Materialia 9 (2020) 100535

journal homepage: www.elsevier.com/locate/mtla

Contents lists available at ScienceDirect

Materialia = |

Materialia A

Full Length Article

Revealing intrinsic lattice expansion and grain boundary excess volume of = @)

Check for

nanocrystalline Se prepared via various methods e

Lei Gu, Yonghao Zhao*

Nano and Heterogeneous Materials Center, School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China

ARTICLE INFO ABSTRACT

Keywords:

Lattice expansion

Grain boundary excess volume
Nanocrystalline materials

Nanocrystalline (nc) materials possess a large fraction of grain boundaries (GBs) with excess free volume which is
expected to exert a tensile stress field to nano-crystallites and cause a lattice expansion (Gleiter, 1989). However,
experimental investigations on the lattice constants of nc materials show ambiguous results indicating either
lattice contraction or expansion. To clarify the contradictory results, in this work nc Se specimens with different

grain sizes were prepared by mechanical milling of crystalline Se and nanocrystallization of amorphous Se solid
under high pressure (1 GPa). Quantitative x-ray diffraction measurements revealed that the nc Se specimens
exhibit significantly large intrinsic lattice expansions with decreasing grain size, which are also noted to depend
on synthesis route. The measured unit cell volumes of nc Se were well fitted using a GB stress field model from
which the calculated GB excess free volume also shows processing method dependence. Our results suggest an
intrinsic lattice expansion in nc Se.

1. Introduction

Lattice constant/parameter is one of the most principle structure
quantities of a crystal because it critically governs physical (e.g., elec-
tronic, magnetic, optical, thermal, etc.,), chemical (e.g., catalytic, co-
hesive, etc.), mechanical (e.g., modulus of elasticity, etc.) and thermo-
dynamic (e.g., phase instability, stacking fault energy, etc.) properties
[1-15]. For examples, lattice expansions of a-Fe and VO, thin films with
thicknesses in nanometer scale were reported to elevate magnetic mo-
ments and to suppress metal-to-insulator transition, respectively [1,2].
First-principle calculations based on density functional theory indicate
that stacking fault energy in f.c.c. Fe increases with thermal lattice ex-
pansion [3]. In addition, experiments also reveals that lattice expan-
sions of Si [4,5], Ge [6], Se [7-9] and CeO, [10] can induce crystal-
to-amorphous phase transformation. Physical modeling using a hard-
sphere approach shows the lattice expansion leads to an increase in
cohesive energies, a bond weakening and a suppression in Young’s
modulus of nc materials [11,12]. Conversely, by tailoring the lattice
constant materials scientists can control or alter the above properties
to satisfy industrial application requirements. The equilibrium lattice
constant is controlled by a local balance between short-range repul-
sive and long-range Coulomb forces. In practice, the lattice constant
can be modified by controlling the following several factors as sur-
face/boundary/interface, lattice solute/defect and external conditions
(e.g. temperature, stress, excitation, impact ionization, etc.) [13-18].
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Nanocrystalline (nc) materials possess a small grain size usually less
than 100 nm [19,20], implying an increased grain boundary (GB) vol-
ume fraction which is almost 50% at a grain size of 2.5 nm. Accordingly,
nc materials are considered to be inherently heterogeneous, composed
of nano-crystallites embedded in a GB network [21]. Experimental stud-
ies of positron annihilation and transmission electron microscopy on
nc materials revealed the presence of single vacancy in excess and va-
cancy clusters/voids [22-24] as well as a highly disordered structure
[25] at GBs, which give rise to the notion of GB excess free volumeAVrgB
[26-28]. A larger AV,G® corresponds to a more disordered GB structure
and a higher GB enthalpy. The AV is expected to generate tensile
stress fields to the surrounding lattices of nano-crystallites and thus in-
duces lattice expansions of nc materials [29,30]. However, experiments
revealed an ambiguous result on the lattice parameter change of nc ma-
terials, i.e., both lattice expansion and contraction are reported, as sum-
marized in Table 1.

