is 87 K aboveTg .
The beginning crystallization was observed atT5673 K ~not
shown here!, in agreement with the DSC data. Betwe
673 K<T<823 K, we observe crystalline reflections. At th
next temperature investigated (T5873 K), the alloy is
melted as expected from the liquidus temperatureT1

5864 K), determined by DSC. The diffuse character of
structure factor forT>873 K indicates the liquid state of th
alloy, as shown forT5923 K in Fig. 1. The diffraction
curves of the amorphous state of the sample exhibit o
small changes with increasing temperature. Figure 2 sh
the temperature dependence of the positionq1 and the height
S(q1) of the first maximum of structure factor. A continuou
shift of q1 with temperature to lowerq-values is measured
No change in slope ofq1 at the glass transition temperatu
is observed. The height of the first maximumS(q1) de-
creases with increasing temperature for glass up toTg ~Fig.
2!. At the glass transition, the slope ofS(q1) versus tempera
ture is altered. As long as no crystallization sets in,
change in the temperature dependence of the structure f
at Tg is reversible. The data shown in Fig. 2 were obtain
for thermal cycling by heating up to 684 K~n!, cooling
down to 373 K~,!, and subsequent reheating from 373
648 K ~D!. The values ofS(q1) for the cooling route below
625 K are 0.3% smaller compared to those of the first he
ing, but they are identical~deviation,0.1%! to the second
reheating data. The small difference between the first
second heating may be related to different relaxation sta
but this is also within the estimated error limit of about 1

FIG. 1. Structure factorST(q) of Pd40Cu30Ni10P20 at different temperatures
~solid line: experimental data; circles: calculated using the Debye theo!.
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for the determination ofS(q1). Experiments with enhance
accuracy are planned to study the influence of structural
laxation. The beginning crystallization is detected sensitiv
by an increase ofS(q1) ~not shown here!. Extrapolating the
temperature dependence ofS(q1) from the supercooled liq-
uid state to higher temperatures, one obtains approxima
the experimental values for the molten Pd40Cu30Ni10P20 alloy
~m!. The temperature dependence of the x-ray intensities
be described within the framework of the Debye theory10

The structure factor at a temperatureT2 can be calculated
from that at any other temperatureT1 by the relation

ST2
~q!21

ST1
~q!21

5exp$22@WT2
~q!2WT1

~q!#%,

~1!

WT5
3\2q2

2makBQ S T

Q D 2E
0

Q/TS 1

2
1

1

ez21D zdz,

where exp(22WT) denotes the Debye–Waller factor,\ is the
Planck’s constant,kB is the Boltzmann’s constant,ma is the
mean atomic mass, andu is the Debye temperature. Th
latter value can be calculated by a least squares fit of Eq~1!
to the data for the temperature dependence of the heigh
the first maximum ofS(q1). One obtainsu5(296610) K
for the Pd40Cu30Ni10P20 glass. Using Eq.~1! and choosing
T15296 K andT25568 K, the theoretical interference func
tion for T2 was calculated from the experimental curve me
sured at room temperatureT1 . The calculated structure fac
tor ~circles! and the experimental curve~solid line! for 568 K
agree well, as is shown in Fig. 1. This confirms the conc
sion that only effects of atomic thermal vibrations, but
structural changes, appear within the temperature range f
293 to 568 K. The temperature dependence ofS(q1) in the
supercooled liquid and liquid state~573–1073 K! gives a
fictive Debye temperature ofu5(140610) K. Applying Eq.
~1! with T15583 K and T25923 K, the theoreticalS(q)
curve was calculated. The difference between the meas
~solid line! and the calculated structure factor~circle! at 923
K in Fig. 1 points to the development of structural chang
aboveTg .

FIG. 2. Positionq1 and heightS(q1) of the first maximum of the structure
factor ST(q) vs temperature.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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To analyze the structural behavior in real space,
atomic pair correlation functionsg(r )5r(r )/r0 were calcu-
lated by the Fourier transform ofS(q) between 0<q
<140 nm21, according to:11

4p r r0 @g~r !21#5
2

p E S~q! q sin~q r ! dq, ~2!

where r(r ) is the radial atomic pair density distributio
function andr0 is the mean atomic density@r0576 nm23

follows from the measured mass densitys5(9.27
60.01) g cm23]. Figure 3 shows some of the calculate
g(r ) curves. At room temperature,S(q) andg(r ) look very
similar to those of bulk amorphous Pd–Ni–P alloys,12 and
also like many other transition-metal–metalloid glasses. T
position of the first maximum ing(r ) of Pd40Cu30Ni10P20,
r 150.277 nm, corresponds to the atomic diameter of pa
dium. The measured structure factorS(q) and the estimated
g(r ) curves represent in the four-component alloy t
weighted sum of the 10 partial functions.11 The peaks of the
pair correlation functions of Pd40Cu30Ni10P20 at elevated
temperature become broader with increasing tempera
The nearest-neighbor numberN1 , which is obtained by in-
tegration from 0.20 to 0.35 nm over the first maximum
g(r ), is constant within the error limits. The value ofN1

514.2 is calculated for the glass at room temperature, an
13.8 for the liquid atT5973 K. The split second maximum
in g(r ) is also present in the melt with a reduced height
the first component.

The broadening of the first maximum is asymmetric w
increasing atomic pair fractions at the larger distance site
the supercooled liquid state, additional changes occur ing(r )
with temperature. The asymmetry becomes much more
tended, and the height of first component of the second m
mum atr 2 decreases more distinctively.

Figure 4 shows the relative thermal shift of some of t
positions r i of maxima in g(r ) representing coordination
shells. The first maximum corresponding to a weigh

FIG. 3. Atomic pair correlation functiong(r ) of Pd40Cu30Ni10P20 at differ-
ent temperatures~maximum positionsr i for T5296 K: r 150.277, r 2

50.455,r 350.520,r 450.692,r 550.921,r 651.136,r 751.355 nm).
Downloaded 26 Mar 2010 to 192.38.67.112. Redistribution subject to AIP
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nearest-neighbor distance decreases with increasing tem
ture. The slope ofr 15r 1(T) changes at the glass transitio
The distances of the second split maximum atr 2 andr 3 stay
nearly constant in the whole temperature range. The
tances of the higher coordination shellsr 4–r 7 increase with
a thermal expansion coefficient comparable to the mac
scopic dilatometer measurements. The behavior of the st
tural parameters of the first and second neighborhood p
to structural changes in the atomic arrangement of glassy
liquid Pd40Cu30Ni10P20 with temperature. Temperature de
pendence of chemically defined short-range order could l
to the shift of the individuals’ partial contributions underly
ing the first maximum ing(r ). On the other hand, a consta
value or even a small decrease of the first neighbor dista
with temperature was also observed for pure meta
melts.13

In summary, the temperature dependence of struct
parameters is different in glass and in supercooled liqu
Further work is necessary to clarify the origin of the var
tion in the short-range order with temperature.
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FIG. 4. Linear thermal expansion and the relative thermal shift of positi
r i of maxima ing(r ) ( i 51,2,3,5,6,7) of glassy and liquid Pd40Cu30Ni10P20

vs temperature.
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