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ABSTRACT

In this letter, we report the ® rst attempt to determine the grain-boundary
enthalpy and its grain size dependence in a nanocrystalline (NC) element.
Nanocrystallization of amorphous Se was achieved by isothermal annealing.
Calorimetric measurements showed that the grain-boundary enthalpy decreases
with a reduction in the grain size of the NC Se samples. This behaviour, which is
consistent with other related measurements and computer simulation results,
implies that the intrinsic nature of a grain boundary in polycrystals changes
with the dimension of crystallites in the nanometre regime.

The structural characteristics and properties of the grain boundary (GB) in
nanocrystalline (NC) materials have attracted increasing attention in recent years.
Knowledge of the nature of GBs in NC materials is essential for understanding the
structure± property relations of this new class of materials and, consequently, is
important for the development of new advanced materials with novel properties.
NC materials possess a large number of GBs or other interfaces that facilitate
experimental investigations of the GB structure and properties.

Up to now, controversial results have been reported for the microstructure of
GBs in NC materials. Early structural investigations on NC materials involving
various kinds of technique (Gleiter 1989) suggest a non-equilibrium, highly disor-
dered f̀rozen-gas-like’ GB structure that di� ers from those of coarse-grained poly-
crystalline counterparts. However, direct high-resolution electron microscopy
observations combined with image simulations (Thomas et al. 1990), as well as
precise X-ray di� raction analysis (Eastman et al. 1992) indicated that the atomic
structures of GBs in NC materials exhibit very-low-energy con® gurations that are
rather similar to those in conventional polycrystalline materials. These con¯ icting
di� erences might originate from either di� erent synthesis and processing conditions
of the examined NC samples or use of di� erent resolutions and interpretations of the
structure analyses.

The structural characteristics of the GBs can be manifested by their average
thermodynamic quantities, such as excess enthalpy, excess entropy and excess free
energy. Experimentally, the average GB enthalpy in NC materials is usually deter-
mined from the heat released during a grain growth process which can be measured
by di� erential scanning calorimetry (DSC), as reported for several metallic and oxide
NC materials (Lu et al. 1991, Tschope et al. 1992, Terwilliger and Chiang 1993).
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However, the accuracy of GB enthalpy values derived this way is limited by the
relatively heat weak e� ect as well as by changes in microstructure (such as micro-
stains, texture and grain size distribution) during grain growth. Sample porosities
may be another major obstacle to accurate determination of the GB properties in
NC materials. Nanometre-sized porosities exist in most NC materials synthesized by
means of consolidation of ultra® ne powders or mechanical attrition techniques
(commonly utilized synthesis methods).

Among various synthesis methods for NC materials, the complete crystallization
of amorphous solids has been shown to be one e� ective way of producing porosity-
free NC materials (Sui et al. 1991, Lu 1996). Furthermore, nanocrystallization of
amorphous solids provides a unique approach for determining thermodynamic prop-
erties of GBs in porous-free NC materials. In this letter, we report the ® rst attempt to
derive the average GB enthalpy and its grain size dependence in a NC element,
namely Se. The basic idea of this approach is to measure the total excess enthalpy
in the NC material by comparing the enthalpy changes for a nanocrystallization
(amorphous-to-NC) and a conventional crystallization (amorphous-to-crystalline)
process. An average GB enthalpy may be derived from the di� erence in the enthalpy
changes.

A bulk amorphous Se bar, 10mm in diameter and 100 mm in length, was pro-
duced by means of the melt-quenching technique. Pure polycrystalline Se (with a
purity better than 99 9́99%) was sealed in a quartz ampoule evacuated to about 10- 5

Torr, melted for 1 h at 673K and then quenched into a mixture of ice and water. The
as-quenched amorphous Se bar was put into a water bath at 304 K for 400 h to allow
full relaxation before heat capacity and nanocrystallization measurements. X-ray
di� raction (XRD) and transmission electron microscopy (TEM) observations con-
® rmed that the whole sample was in the amorphous state.