It is obvious that evident lattice expansions (0.2-0.3%) occurred in
nc Si [4,5], Ge [6] prepared by mechanical milling (MM), and Se [14,31]
metalloids by nanocrystallization of amorphous solids (NAS), of which
variations are one order of magnitude larger than those in pure metals
(several of ten thousandth). For metals, lattice expansion was reported
in nc Cr prepared by inert gas condensation following by subsequent
consolidation (IGC) [32] and Fe by MM [33], while lattice contraction
was observed in nc W by MM [33] and Cu by severe plastic deforma-
tion (SPD) [34]. Moreover, both lattice expansion and contraction are
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Table 1

A list of the lattice parameter changes (Aa = =(a-a,)/a,, Ac = =(c—y)/cy,
where a, and ¢, are the equilibrium tabulated values) and the calculated GB
excess volume AV,4® based on Eq. (5) in various nc samples processed by means
of different techniques (IGC = inert gas condensation following by subsequent
consolidation, MM = =mechanical milling, SPD = =severe plastic deformation,
NAS = nanocrystallization of amorphous solids).

Sample D (nm) Synthesis Lattice change (%) AV"‘ZB (%) Reference
Cr 11 IGC Aa 1.44 [32]
w 30 MM Aa = . -2.30 [33]
Fe 10 MM Aa = =+0.02 0.98 [33]
Ni 14 MM Aa = =+0.01 0.67 [33]
25 MM -1.19 [33]
Cu 85 SPD -0.40 [34]
11 MM 0.0 [35]
20 MM 0.66 [33]
33 MM -1.08 [33]
Pd >8 IGC -1.12 [36]
<8 IGC 0.75 [37]
Si 8 MM 7.2 [4,5]
Ge 4 MM 3.6 [6]
Se 13 NAS - [14,31]

simultaneously observed in the same systems of nc Ni, Cu [33,35] and
Pd [36,37] or in the same experiments of MM [33,35] and IGC [36,37].
For instance, nc Pd exhibits a lattice expansion when grain size is smaller
than 8 nm [36] and a lattice contraction when grain size is larger than
8 nm [37]. More recently, a non-monotonic variation of the lattice pa-
rameter with grain size was reported in nc Ni and Cu prepared by MM,
exhibiting a transformation from lattice contraction to lattice expansion
with decreasing grain size [33]. These complicated or even contradic-
tory results of the lattice parameter changes in nc materials might be
stemmed from several extraneous factors, such as residual stresses in-
duced by non-equilibrium IGC, NAS and SPD processing and impurities
(such as O and N etc.) introduced by MM. Moreover, measurement er-
rors, associated with peak broadening and weakening, peak shifting, and
non-symmetries because of the interactions of x-rays and/or neutrons
with nanometer-sized crystallites [38], may affect the experimental de-
termination of lattice parameter. Hence, partially due to conflicting re-
sults from published studies, and partially because of these experimental
challenges, it remains mostly unanswered about the question whether
nc materials exhibit inherent variations in lattice parameter.

In the present study, motivated by the above question we chose trigo-
nal Se as a model material and systematically studied its lattice parame-
ter variations with grain size. We employed MM and NAS under high
pressure (MASHP) to synthesize nc Se specimens with varying grain
sizes. As shown in Fig. 1 [39], elemental Se has special structure of
helical [-Se-],, molecular chains with intra-chain covalent bonds and
inter-chain Van der Waals forces. Lattice parameter a is the distance
between the [-Se-], chains which is bonded by weak van der Waals
force. The van der Waals force is about one order of magnitude smaller
than those of metallic and covalent bonds. Therefore, a value could be
easily expanded if the GB stress works on these [-Se-],, chains in grain
interiors.

2. Experimental procedures
2.1. Sample preparations

For the mechanical milling process, a high-energy vibratory ball mill
with stainless steel balls and vial was employed to mill pure Se powders
(with a purity of 99.999% and particle size smaller than 600 mesh) at
ambient temperature. The ball-to-powder weight ratio was selected as
10:1. To avoid oxidation, about 4.5 g Se powder was first charged into
the vial and sealed by an elastic O-ring, then the vial was evacuated with
avacuum of 3 x 1073 Pa and then filled under dry Ar atmosphere (O, H,
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Fig. 1. Schematic representation of the helical trigonal Se structure [39].
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Fig. 2. X-ray diffraction patterns of the relaxed as-quenched amorphous Se.
Three broad scattering peaks are characteristic of amorphous Se.

<5 ppm) with an over-pressure of about 3 x 10° Pa. For each mechanical
milling procedure, a new batch of initial powder was used and milled
without interruption. In the milled sample, the O and N contents were
less than 0.1 wt% and the Fe content less than 0.02 wt%, as analzed by
wet chemical analysis and energy-dispersive x-ray analysis.

