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Nanocrystalline element selenium~nc-Se! samples were synthesized by completely crystallizing a melt-
quenched amorphous selenium~a-Se!. Heat capacities (Cp) of the nc-Se~with a mean crystallite size of 10
nm!, a fully relaxeda-Se, and a coarse-grained polycrystalline Se were experimentally determined in a tem-
perature range of 225–500 K. Measurement results show that there is no pronounced difference between the
Cp values of the nc-Se and thea-Se below 250 K. Heat capacities of the nc-Se are found to be only about 2%
higher than those of the coarse-grained polycrystalline selenium. TheCp enhancement for the nc-Se, which is
much lower than those reported in other nanocrystalline elements, is discussed in terms of the grain-boundary
configurations in the nanostructures.@S0163-1829~96!02030-9#

Heat capacity of a material is directly related to its atomic
structure, or its vibrational and configurational entropy
which is significantly affected by the nearest-neighbor con-
figurations. Nanocrystalline~nc! materials are structurally
characterized by the ultrafine crystalline grains, and a large
fraction of atoms located in the metastable grain boundaries
in which the nearest-neighbor configurations are much dif-
ferent from those in the crystallites. Or in other words, the
grain-boundary possesses an excess volume with respect to
the perfect crystal lattice. Therefore, heat capacities of the nc
materials are expected to be higher than those of the corre-
sponding coarse-grained polycrystalline counterparts.

Experimental measurements of heat capacities at constant
pressure,Cp in several nc materials synthesized by means of
different methods indicated thatCp values are frequently
higher than those for the coarse-grained polycrystalline
counterparts, and are even higher than those for the amor-
phous states as well.1–3 For example, theCp values of a
nc-Pd synthesized by consolidation of ultrafine metal pow-
ders were reported to be as much as 60% higher than those
for the coarse-grained polycrystalline Pd.1 The heat-capacity
values of a ball-milled nc-Ru sample were found to be about
20% higher than those of its coarse-grained polycrystalline
counterparts.2 Nevertheless, these results should be accepted
cautiously because the measuredCp values might be influ-
enced by many factors. Porosity and possible gaseous con-
tamination@e.g., the sample has a density of only 80% and a
total impurity content of about 1 at. % in the case of the
nc-Pd~Ref. 1!# in the ultrafine-powder-consolidated nc ma-
terials may contribute to the enhancedCp . While in the ball-
milled nc specimens, contamination from the milling media
and the subsequent consolidation conditions might alter the
heat-capacity results. Up to now, solid experimental results
of heat-capacity comparison among the amorphous, the
coarse-grained polycrystalline, and the nc states are still
lacking.

Among the existing synthesis methods of nc materials, the
complete crystallization of amorphous solids serves as an
effective approach to form dense nc samples without any
porosity because no consolidation process is involved.4,5 The

grain or interphase boundaries are naturally formed inside
the bulk sample during the crystallization process, which can
hardly be affected by the external processing factors such as
contamination and pressures. So, the nc materials synthe-
sized by using the complete crystallization method provide
us a good opportunity to investigate the intrinsic effect of
grain or interphase boundaries on heat capacity in nc mate-
rials. Furthermore, with the aid of this method, comparison
of heat capacities between the amorphous and the nc states
with exactly the same composition becomes possible. Up to
now, only two cases of heat-capacity measurements were
reported for the nc alloys crystallized from the amorphous
solids.6,7 However, analyses of theCp enhancements in the
nc materials relative to the conventional polycrystalline
states are much more complicated because of the multiphase
effects as well as the segregation of solute atoms in the grain
or interphase boundaries.6,7 In order to rule out these influ-
encing factors from the investigation systems, we carried out
an experimental measurement on the heat capacities of a nc
element selenium sample which was synthesized by com-
pletely crystallizing a melt-quenched amorphous selenium
bulk sample. The heat capacities of the porosity-free dense
nanocrystalline, the amorphous, and the coarse-grained poly-
crystalline states in the pure element selenium will be com-
pared.

An amorphous selenium bulk sample~with a purity of
99.999%! was obtained by quenching selenium melt into a
mixture of ice and water, and was then fully relaxed in a
water bath at 304 K for 400 h before measuring its heat
capacity. Nanocrystalline Se samples were synthesized by
crystallizing thea-Se completely during isothermal anneal-
ing treatments. The synthesis procedures were described in
detail elsewhere.8 In the present investigation, the nc-Se
sample was produced by annealing thea-Se at 373 K for 280
min. X-ray diffraction~XRD! and transmission electron mi-
croscopy~TEM! observations proved that the nc-Se sample
was completely crystallized, a mean crystallite size of about
10 nm was obtained from the quantitative XRD and the dark-
field TEM experiments. The coarse-grained polycrystalline
Se was obtained through an annealing at 205 °C (0.97Tm)
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for 5 h, and the average grain size was determined to be
about 50 nm. The microstructure characterization of the
nc-Se crystallized from thea-Se was reported in Ref. 8.

