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Microscopic structures of Cu60Ti101xZr302x (x50 and 10! alloys have been investigated by
transmission electron microscopy, x-ray diffraction~XRD! and differential scanning calorimeter
~DSC!. In the Cu60Ti10Zr30 samples annealed at 708 K for times ranging from 0 to 130 min, where
the enthalpy of the first exothermic peak decreases by 80%, the corresponding XRD patterns still
look similar to that for the as-prepared sample. However, the simulated XRD patterns for the pure
Cu51Zr14 phase, which is the crystalline phase formed during the first exothermic reaction, with
small grain sizes and defects clearly show a broadened amorphous-like feature. This might be the
reason that no diffraction peaks from the nanocrystalline component were detected in the XRD
patterns recorded for the as-cast or as-spun Cu60Ti101xZr302x (x50 and 10! alloys and for the alloys
annealed at lower temperatures, in which the enthalpy of the first exothermic peak has a significant
reduction. The second exothermic peak found in DSC curves is due to the formation of another
hexagonal phase, spacing groupP63 /mmc(194) and lattice parametersa55.105 Å andc58.231
Å. © 2003 American Institute of Physics.@DOI: 10.1063/1.1619220#
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In 1995, the Cu–Ti–Zr–Ni system, the first Cu-rich bu
metallic glass forming alloys,1 was discovered and then Cu
Ti–Zr–Ni–Si and Cu–Ti–Zr–Ni–Sn systems we
reported.2–4 Very recently, the report of ternary Cu60Ti10Zr30

and Cu60Ti15Hf25 systems,5,6 exhibiting excellent mechanica
properties, has triggered considerable research activity in
area,5–26 especially in the microstructure of the terna
systems.5–12 Inoue et al.,5,6 reported that bulk glassy alloy
with a rod diameter of 4 mm can be formed in the terna
Cu60Ti10Zr30 and Cu60Ti15Hf25 systems. However, only th
x-ray diffraction ~XRD! technique was applied to characte
ize the samples. Louzguine and Inoue7,8 further studied the
microstructures of the samples annealed at various st
using transmission electron microscopy~TEM!. Formation
of nanocrystals in annealed samples was observed. Elec
microscopic studies9–11 on both as-cast and as-spu
Cu60Ti10Zr30 samples clearly demonstrated that as-prepa
samples contain significant volume fraction~about 5%–
10%! of nanocrystals with diameters ranging from 5 to
nm. It is concluded that the as-prepared ternary samples
classified as a nanocomposite: nanocrystals embedded
amorphous matrix. However, one experimental fact repo
in the literature5–12 still remains a puzzle for the community
i.e., no diffraction peaks from the nanocrystalline compon

a!Author to whom correspondence should be addressed; electronic
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were detected in the XRD patterns recorded for the as-ca
as-spun Cu60Ti10Zr30 samples. In this letter, we uncover th
origin of the puzzle by performing TEM, XRD and differen
tial scanning calorimeter~DSC! measurements of as
prepared and annealed Cu60Ti10Zr30 and Cu60Ti20Zr20 alloys.

Alloy ingots with the composition of Cu60Ti10Zr30 and
Cu60Ti20Zr20 were prepared by arc melting pure metals
99.99% copper, 99.9% zirconium, and 99.9% titanium in
purified argon atmosphere. Cylindrical Cu60Ti10Zr30 and
Cu60Ti20Zr20 samples of 2.5 mm in diameter were prepar
by a copper mold casting method. Ribbons of Cu60Ti10Zr30

and Cu60Ti20Zr20 samples were prepared by the me
spinning method. Heating treatments of the as-cast rod
carried out in a vacuum of 1025 mbar at 708 K for various
times from 0 to 42.3 ks. Room-temperature XRD measu
ments were carried out with CuKa radiation andin situ high-
temperature XRD measurements were carried out at be
line Petra1, HASYLAB in Hamburg, Germany, using
wavelength of 0.3542 Å and an image plate detec
Samples in capillary tubes with a vacuum of 1025 mbar were
heated with a heating rate of 3 K/min. Thermal analys
were performed in a Seiko DSC6300 DSC at a heating
of 0.33 K/s under a flow of purified argon. Both Cu60Ti10Zr30