For NAS under high pressure, the molten Se was first sealed in a
quartz ampoule evacuated to 1.33 x 1072 Pa and melted at 673 K
for 60 min, then was quenched into the liquid nitrogen to produce an
amorphous Se (a-Se) solid. The as-quenched a-Se, still sealed in vac-
uum quartz, was maintained at 333 K for 400 h to attain full struc-
ture relaxation. Fig. 2 displays X-ray diffraction patterns of the relaxed
as-quenched amorphous Se. Three broad scattering peaks are charac-
teristic of amorphous Se. The relaxed a-Se pieces (about 4-5 g) were
then grounded by using fine grinding papers for NAS at high pressure.
A piston-cylinder pressure vessel with an internal diameter of 8 mm was
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used at a pressure of 1.0 GPa in a vacuum furnace. The accuracy of the
applied pressure is about +1%. To monitor the sample temperature, a
thermocouple was placed under the vessel. The difference between the
temperature measured by the thermocouple and the actual temperature
of the specimen in the vessel was less than 3 K, and all the resultant tem-
peratures have been amended. The amorphous Se specimen was placed
into the cylinder vessel with fine NaCl powder as a pressure medium
and a vacuum of 3 x 1073 Pa. Before heating, the specimen in a NaCl
capsule was compressed at a pressure of 1.1 MPa for 30 min to minimize
the pressure reduction induced by structure relaxation during the exper-
iment. After the pressure was reduced to 1 GPa, the pressing piston was
fixed and the specimen was heated at a heating rate of 10 K/min to a
given annealing temperature (from 450 to 570 K) for 1.5 h for complete
nanocrystallization. The relative error for the heating rate is about 25%.

2.2. Microstructural characterizations

Rigaku D/MAX 2400 x-ray diffractometer with a wide angle go-
niometer was employed to perform the quantitative x-ray diffraction
(XRD) measurements of the different grain-sized nc-Se samples. For XRD
measurements, the milled and crystallized nc-Se powders were filled in
the groove of the XRD specimen holder. To increase the diffraction peak
intensity, a rotating Cu target with a voltage of 50 kV and a current
of 100 mA was used. A graphite crystal <0002> scattering at the go-
niometer receiving slit section was used to select the x-ray wavelengths
a1 (=1.54056 A) and Ay, (=1.54439 A). With these wavelengths, the
extinction depth in Se was calculated to be less than 87 pm, which was
much smaller than the thickness of the measured sample. Ensuring that
the entire beam is either absorbed or diffracted by the sample, the diver-
gence slit was selected with a width of 0.5° and placed in the incident
x-ray beam. The scattering slit was also chosen with a width of 0.5° to
control the scattering x-ray on the counter. The width of receiving slit
was selected as 0.15 mm to controls the width of diffracted x-ray to be
entered into the counter. The reflection mode with the scattering vec-
tor aligned approximately perpendicular to the sample surface was used
for measurements of 6—20 scans for the samples. A small angular step
of 260 (0.02°) and a fixed counting time of 10 s were taken to measure
the intensity of the Bragg reflections. For the rest of the XRD pattern,
which is related to the background intensity, a step size of 0.1° and a
counting time of 5 s were used. The scan range for 20 was 20°-~103° and
the experimental temperature was 293 K.
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Thermal analysis was performed using a Perkin-Elmer differential
scanning calorimeter (DSC-7), with a sensitivity of 0.04 mJ/s for en-
ergy measurements. As-milled Se powder compact (of which the weight
ranges from 10-25 mg) and nanocrystallized nc Se by NASHP as well
as-quenched amorphous Se were sealed in Al pans and measured in a
flowing Ar atmosphere at a constant heating rate of 10 K/min. The tem-
perature was calibrated with pure In and Zn standard samples, with an
accuracy of +0.2 K.

Transmission electron microscopy (TEM) observations were con-
ducted on a Philips EM 420 microscope operated at an accelerating volt-
age of 100 kV. The milled Se powders were first separated by ultrasonic
vibration in an alcohol solution, then were collected and supported by
Cu grids for TEM observations. The nanocrystallized nc Se sample was
first sealed in a Cu tube with a diameter of 3 mm, and then was cut,
together with Cu tube, into thin disks with a thickness of 0.5 mm and a
diameter of 3 mm. The Se thin piece, supported by Cu ring, was mechan-
ically ground and dimpled with diamond slurries as well as ion-milled
by Ar+ ion to obtain an electron transparency foil. The morphology of
the milled Se powder was imaged by a FEI-XL30 SFEG scanning electron
microscopy (SEM) using a 25 kV beam.