Isothermal annealing in a ¯ owing Ar atmosphere was performed for crystalliza-
tion of the amorphous Se, which was monitored using a di� erential scanning calori-
meter (Perkin± Elmer DSC-7). The temperature (with an accuracy of 6 0 0́2 K) and
energy ( 6 0 0́4 mJs- 1) scales of the DSC-7 were calibrated by means of pure In and
Zn standard samples. The isothermal annealing procedure consists in rapidly heating
the amorphous sample at a rate of 160 Kmin to the desired annealing temperature,
holding for a certain period of time until the sample is fully crystallized (exothermic
peak in the DSC signals completely ® nished) and then cooling rapidly to room
temperature. Various annealing temperatures from 373 to 433K were used to
form NC Se samples with di� erent grain sizes.

The average grain size of the fully crystallized Se was determined by means of
TEM observations and quantitative XRD experiments (for details see our previous
publications (Zhang et al. 1995a,b)). The resultant grain sizes obtained from both
methods coincide very well. Figure 1 shows results (by both XRD and TEM) of the
mean grain sizes in NC Se samples crystallized at di� erent annealing temperatures.
The mean grain size values from the XRD measurement were calculated in terms of
the XRD (104), (210) and (003) lines. It is seen that the mean grain size increases
signi® cantly with increasing annealing temperature. When the annealing temperature
is below 370 K or above 440 K, the crystallization process cannot be accurately
monitored by DSC owing to the slow crystallization rate (below 370K) or partial
crystallization during the heating procedure (above 440 K).

390 K. Lu and N. X. Sun
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According to classical thermodynamics theory, the enthalpy change for a usual
crystallization process, that is a transformation from an undercooled liquid to a
crystalline state can be described by

D Hl ® c = D Hf - ò
T

Tm

cl
p - cc

p( ) dT , (1)

where D Hf is the enthalpy change for fusion at the melting temperature Tm, and cl
p

and cc
p are the molar heat capacities for the liquid and the crystal respectively.

Heat capacities for the amorphous, the coarse-grained polycrystalline and the
NC specimens were experimentally determined in the temperature range 225± 500 K,
as reported elsewhere (Sun and Lu 1996). Measurements show that the excess molar
heat capacity of the undercooled liquid Se with respect to the conventional poly-
crystalline state, D cl

p = cl
p - cc

p, rises steadily with decreasing temperature. In the
temperature range 320± 493 K, the variation in D cl

p with T can be adequately ® tted
by a linear expression of the form D cl

p = 43 6́ - 0 0́79T (J mol- 1 K- 1). Below the
glass transition temperature (Tg = 318 K), the excess heat capacity of the amorphous
Se decreases with a reduction in temperature. Based on the measured excess heat
capacity of the undercooled liquid Se and the enthalpy change for fusion,
D Hf = 5 8́7kJ mol- 1 (Bairn et al. 1977), the temperature dependence of D Hl ® c

can be determined, as shown in ® g. 2.
The isothermal nanocrystallization process (i.e. the undercooled liquid-to-NC

transformation) of the amorphous sample Se exhibits a single exothermic peak in
DSC and its enthalpy change D Hl ® nc can be obtained by integrating the area under
the peak. Figure 2 displays the results of the enthalpy change as a function of

Grain-boundary enthalpy of nanocrystalline Se 391

Fig. 1

Mean grain size against the annealing temperature in the as-crystallized NC Se, determined by
TEM ( d ) and XRD analysis ( s ).
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annealing temperature. The heat released during nanocrystallization of the under-
cooled liquid (i.e. the absolute value of D Hl ® nc) increases steadily at higher anneal-
ing temperatures, from 3 0́3 kJ mol- 1 (at 373 K) to 4 6́4kJ mol- 1 (at 433 K). It is seen
that the temperature dependence of D Hl ® nc evidently deviates from that of D Hl ® c,
and the di� erence between the two enthalpy changes, D H* = D Hl ® nc - D Hl ® c,
decreases with increasing annealing temperature. The maximum value of D H*

reaches 1 8́0kJ mol- 1, which is about 30% of D Hf , at the lowest annealing tempera-
ture (373 K).

