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Abstract: The specific heat capacities of CugZryHf (Tijo bulk metallic glass (BMG) and crystallized alloys were measured from
2 to 101 K. The effect of crystallization on the specific heat capacity of the BMG was studied. The effects of crystallization and the
relationship between local modes and boson peak in the BMG were discussed. The specific heat capacity deviates from the simple
Debye behaviors, showing the presence of local harmonic modes (Einstein oscillator) in the BMG and the crystallized alloy. Model
calculation includes the contribution of one Debye mode and two Einstein modes for the BMG, one Debye mode and one Einstein
mode for the crystallized alloy, showing an adequate description of the experimental data.
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1 Introduction

The low temperature specific heat capacity is
important for understanding the low-energy excitation in
bulk metallic glasses (BMGs). At low temperature,
typically T'<1 K, the specific heat capacity, c,, of glasses
depends approximately linear on temperature [1-3]. At
T>1 K, the specific heat capacity deviates from the
expected T° dependence, presenting a broad maximum in
curve of cp/TC’ [4]. The low temperature specific heat
capacity varying linearly with temperature and the
anomalous thermal conductivity, was well accounted by
the tunneling model [1]. For some BMGs, such as
Zr4675Tig 25Cuy sNijoBey s, (CusoZrsp)oAly and CusoZrso,
their low temperature specific heat capacities were well
fitted by the Debye mode and the Einstein mode [5—8].
The thermal properties of alloys directly related to its
atomic structure, or its vibrational and configurational
entropy which is significantly affected by the nearest-
neighbor configuration [8—9]. BMGs are usually
metastable at room temperature and will form crystalline
or quasicrystalline phases when the temperature
increases to the phase transition temperature [10—12].
Crystallization of BMGs makes changes in structure and
physical properties [13—14]. Amorphous solids exhibit
unusual thermal properties at low temperature, which are

in turn very different from those of crystalline solids [1].
Recently, some works have shown the low temperature
thermal properties of the Zr-, Cu-, and La-based BMGs,
and the effects of composition or heat treatment (no
crystallization) on the low temperature specific heat
capacity of the BMGs [6, 8, 15]. However, there is little
information about effects of crystallization on the
low-temperature specific heat capacity of BMGs. In this
work, we report the observation of CugZryoHfj¢Tiyg
BMG which has excellent glass-forming ability and
mechanical properties [16] and the crystallized alloys by
measuring the specific heat capacity from 2 to 101 K.
The effect of crystallization on the low- temperature
specific heat capacity of CugZryHf(Ti,p BMG was
discussed.

2 Experimental

CugoZryHf¢Ti;p BMG was prepared by melting
highly pure elements and by suction casting the melt into
a copper mold under pure argon atmosphere. The glass
transition  temperature 7, ~ onset  crystallization
temperature 7y, and the melting temperature 7, of the
CugZryoHf10Tiyp BMG are 734, 782, and 1 189 K,
respectively [17]. The crystallized alloy was got by
annealing the BMG at 873 K for 2 h. The structure of
the samples was identified to be amorphous by X-ray
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diffraction (XRD) and differential scanning calorimeter
(DSC). Specific heat capacity measurements were
carried out between 2 and 101 K with the heat capacity
option of the commercial physical property measurement
system (PPMS, Quantum Design, USA). According to
the specifications, the relative error on the specific heat
capacity measurements on this instrument is less than 2%.
The masses of the samples of the CugZr,oHf ¢ Ti;o BMG
and crystallized alloys, which are used for the
measurements, were 15.19 and 13.46 mg, respectively.

3 Results and discussion

3.1 Structure of CugZry, Hf,(Ti;) BMG at different

states

Figure 1 shows the XRD patterns of the
CugoZryoHfoTi;p BMG at different states. The XRD
pattern of the as-cast alloy shows a broad diffused peak
without any detectable crystallized peaks, indicating a
glass structure within the examining limit of the XRD.
After being annealed at 873 K for 2 h, the BMG contains
CugZr;, CuyZr; and some unknown crystalline phases,
as shown in Fig. 1.
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Fig. 1 XRD patterns of CugZryoHf ¢Ti;p BMG at different
states: (a) As-cast; (b) Annealed at 873 K for 2 h

Figure 2 shows the DSC traces of CugZryoHf1¢Tijg
BMG at different states. The DSC trace of the as-cast
alloy shows crystallization process (exothermic). No
exothermic process occurs in DSC measurement of the
annealed sample, indicating that crystallization of
CugoZryHf ¢ Ti;o BMG is finished completely after being
annealed.