3. Data evaluation

To calculate grain size, microstrain and lattice parameters, the XRD
Bragg diffraction lines are fitted by using the Pseudo-Voigt function (a
linear combination of Lorentzian and Gaussian functions [38,40]) from
which the Lorentzian and Gaussian fractions, integral width and peak
position could be obtained.

On the basis of an XRD peak broadening method, the grain size of the
nc Se samples was calculated. The peak broadening is characterized by
its integral width. The measured intensity profile of the Bragg reflection
is a convolution of a instrumental broadening profile with the physi-
cal intensity profile. The instrumental broadening profile determined by
means of a SiO, reference sample is revealed as to be a Gaussian type
[14].The measured profile of the Bragg reflection in the nc-Se sample
possesses primarily a Lorentzian component [14]. By supposing that the
physical profile of the nc Se is primarily a Lorentzian type, the physical
intensity profile can be separated from the measured intensity profile by
removing the instrumental broadening effect. Small crystallites and the
presence of microstrain within the specimen can result in the microstruc-
ture broadening of the sample. Therefore, the physical broadening pro-
file can be considered as the convolution of the grain-size broadening

Fig. 3. SEM images of the milled Se samples with 0 min (a), 5 min (b and c), 20 min (d) and 30 min (e,f).



L. Gu and Y. Zhao

Materialia 9 (2020) 100535

-
(]

B
= u
et =
Bt =
o c
3 3
5 .
w 4

'™

~

20 30 10 20
Grain size (nm)

Frequency (%)
>

o

20
G rain size (nm)

30 40 50
Grain size (nm)

Fig. 4. TEM images of the milled nc Se sample with 30 min (a) and nanocrystallized nc Se samples with 490 K (b) and 450 K (c) as well as their corresponding
selected area electron diffraction (SAED) patterns (insets) and grain size distributions (d-f).

profile (usually represented by a Lorentzian function [38]) with that of
the microstrain broadening (a Gaussian function [41]). Then the grain
size and the microstrain of the sample can be calculated from the inte-
gral width of the physical broadening profile in terms of the Scherrer
and Wilson equation [41]:

2
Pt _ ABhia
18200 Dhna?&0pia $in Oy

+16(e2,,)'", M

where 4 is the wavelength of Cu K, irradiation, Dy and (2, )!/? repre-

sent the thickness and the mean magnitude of microstrain of the grains
in the (hkl) direction, respectively. By performing a least-square fit to
B2, / 18%0pjq lotted against Afpyy / (tg0ysindpy) for all of the measured
peaks of the samples, the mean grain size D and the mean microstrain
(€2)1/2 can be determined. Standard linear regression techniques pro-
vide an estimate for the uncertainty in the parameters from the error in
the fit [42].

Determination of the lattice parameters in nc Se includes two stages.
First, the modified Rachinger method was used to remove the 4;,, com-
ponent from the XRD profiles [43,44] Second, the intensity peak cen-
troid positions was used to calcualte the lattice parameters for the nc-Se
specimens. The external standard method using a pure Si polycrystal
was employed to calibrate the peak positions in order to minimize the
system error. The calibration function was:

A20 = a4 fcosf + ysiné, )

where « relates to 20-axis origin displacement, § relates to eccentricity
between the sample and goniometer center axis, and y relates to the
sample flatness or absorption. In this study, «, # and y were determined
by the least-square method, being 0.013891, —0.080571, and 0.023696,
respectively. Considering that the nc Se is the trigonal structure, the
weighted least-square method was selected to calculate the lattice pa-
rameters in order to minimize the calculation error. The equation is
originated from the Bragg’s law and given by
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Fig. 5. DSC curves of the as-quenched amorphous Se, milled nc Se with 30 min

and nanocrystallized nc Se with 450 K. The exothermic peak at 473 K is corre-
sponding to crystallization of amorphous Se.

where a*, b*, c* and a*, p*, y* are the reciprocal-lattice parameters from
which the lattice parameters of the nc Se can be obtained. E(9) is the er-
ror function that is selected as sin®26 and x is the error function weight.
The values of the lattice parameters of the nc Se were finally calculated
from the intensity centroid positions of nine single peaks (100), (101),
(200), (201), (210), (211), (113), (104) and (302).