Such a signi® cant divergence of the enthalpy changes between the two transfor-
mation processes might be reasonably attributed to the excess enthalpy stored in the
NC Se sample, which increases from about 13% to 30% of D Hf when the mean
grain size decreases from 23 to 8 nm, as shown in ® g. 3. Suppose that the excess
enthalpy of the NC sample is concentrated in the high density of GBs, then one can
obtain the average GB enthalpy from

g gb =
D H*

Agb
, (2)

where Agb is the total GB area, which is related to the mean grain size d by
Agb = 2gVm /d, in which g is a geometrical factor depending on the grain shape
and the grain size distribution (here g is taken as 1 6́7), and Vm is the molar volume.

Figure 3 shows the results of the average GB enthalpies for the NC Se samples
with various grain sizes. The average GB enthalpies g gb obtained are rather small

392 K. Lu and N. X. Sun

Fig. 2

Temperature dependence of the enthalpy changes for the undercooled liquid-to-crystal (l® c)
and the undercooled liquid-to-nanocrystalline (l® nc) transformations in Se. Tg and
Tm are the glass transition temperature for the amorphous Se and melting temperature
for Se respectively.
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and comparable with those of large-angle GBs in conventional polycrystals (Wagner
and Chalmers 1960). From ® g. 3, it is seen that the average GB enthalpy in NC Se
decreases with a reduction in grain size, from about 0 3́3 J m- 2 with d = 23nm to
0 2́5 J m- 2 with 8 nm. Such a signi® cant decrease in g gb (by about 25%) indicates that
the e� ective GB energy in NC Se with ® ner grains is smaller despite the fact that the
total excess enthalpy D H* is greater.

In the evaluation process, it is assumed that all the excess enthalpy stored in the
NC sample is concentrated in the GBs and the nanometre-sized crystallites are
considered to have the same lattice structure as their coarse-grained counterparts.
In fact, the lattice structure of the NC grains is distorted when the grain size is
reduced into the nanometre regime, as observed in several NC materials, including
element Se (Sui and Lu 1994, Zhang et al. 1995c). It was detected that the degree
lattice distortion (the lattice parameter a is increased and c is depressed) increases
with a reduction in grain size in the NC Se sample. Taking this e� ect into account,
one may obtain an even smaller GB enthalpy for NC Se samples with ® ner grains,
because a part of the excess enthalpy will be distributed into the NC distorted
crystallites. Thus the decreasing tendency of g gb with increasing grain size may be
even stronger than that in ® g. 3.

Measurements of the grain size dependence of GB enthalpy in NC elements are
not available in the literature, and only a few related works have been reported. In a
Ni± P NC alloy with two nanophases of Ni and Ni3P, the Ni± Ni3P interfacial
enthalpy was found to decrease with reduction in grain size, from about
0 4́7 J m- 2 (with a mean Ni3P grain size of 60nm) to 0 1́6 J m- 2 (6 5́ nm), with a
decreasing rate d g gb / d d of about 5 8́ ´ 106 J m- 3 (Lu et al. 1993). Terwilliger and