and Cu60Ti20Zr20 ribbon samples show a similar thermal b
havior. The microstructures of the alloy were examined
using field-emission gun high-resolution transmission el
tron microscopy with an accelerating voltage of 300 k
il:
9 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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3300 Appl. Phys. Lett., Vol. 83, No. 16, 20 October 2003 Jiang et al.
~JEOL JEM-3000F!. TEM specimens were prepared by low
energy ion milling at 2.5 kV and 5 mA with liquid nitroge
cooling.

Figure 1 shows DSC curves and the time dependenc
the first and second exothermic peak areas for the as-cas
annealed Cu60Ti10Zr30 rods. The DSC curve for the as-ca
rod is in good agreement with data reported in t
literature.5–12With increasing annealing time, the enthalpy
the first exothermic peak monotonically decreases from
J/g for the as-cast rod to about 5 J/g for the sample anne
for 7.8 ks, while the second exothermic peak remains alm
unchanged within experimental uncertainty. With further
creasing annealing time, the second exothermic peak sta
decrease and its position shifts to low temperatures. For
ks, the first exothermic peak disappears and the enthalp
the second exothermic peak has a 35% reduction. Figu
shows TEM dark-field images of the as-cast Cu60Ti10Zr30 rod
and the sample annealed at 708 K for 7.8 ks. The nanoc
posite microstructure for the as-cast rod is seen to consis
nanocrystals ranging 7–15 nm embedded in an amorph
matrix, which is consistent with the data reported in Re
9–11. Two striking features were detected from the ima
for the annealed sample:~1! the sample is dominated b
nanocrystals and~2! the average size of nanocrystals
about 5 nm is smaller than that for the as-cast rod. The
sults strongly suggest that the first exothermic peak in Fig
may be due to the primary nanocrystallization of the am
phous matrix of the as-cast sample. Figure 3 shows X
patterns of as-cast Cu60Ti10Zr30 rod and samples annealed
708 K for various times. It is surprisingly found that sampl
annealed at 708 K for a time less than 8 ks have a sim
XRD pattern with the as-cast rod although the enthalpy
the first exothermic peak drops by 80% as compared to
as-cast rod in Fig. 1. No crystalline diffraction peaks we
detected in the sample annealed at 708 K for 7.8 ks.
fitting the broad peak located at 2u'40° using both Lorentz
and Gauss line profiles, it is clear that the width at the h

FIG. 1. DSC curves~a! and the time dependence of the first and seco
exothermic peak areas~b! for the as-cast Cu60Ti10Zr30 rod and samples an
nealed at 708 K for various times.
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maximum ~FWHM! in Fig. 3~b!~ii ! decreases by a facto
about 16% from as-cast to the sample annealed for 7.8
The XRD pattern@Fig. 3~c!# recorded for the sample an
nealed for 42.3 ks shows diffraction peaks, which can
indexed to a hexagonal phase~hereafter marked H2!, space
group P63 /mmc(194) and lattice parametersa55.105 Å
andc58.231 Å. We believe that this crystalline phase cor
sponds to the reduction of the second exothermic pea
Fig. 1. In situ high temperature XRD measurements for bo
Cu60Ti10Zr30 and Cu60Ti20Zr20 ribbons were performed. Both
alloys have similar DSC curves, indicating a similar cryst
lization process.11,12 It found that the first detectable diffrac
tion peaks for the Cu60Ti10Zr30 glass are from the H2 phase
However, for the Cu60Ti20Zr20 glass, the first detectable dif
fraction peaks are not from the H2 phase, as shown in Fig
The peak recorded at 741 K looks very broad, similar to
amorphous-like pattern, but slight narrower than the patt
recorded at 295 K. The intensity at 2u'10° is higher than the
pattern recorded at 295 K. Diffraction peaks, superimpo
on the broadened amorphous peak, appear at 756 K, w
can be indexed as a new hexagonal phase~hereafter marked
H1!, space group P6/m (175) and lattice parameter
a511.235 Å andc58.271 Å. This phase is similar to
Cu51Zr14 phase. At temperatures above 790 K, the H2 ph
appears. We further simulated the XRD patterns for the p
H1 phase with various grain sizes as shown in Fig. 4~b!, in
which we did not take into account defects and strain effe
For small grain sizes, diffraction peaks for the H1 pha
strongly overlap. Consequently, the simulated patterns
grains less than 5 nm look indeed similar to an amorpho
like pattern as the pattern recorded at 741 K in Fig. 4~a!. The
peak width at around 2u'8.8° does get narrower as shown
Fig. 3~b! and the intensity at 2u'10° does increase as ob
served in Fig. 4~a!. Note that defects, e.g., nonstoichiometr
composition, interfaces, and microstrain, which most like
exist in the nanocomposite alloys, could further broaden
fraction peaks. Therefore, although the TEM results in Fig
reveal that the average grain size of nanocrystals in
Cu60Ti10Zr30 rod sample annealed at 708 K for 7.8 ks
about 5 nm, diffraction peaks from the H1 phase could s
not be visible, as experimentally observed in Fig. 3. It a
found that the average crystal size of the H1 phase in
Cu60Ti20Zr20 alloy is larger than that in the Cu60Ti10Zr30