4. Results

The as milled Se powder has a particle size in micrometer range, as
shown in Fig. 3(a), and was refined and spheroidized significantly when
milling time is 5 min (Fig. 3(b) and (c)). When milling time is 20 min,
micrometer-sized agglomerates with finer particle size below 1 um were
formed, as shown in Fig. 3(d). Further milling up to 30 min resulted in a
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Fig. 6. X-ray diffraction patterns of (a) the milled
[ (a) (101) (101) and (b) nanocrystallized nc Se samples with different
B = milling time and annealing temperatures, as marked in
c I the figures.
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more uniform and finer agglomerates, as shown in Fig. 3(e) and (f). TEM
image revealed that the fine particles with a size below 1 pm, formed
agglomerates in SEM images, were further composed of nanocrystalline
grains with an average grain size of about 17+5 nm (Fig. 4(a) and (d)).
The selected area electron diffraction (SAED) pattern (inset in Fig. 4(a))
shows a continuous ring caused by a random grain orientation distribu-
tion. The TEM observations also discovered the Se samples prepared by
NASHP have nanocrystalline grains, as shown in Fig. 4(b) and (c). The
average grain sizes of the nc Se samples by NASHP with 490 K (Fig. 4(b))
and 450 K (Fig. 4(c)) are 26 + 5 nm (Fig. 4(e)) and 13 + 5 nm (Fig. 4()),
respectively. The continuous SAED patterns in the insets revealed ran-
dom grain microstructures with texture-free. Fig. 5 demonstrates DSC
curves of the as-quenched amorphous Se, milled nc Se with 30 min and
nanocrystallized nc Se with 450 K. The exothermic peak at 473 K is cor-
responding to recrystallization of amorphous Se. The DSC curves free

of recrystallized exothermic peak of the milled nc Se with 30 min and
nanocrystallized nc Se with 450 K indicate a complete recrystallization
process during NASHP and a grain refinement process without amor-
phization during MM.

Fig. 6 shows typical XRD patterns for milled and nanocrystallized
nc Se samples. The nc Se samples have a trigonal structure. It is obvi-
ous that with increasing milling time and decreasing annealing temper-
ature, the Bragg diffraction lines are significantly broadened, and the
peak positions shift towards lower 26 values, suggesting a lattice expan-
sion. However, the broad scattering peaks of amorphous Se, as shown
in Fig. 2, were not observed, which further confirmed the above DSC
results.

The calculated grain size and microstrain of the milled and nanocrys-
tallized nc Se samples versus mechanical milling time and annealing
temperature are shown in Fig. 7(a) and (b) and listed in Tables 2 and 3.
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Fig. 7. (a) Milling time and (b) annealing tem-
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A list of grain size D, microstrain<e?>!/2, lattice parameters q, ¢ and unit cell
volume V* of the nc Se by MM. The D, <¢2>1/2, g, ¢ measurement errors are
+2 nm, +0.02%, +0.001 A and +0.001 A.

A list of grain size D, microstrain<e?>1/2, lattice parameters a, ¢ and unit cell
volume V* of the nc Se by NASHP. The D, <¢?>1/2, q, c measurement errors are
+2 nm, +0.02%, +0.001 A and +0.001 A.

Milling time (min) D (am)  <e*>12 (%)  a (&) c@ Ve (B%)
0 35 0.20 43660 49580  81.847
5 28 0.26 43666 49573  81.858
10 23 033 43664 49574  81.852
15 21 035 43666 49567 81.848
20 18 036 43669 49560  81.848
25 17 038 43679 49561  81.867
30 13 039 43702 49564  81.964

Compared with the TEM results, XRD calculated grain size is slightly
small. This is because XRD calculates the subgrain/domain size which
is more sensitive than TEM observation. From Fig. 7(a), with increas-
ing milling time, the grain size decreased gradually from 35 to 13 nm,

Annealing D (nm) <€2>1/2 (%) a(A) c(A) v (A3)
temperature (K)