Heat capacity at constant pressure (Cp) measurements
were carried out on a differential scanning calorimeter
~Perkin-Elmer DSC-7!. The temperature and energy mea-
surements were calibrated by means of the pure In and Zn
standard samples. Usually, two methods may be employed
for measuring heat capacity by using DSC, i.e., the ampli-
tude method and the enthalpy method.9 The enthalpy method
was employed in the present work because of its better ac-
curacy. This method includes~i! maintaining an energy input
to hold a constant temperature,~ii ! changing the input to
produce a temperature increment, and~iii ! again holding
constant at a new temperature. A heat-capacity value can be
obtained by dividing the energy increment by the tempera-
ture increment.

Cp measurements of the selenium samples were carried
out in a temperature range of 223 to 500 K, equilibration
times at constant temperatures between energy increments
were 180 s, the heating rate was 0.033 K/s, and the tempera-
ture interval was 4 or 6 K. Seven samples were measured to
obtain the statistic average value of the heat capacity. The
calorimeter was testified with a sapphire sample in the same
temperature range, and the acceptedCp values of the pure
sapphire were reproducible within61%.

Measurement results ofCp in the temperature range of
225–500 K for the as-crystallized nc-Se, the fully relaxed
a-Se and the coarse-grained polycrystalline Se samples are
presented as a function of temperature in Fig. 1, together
with theCp values for conventional polycrystalline Se from
the literature.10 No significant difference can be identified
from Fig. 1 between theCp values of the as-crystallized
nc-Se and the coarse-grained polycrystalline Se. TheCp val-
ues of the nc-Se are also found to be rather close to those of
the a-Se below 250 K. WhenT.250 K, Cp of the a-Se
increase rapidly with the increase of temperature due to the

relaxation process and the subsequent glass transition.
Figure 2 is a magnified part of Fig. 1, showing the heat-

capacity comparison among the three states: the nc-Se, the
a-Se, and the coarse-grained polycrystalline Se. From Fig. 2,
one may find that below 250 K,Cp values of the nc-Se are
overlapped with that of thea-Se before its relaxation and
glass transition. The measuredCp values for the coarse-
grained polycrystalline Se coincide well with those in the
literature.10 The heat capacity of the nc-Se is found to be an
approximate linear relation with temperature within 225 to
375 K, and theCp values of the nc-Se are about 2% higher
than those of the coarse-grained polycrystalline Se below
375 K. Considering that the measurement accuracy ofCp is
about 1% in the present work, such aCp difference may
reflect the intrinsic property of the nc-Se sample, that the
nc-Se exhibits a higherCp than the coarse-grained polycrys-
talline Se. WhenT.375 K, the difference between the spe-
cific heats of the nc-Se and the conventional polycrystalline
Se diminishes. Quantitative XRD measurements of the nc-Se
indicated that a significant grain-growth process took place
when T.375 K. The mean crystallite size of the as-
crystallized nc-Se samples increases from the initial value of
10 nm up to about 21 nm after theCp measurement at 425 K.
But no grain growth was detected in the nc-Se and the
coarse-grained polycrystalline Se below 370 K. These results
implied that the nc-Se underwent a grain-growth process
and/or a relaxation process which may account for the de-
pression of theCp difference between the nc-Se and the
coarse-grained polycrystalline Se above 375 K. In addition,
one may also conclude that theCp values of a nc-Se with an
average grain size larger than 21 nm are rather close to those
of the coarse-grained polycrystalline Se with a mean grain
size of about 50 nm.

The heat-capacity enhancement in the nc-Se with respect
to that of the coarse-grained polycrystalline Se, being in the
range of 2%, is much smaller than those of the nc elements
reported in the literature.1–3 Table I lists a comparison ofCp
values among the nc, the amorphous, and the coarse-grained
polycrystalline states in various materials. From Table I one
may find that theCp enhancements are quite large~as much

FIG. 1. Comparison of the measured heat capacities of the
amorphous selenium~open circles!, the nanocrystalline selenium
~solid circles!, and the coarse-grained selenium~open triangles!,
and the heat-capacity values for the conventional polycrystalline Se
from literature~Ref. 10! ~dot-dash line!. Tg , Ta , Tm represent the
glass transition temperature of the amorphous selenium, the anneal-
ing temperature of the nc-Se, and the melting point of selenium,
respectively.