3.2 Low-temperature specific heat capacity of
samples at different states

The measured specific heat capacities of the

CugoZryHf ¢ Ti;p BMG and the crystallized alloy from 2

K to 101 K are shown in Fig. 3. It can be clearly seen

that the temperature-dependent specific heat capacity is
different for the two alloys. The BMG has larger specific
heat capacity than the crystallized alloy, just like other
alloys [18]. Figure 3(b) shows the specific heat capacity
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Fig. 2 DSC traces of CugZryHf1¢Ti,o BMG at different states:
(a) As-cast; (b) Annealed at 873 K for 2 h
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Fig. 3 Specific heat capacity c, of CugyZryHf Ti;0 BMG at
different states in temperature range from 2 to 101 K (a), and
fitting of specific heat capacity of BMG and crystallized alloy
between 2—6.7 K using expression ¢,/ T =p+BT° (b)
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in the temperature range of 2—6.7 K, which is analyzed
for both alloys by fitting with a polynomial form:

e/ T=pHpT’ (1)
where y is coefficient of temperature 7 for the electron
contribution to the specific heat, and f is the coefficient
of T for the phonon contribution to the specific heat. So
we can get that ¥ is 2.73 mJ/(mol-K?) for the BMG and
3.15 mJ/(mol -K ?) for the crystallized alloy.

The low-temperature specific heat capacity of the
BMGs could change with the heat treating. The height of
peak in ¢, of (CusoZrsg)o,Als BMG decrease during the
annealing process (no crystallization occurred) [6]. The
peak height of the low-temperature ¢, of ZrussTisos-
Cu;sNijoBey; s BMG decreased in the quenched process
(the quenched temperature was less than the glass
transition temperature, and no crystallization occurred in
quenched process) [6]. The values of y and S for the
BMGs at different states were compared and listed in
Table 1.

3.3 Atom state contribution to specific heat capacity

for different samples

The ¢, of an elastic continuum normally can be
explained by the Debye model in a wide temperature
range. We found that the specific heat capacity of
CugoZryHf ¢ Tij;p BMG and the crystallized alloy cannot
be well fitted only by the Debye mode and the electron
contributions and an additional of Einstein mode is
required to fit ¢, adequately. As illustrated in Fig. 4, a
model calculation includes the contribution of one Debye
mode and two Einstein modes for the BMG, one Debye
mode and one Einstein mode for the crystalline alloy,
respectively, showing an adequate description of the
experimental data. The line through the specific heat
capacity data in Fig. 4 represents a fitting to the equation:

c, =T +npCp +ZnEl-CEl- (2)

i=1

where np and ng; are constants, just the oscillator
strengths per mole at different energies; 7 is temperature;
Cp represents contribution from Debye mode.

Table 1 Values of yand S for BMGs at different states
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where R is the gas constant and 6y is the Debye
temperature; Cg is the contribution from Einstein mode.
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where 6t is the Einstein temperature. All fitting

parameters are summarized in Table 2. The strength of

Einstein modes in the BMG is higher than that in the

crystallized alloy.
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Fig. 4 Fitting results of CugZry)Hf ¢Ti;p BMG at different
states between 2 K and 101 K: (a) As-cast; (b) As-crystallized

Sample State #/(mJ-mol K ?) S/(mI'mol K )
_ As-cast 2.73 0.39
CugoZryoHfTig )
As-crystallized 3.15 0.25
As-cast 3.06 0.17
(CuspZrso)orAlg [15]
Annecaled at 673 K for 1 h 2.97 0.1
As-cast 3.36 0.11

Zr4675Tig25Cuy sNijoBesrs [15]

Cooling rate of 40 K/min from 713K 3.47 0.1
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Table 2 Fitting parameters

Sample state Mode O, O/K n
D 331 3.08
As-cast El 41 0.13
E2 113 0.72
296 3.25
As-crystallized
78 0.28