450 8 0.82 4.3771 4.9575 82.256
470 11 0.63 43732 49579 82.116
490 17 0.43 4.3682 4.9580 81.931
530 29 0.31 4.3672 4.9594 81.915
570 45 0.2 4.3660 4.9595 81.872

and the microstrain increased from 0.20% to 0.39%. From Fig. 7(b),
with decreasing annealing temperature, the grain size is reduced from
45 nm to 8 nm, and the microstrain increases from 0.20% to 0.82%.
For comparison, the annealing temperature dependence of grain size
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Fig. 8. Grain size dependence of microstrain of nc Se
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and microstrain of nc Se prepared by NAS at ambient pressure [14] was
also shown in Fig. 7(b). One can see high pressure impeded nanocrys-
tallization of a-Se by retarding crystallized temperature to higher val-
ues, resulting in a relative small grain size (8 nm) and high microstrain
(0.81%). In Ref. 45, the pressure-induced enhancement in thermal sta-
bility of the amorphous Se against crystallization was analyzed in terms
of the pressure effect on crystal nucleation kinetics, in which formation
of the crystalline/amorphous interfaces is taken into consideration. Due
to the excess volume of the crystal/amorphous interface, an overall vol-
ume expansion is involved in the crystal nucleation process when the
nucleus size is very small. This effect leads to a significant increase in
the critical work of nucleation when pressure is applied. Fig. 8 compares
the grain size dependence of the microstrain in nc Se prepared by NAS
[14], MM and NASHP, respectively. The microstrains of nc Se by differ-
ent methods have similar variation versus the grain size, that is, increase
with decreasing grain size. Moreover, the microstrain depends on sys-
thesis route. For example, the microstrain of the milled nc Se is smaller
than that of the nanocrystallized nc Se by NASHP under the same grain
size.

The measured a and c for the nc Se samples with varying grain size
were shown in Fig. 9(a) and (b) and listed in Tables 2 and 3. For compar-
ison, the a and c values of the nc Se by NAS [14] were also drawn in the
figures. The a of the nc Se samples prepared by NAS [14], NASHP and
MM exhibit the similar variations against the grain size, i.e., increase
with decreasing grain size. But the aD curve of the milled nc Se is lower
than that of the nc Se by NASHP, which is further lower than that of the
nc Se by NAS [14]. The largest a (D = 13 nm, by NAS) is about 0.29%
larger than the equilibrium value a, (=4.3662 A). Thea change against
grain size is far beyond the error bar which was estimated to be about
0.001 A. The ¢ values of the nc Se slightly decreases with decreasing
grain size. Specifically, the c values of the milled nc Se are smaller than
those of the equilibrium value ¢, (=4.9580 f\), while c values of the crys-
tallized nc Se under ambient pressure are larger than that of the ¢, and
the c values of the nc Se by NASHP are intermediate. With the measured
a and c, the unit cell volume V¢ of the nc Se samples can be calculated

according to V¢ = ‘/Ti
found to be larger than the equilibrium data (VO'” = 81.8549 A3) for

most of the nc Se specimens with small grain sizes, and increase with
decreasing grain size, depending on the synthesis methodology used.

a*c, as shown in Fig. 10. The values of V% are

60

70 80

The V¢-D curve of the nc Se by NAS [14] is higher than that of the nc
Se by NASHP, which is further higher than that of the nc Se by MM.

5. Discussion
5.1. Microstrain and lattice expansion

As shown in Figs. 8-10, both microstrain and lattice expansion of
the milled and nanocrystallized nc Se increase with decreasing grain
size, and depend on synthesis routes. Specifically, the lattice expansion
curve of the nc Se by NAS [14] is higher than that of the nc Se by NASHP,
which is further higher than that of the nc Se by MM, and the micros-
train versus grain size curve of the nc Se by NASHP is higher than that of
the nc Se by MM. Therefore, the question of what is the relationship be-
tween microstrain and lattice expansion can be proposed naturally. As
schematically shown in Fig. 11, microstrain represents the lattice distor-
tion of grains. Due to the existence of microstress among grains, some
grains were tensile, which are corresponding to a peak at lower 260 an-
gles in the XRD profile, and some grains were compressive correspond-
ing to a peak at higher 26 angles. Finally, the continuous peak moving
towards both lower and higher 20 angle results in the overall XRD peak
broadening, from which the microstrain could be calculated. The lattice
parameter represents the average lattice plane distance, and can be cal-
culated from the overall XRD peak position. From Fig. 11, the overall
peak position is same as the position of the peak corresponding to grains
free of lattice distortion. When the overall peak moves towards lower
20 angle, lattice expansion occurred, and vise versa. The increased lat-
tice expansion with decreasing grain size was caused by the increase of
GB volume fraction, as analyzed below. The increased microstrain with
decreasing grain size was caused by the increased microstress among
grains with increasing milling time or decreasing nanocrystallized tem-
perature.