FIG. 2. A magnified part of Fig. 1, showing the relationship
among the heat capacities of the amorphous selenium~a-Se!, the
nanocrystalline~nc-Se!, and the coarse-grained polycrystalline sele-
nium ~c-Se!.
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as 48% in nc-Pd at 250 K! for nc samples synthesized by
consolidation of ultrafine powders or by ball milling; while
the enhancements are rather small~1–2 %! for the nc
samples~Ni-P and Se! crystallized from the amorphous sol-
ids. The crystallized nc samples and the amorphous solids
with the same composition have approximately comparable
Cp values. The relatively lowerCp enhancements for the
crystallized nc samples, compared with those in the nc
samples synthesized by use of other methods, might be at-
tributed to the following reasons. Firstly, the crystallized nc
samples are free of porosity and gaseous contamination in
the grain boundaries. Porosity inside the nc materials creates
considerable internal free surfaces which may enhance the
configrational and vibrational entropy of the samples. Sec-
ondly, because the nanostructures are obtained through an
annealing heat treatment at relatively high temperatures~in
the case of the nc-Se, the annealing temperature is about
0.7Tm!, the crystallites as well as the grain boundaries are
well relaxed during the annealing, leading to a relaxed
nanocrystalline state with extremely low microstrain~as
small as 0.05% in a crystallized nc FeZr2 samples

11!. There-
fore, these nc materials may exhibit lower heat capacities
compared to the unrelaxed nc materials with the same grain
size. This was verified by the facts that theCp enhancements
in the consolidated nc-Pd and the ball-milled nc-Ru decrease
from 50 and 20 % down to 5 and 7 %, respectively, after
annealing the nc samples. Such a drastic depression in theCp
values implies that the microstrains, lattice defects, and
grain-boundary dislocation densities might be significantly
reduced during the thermal annealing.

Nanocrystalline samples can be generally described as a
two-component system consisting of the nanocrystallites and
the grain or interphase boundary components. The atomic
fraction of the grain-boundary component can be approxi-
mately estimated to be 3d/d, whered is the thickness of the
grain boundary andd is the average crystallite size. For the
nc-Se withd510 nm, about 30% of the atoms are on the
grain boundaries. Keeping in mind that the excess heat ca-
pacity of the nc-Se is about 2% of the conventional polycrys-
talline Se, then, the excess heat capacity of the grain-
boundary component should be 7% relative to theCp of the
conventional polycrystalline Se, which is much lower than
those proposed in other nc materials.12,13

The heat-capacity enhancements in the nc materials are
usually associated with an increase in the configurational and
vibrational entropy of the grain boundaries, which constitute
a large volume fraction of the material. Hence, the grain-
boundary configurations or the grain-boundary energy
should be responsible for theCp enhancements. Theoretical
calculations12,13 indicated thatCp of the grain boundary in-
creases with an increment of the grain-boundary excess vol-
ume, and hence with an increment of the grain-boundary
energy. A low excess specific heat of the grain-boundary
component would correspond to a small excess volume of
the grain boundary, and therefore a low grain-boundary
enthalpy.12,13 In fact, grain-boundary enthalpy of the nc-Se
has been determined to be about 0.27 J/m2,14 much smaller
compared with those obtained in other nc materials~e.g., the
obtained grain-boundary enthalpy for platinum is as much as
1.1 J/m2!.2,3,15,16Therefore, nc materials may possess much
lower excess volume than what has been expected.

Very recently, Wolfet al.17 reported their computer simu-
lation results on the thermodynamic properties of the nc ma-
terials and glasses, indicating that the heat-capacity values of
the nc material might be below or above those of the glass
depending on its grain size. The nc material with a critical
grain size~in their study system it is 1.4 nm! may have an
identicalCp as the glass. These simulation results, to some
extents, agree well with our experimental observations that a
fully dense, relaxed nc solid and the corresponding amor-
phous solid with exactly the same composition have compa-
rable specific heats, as observed in Ni-P~Ref. 6! and Se.

In conclusion, heat capacities of the nc, the amorphous,
and the coarse-grained polycrystalline Se were measured in
the temperature range of 225–500 K, and were compared
with the Cp data for conventional polycrystalline Se from
literature.10 No evidentCp difference was found between the
nc-Se sample~with a mean grain size of 10 nm! and the
amorphous Se sample below 250 K. The heat capacity of the
nc-Se was found to be only 2% higher than that of the
coarse-grained polycrystalline Se.
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TABLE I. Comparison of the typical heat-capacity values of the nanocrystalline, the coarse-grained, and the amorphous states in various
materials.~The values in the brackets are the excess heat capacities of the nc state with respect to the coarse-grained polycrystalline states!.

Alloy
system

Nanocrystalline
Amorphous

Cp
a ~J mol21 K21!

Coarse-grained
Cp

c ~J mol21 K21!
Temperature

T ~K!Synthesis method d ~nm! Cp
nc ~J mol21 K21!

Pd ~Ref. 1! UFP consolidation 6 37~48.0%! 27a 25 250
Cu ~Ref. 1! UFP consolidation 8 26~8.3%! 24 250
Ru ~Ref. 2! Ball-milling 15 28 ~21.7%! 23 250
Ni80P20 ~Ref. 6! Crystallization 6 23.4~0.9%! 23.4 23.2 250
Se Crystallization 10 24.5~1.7%! 24.7 24.1 245

aExtrapolated specific-heat value for pure Pd-based on values for the amorphous Pd72Si18Fe10 alloy.
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