alloy, which results in the appearance of diffraction pea
from the H1 phase prior to the H2 phase in the XR
patterns in the Cu60Ti20Zr20 alloy. In addition, Xinget al.27

d

FIG. 2. TEM dark-field images for the as-cast Cu60Ti10Zr30 rod ~a! and the
sample annealed at 708 K for 130 min in a vacuum of 131025 mbar ~b!.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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observed a similar phenomenon in a nanostructu
Zr54.5Ti7.5Cu20Ni8Al10 alloy, in which they also suggested th
particle size effect for the nondetectable x-ray diffracti
peaks for quasicrystals.

In conclusion, microscopic structures o
Cu60Ti101xZr302x (x50 and 10! alloys have been investi
gated by TEM, XRD, and DSC. The first crystalline pha
formed during constant rate heating is a Cu51Zr14-like phase
@spacing groupP6/m (175) and lattice parametersa511.235
Å and c58.271 Å# with nanometer-sized grains. The fir
exothermic peak found in DSC curves corresponds to
amorphous-to-nanocrystalline Cu51Zr14-like phase transition.
Due to overlapping of the diffraction peaks, XRD is unab
to distinguish a single amorphous phase from the nanoc
posite of Cu51Zr14-like nanocrystals~with small grain sizes
and defects! embedded in an amorphous matrix. The seco

FIG. 3. ~a! XRD patterns recorded for the as-cast Cu60Ti10Zr30 rod and
samples annealed at 708 K for various times. The XRD pattern for sam
holder Al is also included.~b! Fitting profiles of the peak located at 2u'40°
using both Lorentz and Gauss line profiles~i! and the width at the half
maximum as a function of annealing time~ii !. ~c! The XRD pattern recorded
for the Cu60Ti10Zr30 rod annealed at 708 K for 12 h. The XRD pattern for t
sample holder Si is also included.
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crystalline phase is also a hexagonal phase, space g
P63 /mmc(194) and lattice parametersa55.105 Å and
c58.231 Å, which occurs at the second exothermic pe
found in DSC curves. The puzzle in the CuZrTi system, i.
that no diffraction peaks from the nanocrystalline compon
were detected in the XRD patterns recorded for the as-ca
as-spun Cu60Ti101xZr302x (x50 and 10! alloys and for the
alloys annealed at lower temperatures, in which the entha
of the first exothermic peak has a significant reduction,
been solved.
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FIG. 4. ~a! In situ high temperature XRD patterns for the Cu60Ti20Zr20

ribbon sample.~b! Simulated XRD patterns for the pure Cu51Zr14 phase with
various grain sizes. Patterns were calculated using Voigt profile funct
with constant Gaussian FWHM5sqrt@0.03– 0.4 tan(u)10.3 tan2(u)# degrees
to simulate the instrumental peak broadening.
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