5.2. GB excess volume AV ?

The evident lattice expansions in the nc Se samples prepared by
different methods appeared to be an intrinsic nature of nc Se materi-
als, although the expansion amplitudes of the lattice parameters are
dependent on the synthesis method used. To understand the lattice
expansion phenomena, several models/approaches were proposed in
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literature involving the effect of intra-crystalline pressure [46], inter-
face stress [36,47,48], GB excess volume [49-52] and supersaturation
of vacancies [53].

A model for the stress field generated by GB excess volume AanB
was developed by Qin et al. [50-52]. Because the density of the GBs is
less than that of perfect crystallites, the AV,G® is defined as

GB _ ype
avgn =l V,MVO @
0
where V38 and V* are the molar volumes of the GBs and the perfect
crystallites, respectively. AV98is one of the most appropriate quanti-
ties for elemental granular systems to describe the mechanical and ther-
modynamical properties of the GBs [28,54]. The GBs with excess free
volume are non-equilibrium, of which atoms tend to shrink into perfect
crystallites. Therefore the excess free volume at GBs due to vacancies in
excess and vacancy clusters/voids [22-25,55,56] will induce a tensile

stress field into nano-crystallites which diminishes according to 1/x°
[57,58], where x is the distance to the center of the defects at GBs. Un-
der the tensile GB stress field, the atoms in nano-crystallites will deviate
from their equilibrium sites, resulting in lattice expansion. According to
the theory of elasticity [58] the displacement of an atom from its normal
site will obey 1/x2. Assuming nc polycrystals consist of square-shaped
nano-crystallites with orthogonal GB systems, the mean value of the to-
tal relative displacements of two adjacent atoms in the entire grain Ar
can be given by

— g &2 ( il
Ar—ZD—é_H_O <‘/1+AVMB 1) ®)

where ¢ is the mean width of the GBs, D is the mean grain size, r and
ro are the nearest-neighbor distance of a distorted and a perfect lattice.
The unit cell volume expansion AV can be expressed as

we _ 3 E6+2r0) (5 GB _
AV =35 e <,/1+AVM 1 (©)
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Fig. 11. Schematic representations of microstrain (calculated from XRD peak broadening) and lattice parameter (calculated from XRD peak position).
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A list of the GB excess volume AV% in various nc samples processed by means of different
techniques (IGC = inert gas condensation following by subsequent consolidation, MM = me-
chanical milling, NAS = nanocrystallization of amorphous solids, NASHP = NAS under high

pressure).
Sample D (nm) Synthesis Measurement AV,SE (%) Reference
Pd 2.5 Modeling Calculation 36 [28]
8 IGC Density 20 (as-prepared) [59]
measurement 14 (relaxed)
Thermal 10 (as-prepared)
expansion 5 (relaxed)
Nb 10-5 Sputtering XRD 27-33 [60]
6 MM XRD 16 [61]
Ni;P 10-70 NAS XRD 8-26 [62]
Se 13 MM XRD 5 Present
13 NAS 12 Present
8 NASHP 8 Present
Table 5

A list of the GB expansion egp and calculated GB excess volume AV98 in various samples pro-
cessed and measured by means of different techniques (MM = mechanical milling, SPD = severe
plastic deformation, HREM = high resolution transmission electron microscopy, GG = grain growth,

MD = molecular dynamic simulation).

Sample D (nm) Synthesis Measurement  egg (1071° m) AV.SGE (%) Reference
Au Bicrystal Crystal HREM 0.04-0.1 0.12-0.3 [67]
growth 0.12 0.36 [68]
Al Tricrystal Crystal growth GB tension 0.64 1.92 [69]
Bicrystal Crystal growth ~ HREM 0.2 0.6 [70]
Fe 60 MM GG 0.19 0.1 [71]
Ge Bicrystal Crystal growth HREM 0.1 0.3 [72]
NiO Bicrystal Crystal growth ~ HREM 0.4 1.2 [73]
Pd 15 Sputtering XRD 1.7 34 [26]
Ni 26 Sputtering XRD 1.6 1.8 [26]
=5 GB 1200 K MD 0.39-0.41 1.2-1.23 [74]
Polycrystal - 0.28-0.42 0.84-1.3 [75]
175 SPD GG 0.35 0.1 [76]