E, E1 and E2 are Einstein modes; D is Debye mode; # is oscillator per mole

Usually, local harmonic modes are difficultly found
by measuring the specific heat capacity because of the
strong interaction between the constituent atoms. But
when BMGs are quickly quenched from liquid state, the
icosahedral structure or large hole is kept in BMGs.
There is much free volume in the oversized cage
structure. There is the difference of the density between
BMGs and corresponding crystalline alloys [13]. The
vibrations of the loose atoms with enough large free
So the
independent local mode in the BMG shows Einstein

volume are as independent local modes.

modes by fitting of the specific heat capacity. After the
BMG being crystallized, the free volume is reduced and
the strength of Einstein modes is also decreased.

3.4 Boson peak in CugZr, Hf;(Ti; BMG

The unusual phenomena in amorphous solids are
phonon-like excitations, which exist at very high
frequency (10'* Hz), and the related vibrational density
of states. A universal feature of such amorphous systems
is that the vibrational density of states departs from the
Debye squared-frequency law, displaying an excess state,
which has been named the Boson peak. The feature was
mainly observed in polymeric and ceramic glasses before.
In the BMG and
three-dimensional spectra are derived from the specific

crystallized  alloys, the
heat. We supposed the phonon density of states
contributed from the Einstein mode is in Gaussian
distribution [19]:

(T -6)°

"E eXp[—T‘z] Q)

ng(T) =
ov2n
where o is the width of Gaussian (6=6g/3). The derived
three-dimensional phonon spectra of both BMG and
crystallized alloys are greatly different. There is higher
density of states at low energy in the BMG than in
crystallized alloy. So just like many other amorphous
alloys [20], the excess density of states in the BMG is
just reduced by the Boson peak.
There are many methods by experiments to definite
boson peak, such as a peak in Raman scattering data [21],
a peak in the neutron scattering data [20], a peak in the

difference between the vibrational density of states of the
glass and the corresponding crystal [20]. We select the
third method to determine the boson peak, which is
shown in Fig. 5(a). Figure 5(b) presents the total density
of states of the amorphous and crystallized alloys.
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Fig. 5§ Rate between derived three-dimensional phonon
spectrums of CugZroHf ¢ Ti;o BMG at different states (a) and
total three-dimensional phonon spectrum of both alloys (b) (g,
and g. represent total density of states of glass state and
crystallized state, respectively)

4 Conclusions

1) The temperature-dependent specific heat capacity
of the CugZryoHf}yTi;p BMG is affected by
crystallization and the specific heat capacity of the BMG
decreases after being crystallized.

2) The specific heat capacity of the BMG and the
crystallized alloy deviate from the simple Debye
behaviors. Two additional Einstein modes for the BMG
and one Einstein mode for the crystallized alloy are
required to fit the c, results adequately.

3) The three-dimensional spectrums derived from
the specific heat capacity shows boson peak in the BMG,
which is associated with local harmonic modes.



WANG Zhi-xin, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1309-1313

References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

ZELLER R C,POHL R Q. Thermal conductivity and specific heat of
noncrystalline solids[J]. Phys Rev B, 1971, 4: 2029-2041.
ANDERSON P W, HALPERIN B I, VARMA C M. Anomalous
low-temperature thermal properties of glasses and spin glasses[J].
Philos Mag, 1972, 25: 1-9.

PHOLLIPS W A. Tunneling states in amorphous solids[J]. J Low
Temp Phys, 1972: 351-360.

GIL L, RAMOS M A, BRING A, BUCHENAU U. Low-temperature
specific heat and thermal conductivity of glasses[J]. Phys Rev Lett,
1993, 70(1—4): 182.

TANG M B, BAI H Y, PAN M X, ZHAO D Q, WANG W H.
Einstein oscillator in highly-random-packed bulk metallic glass[J].
Appl Phys Lett, 2005, 86(1—-3): 021910.

LI 'Y, YU P, BAI H Y. Study on boson peak in bulk metallic
glasses[J]. J Appl Phys, 2008, 104(1-7): 013520.

LI Y, BAI H Y, WANG W H. Low-temperature specific-heat
anomalies associated with the boson peak in CuZr-based bulk
metallic glasses[J]. Phys Rev B, 2006, 74(1—4): 052201.