Grain-boundary enthalpy of nanocrystalline Se 393

Fig. 3

Variations in the excess enthalpy D H*(= D Hl® nc - D Hl® c) and the GB enthalpy g gb with the
mean grain size in the NC Se samples.
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Chiang (1993) reported a similar phenomenon in a NC TiO2 made by consolidation
of ultra® ne powders, that is when the grain size changes from 76 to 34 nm, the mean
GB enthalpy decreases from 1 5́5 to 1 2́8 J m- 2, with a slope of about 6 4́ ´ 106 J m- 3.
The decreasing rate of d g gb / d d in the present NC Se (5 2́ ´ 106 J m- 3) is comparable
with those reported for the above two cases. However, in the case of Ni± P and TiO2,
other possible in¯ uencing factors (such as segregation of an element on the GBs) on
the GB enthalpy change could not be ruled out. By measuring the grain size depen-
dence of the electrical resistivity in a NC element Pd consolidated from ultra® ne
powders, Birringer et al. (1995) noticed that the speci® c excess volume of GBs (which
is directly related to the GB enthalpy) is smaller for samples with ® ner grains. More
recently, computer simulations of a model NC material carried out by Wang et al.
(1996) also indicated that the e� ective GB energy decreases with reduction in grain
size. Therefore it can be concluded that the result of a decreasing GB enthalpy with
reduction in grain size in NC Se consistent with the observations in the literature.

A decreasing GB enthalpy implies a denser GB structure with a lower-energy
con® guration when the grain size becomes smaller. For the GBs formed during
crystallization of an amorphous solid, it is normally anticipated that denser GBs
may be formed with annealing at higher temperatures, as the atomic di� usion will be
much enhanced at elevated temperatures, and hence the atoms may have a higher
mobility and accommodate themselves to the relatively lower-energy con® gurations
during the GB formation process. However, the opposite behaviour is obtained
experimentally, with a denser GB structure with a lower-energy con® guration
being formed at lower annealing temperatures. This implies that atomic di� usion
does not play a dominant role in the GB formation process. On the other hand, a
decrease in grain size in the nanometre regime would enhance the activity of grains.
Any movement or rearrangement of the nanometre sized crystallites to form an
interface with a low-energy con® guration would be facilitated by smaller grains.
This might also hold for the NC samples made by consolidation of ultra® ne pow-
ders, where the GBs are formed under compression at low temperatures, as rather
similar behaviours were observed for the GB energy as described above.

According to the two-state model for the NC material, Wang et al. (1996)
obtained a very simple relationship between the e� ective GB energy and grain size:

g = g ¥ - c
d
, (3)

where c is a constant (of the order of 10- 9 J m- 1), g ¥ is the GB energy for the in® nite
grain size, which is normally about 10- 1 J m- 2. It is clear that the e� ective GB energy
will decrease signi® cantly with reduction in grain size below 100nm. This agrees with
our experimental observations. In fact, such a variation in the GB structure with
grain size has been successfully utilized in interpretation of some properties of NC
materials, such as the abnormal Hall± Petch relationship (Lu and Sui 1993) and the
intrinsic thermal stability (Lu 1993).

By extrapolating the variation in g gb with d (as a straight line) to the dimension
of the short-range ordering in the amorphous solid (about 1 5́ nm), one may obtain a
GB enthalpy of about 0 2́3 J m- 2, which is equivalent to 3 8́0 kJ mol- 1 by taking the
GB thickness as approximately 1 nm. This value is very close to the excess enthalpy
(3 7́0 kJ mol- 1) of amorphous Se at the glass transition temperature. In other words,
when the crystallite size in the NC Se becomes comparable with that of the short-
range ordering, the excess enthalpy of the GB will approach that of the amorphous

394 K. Lu and N. X. Sun
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solid. This coincidence implies that the enthalpy di� erence will vanish between the
amorphous solid and the NC material with grains so small that most atoms are
located on the GBs. The implication supports the computer simulation results that
the NC-to-amorphous solid transformation is a reversible energy-based transition
that is controlled by a critical grain size. Meanwhile, it can be anticipated that the
low limit of the GB enthalpy in NC materials might be the excess enthalpy of the
amorphous solid of the same composition which, to some extent, is in agreement
with the conclusion from computer simulations that the GB structure (in a NC
element Si) is àmorphous like’ (Wolf et al. 1997).
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