The GB width ¢ is usually equal to 1 nm [50-52], and r, is equal
to 2.373 A for coarse-grained Se. The AV,SE can be calculated by fit-
ting the experimentally measured v values using Eq. (6), as plotted
in dashed lines in Fig. 6. The AVnCC"B of nc Se prepared by NAS, NASHP
and MM methods are 12%, 8% and 5%, respectively. Moreover, AanB
of cubic crystals could be calculated from the lattice expansion based
on Eq. (5), as listed in Table 1. In addition, the experimental values of
AV,GE reported in literature were also summarized in Table 4 [28,59-
62]. It can be seen that AVSE exhibits similar elemental and prepara-
tion dependences with the lattice expansion listed in Table 1. Bottom-up
preparations, such as IGC, NAS, sputtering, etc., experience large vol-
ume shrinking processes and therefore produce large AV,S® in range of
10-30%, while top-down methods, such as MM, produce a much small
AV,GE less than 10% and most values are less than 3%. The AV.9E values
of metals calculated from the lattice expansion (most are less than 3%)
is usually one order of magnitude smaller than those of metalloids and
compounds (larger than 5%), such as Se, Si, Ge, etc. with large amount of
dangling bonds at the GBs. Specifically, the different AV,G® of the nc Se
samples in the present study can be understood qualitatively from their
synthesis methods. The NAS of Se is accompanied by a large volume
shrinking process, which generates large amount of vacancies and/or
vacancy clusters at GBs [22]. The NAS under high pressure can anni-
hilate some vacancies and/or vacancy clusters during volume shrinking
process, resulting in a smaller AanB (8%). The grain refinement process
of crystalline Se by the MM method introduces a volume expansion, and
therefore corresponds to the smallest AVn‘ZB (5%).

The lattice contraction or negative AVS® listed in Table 1 might be
caused by the presence of surface curvature pressure based on the Gibbs—
Thomson effect [63]. In literature, lattice contraction was frequently
observed in isolated nano-particles due to surface stress [64], which

induces more hydrostatic compression on the nano-particle as compared
to micron-size particles. The change in the unit cell volume AV*¢ can be
expressed as:

NG

__4o
VO“” KD

(7

where V' is the coarse-grained unit cell volume, o is the surface en-
ergy, K is the bulk modulus and D is the spherical particle diameter. It
was reported that when ZrO, nano-particles with surface were consol-
idated into nanocrystalline solids with GBs via spark plasma sintering
(SPS), lattice distance experienced a transformation from contraction
to expansion [65,66]. This experiment suggests that the lattice contrac-
tion or negative AVSE observed in nc materials might be caused by
large amount of macro-voids or pores at GBs, which damaged the atomic
bonds at GBs and produced surface-like effect as nano-particles. There-
fore, the measured lattice parameter was the result of two competing
mechanisms: surface-stress-induced lattice contraction vs. expansion by
the GB stress field due to the increased excess free volume [33].

5.3. GB expansion egg

An alternative quantity related with GB excess volume AVSE is GB
expansion, egg, which was defined as the excess volume V per unit of
GB area A,

4
= (2 8
€GB ( 0A )T,p,y,, ®)

at constant temperature T and pressure p, and for a constant number n;
of atoms. Assuming that nc polycrystal consists of square-shaped nano-
crystallites with orthogonal GB systems, AV,%E and ey have the follow-
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ing relationship,
3e
GB GB
AI/nc = T (9)

The GB expansion can be measured by different techniques, such as
high resolution transmission electron microscopy (HREM), grain growth
(GG), XRD, etc., as summarized in Table 5. One can see that esp are
ranging from 0.04 x 1071© m (Au measured from HREM [67]) to
0.64 x 10710 m (Al tricrystal measured from the pressure dependence
of GB surface tension [69]). Exceptionally large values of egp for mag-
netron sputtered Ni (1.6 x 1071% m) and Pd (1.7 x 10710 m) thin films
with 50 nm thick might be caused by the external residual stress. AV,S2,
calculated from e;z assuming D = =10 nm, are ranging from 0.10% to
1.92%, agreeing well with the AVG® calculated from the lattice expan-
sion, as listed in Table 1.

6. Conclusion

In summary, by quantitative XRD measurements we revealed that
the lattice constants of nc Se increase with decreasing grain size. This
phenomenon occurred in nc Se prepared by mechanical milling of crys-
talline Se and nanocrystallization of amorphous Se under high pressure,
suggesting that the lattice expansion in nc Se is intrinsic. The magni-
tude of lattice expansion depends on the processing method, because
the GB structure is affected by the way these GBs were created (i.e. the
processing method). A GB stress field model was able to satisfactorily
describe the grain-size dependence of the lattice constants, and the GB
excess volume calculated by the model also shows processing method
dependence.
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