TANG M B, BAI H Y, WANG W H. Tunneling states and localized
mode in binary bulk metallic glass[J]. Phys Rev B, 2005, 72(1-4):
012202.

ALEINER I L, ALTSHULER B L, GALPERIN Y M. Experimental
tests for the relevance of two-level systems for electron dephasing[J].
Phys Rev B, 2001, 63(1-4): 201401.

LOUZGUINE-LUZGIN D V, ANTONOWICZ J, GEORGARAKIS
K, VAUGHAN G, YAVARI A R, INOUE A. Real-space structural
studies of Cu-Zr-Ti glassy alloy[J]. J Alloys Compd, 2008, 466:
106—-110.

WANIUK T, SCHROERS J, JOHNSON W L. Timescales of

crystallization and viscous flow of the bulk glass-forming

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

1313

Zr-Ti-Ni-Cu-Be alloys[J]. Phys Rev B, 2003, 67(1-6): 184203.

XIA L, DING D, SHAN S T, DONG Y D. Evaluation of the thermal
stability of NdgoAloCoz bulk metallic glass[J]. Appl Phys Lett, 2007,
90(1—4): 111903.

WANG Z X, WANG R J, WANG W H. Elastic properties of
CugoZr2oHfoTijo bulk metallic glass under high pressure[J]. Materials
Letters, 2006, 60: 831—833.

SCHROERS J, WU Y, BUSH R, JOHNSON W L. Transition from
nucleation controlled to growth controlled crystallization in
Pdy3NijgCuyp;P 1o melts[J]. Acta Mater, 2001, 49: 2773-2781.

TANG M B, BAIH Y, PAN M X, ZHAO D Q, WANG W H. Bulk
superconductive  LagoCuyNijpAlig J Non-
crystalline Solids, 2005, 351: 2572-2575.

INOUE A, ZHANG W, ZHANG T, KUROSAKA K. Cu-based bulk
glassy alloy with good mechanical properities in Cu-Zr-Hf-Ti
system[J]. Mater Trans JIM, 2001, 42: 1805—1812.

WANG Z X, LU J B, XI Y J. Effects of quenched under high
pressure on crystallization of CugoZraoHfi0Tio bulk metallic glass[J].
Mater Sci Eng A, 2009, 499: 192—194.

BAIH Y, LUOJ L, ZHANG J, CHEN Z J. Low temperature specific
heat of a typical glass forming alloy[J]. J Appl Phys, 2002, 91:
9123-9127.

HERMANN R P, JIN R Y, SCHWEIKA W, GRANDJEAN F,
MANDRUS D, SALES B C, LONG G J. Einstein oscillators in
thallium filled antimony skutterudites[J]. Phys Rev Lett, 2003,
90(1—4): 135505.

MEYER A, WUTTKE J, PETRY W, PEKER A, BORMANN R,
CODDENS G, KRANICH L, RANDL O G, SCHOBER H. Harmonic
behavior of metallic glasses up to the metastable melt[J]. Phys Rev B,
1996, 53: 12107-12111.

SOKOLOV A P, KISLIUK A, SOLTWISCH M, QUITMANN D.
Medium-range order in glasses:
diffraction measurements[J]. Phys Rev Lett, 1992, 69: 1540—1543.

metallic glass[J].

Comparison of Raman and

EEI 1‘&5@'}5 5@- Cu60Zr20Hf10Ti10 i;%ﬁg
ERIHBINE L ASF N

EEH, I &K, FeaR

HRR AR MRS LA R, N 450007

8 F: WE CugZiygHFoTijo RAAE BB 5 EAE 2~101 K LAY, BFFTR AR R B fh 5 i b
FIEI o BHE WAL LR CugoZiagHI o Ti o B A< iR 353 IRl L AR A e BB 1A e (e PR M. 45 SRR
KPR G LA 5 B IR AT s A7 AEAT SR G R R (2 DAL TR ) o 3 FH] A AR R
PIAN 52 R AU & B A B <, T MEFRBRAN — AN 2 OHH B & AL S & 8, USSR SR

W) ARG o
KEEIR: CugZryoHf 0T PeiAEJm B LEH dhfk

(Edited by LI Xiang-qun)



