STRUCTURE OF MATERIALS

https://doi.org/10.15407 /ujpe66.7.635

L.A. BULAVIN,! 0.V. TOMCHUK,"%3 A.V. NAGORNYL" 2?2 D.V. SOLOVIOV %5

! Taras Shevchenko National University of Kyiv, Faculty of Physics
(4, Akademika Glushkova Ave., Kyiv 03127, Ukraine)

2 Joint Institute for Nuclear Research

(6, Joliot-Curie Str., Dubna 141980, Russian Federation)
3 Institute of Environmental Geochemistry, Nat. Acad. of Sci. of Ukraine
(34a, Akademika Palladina Ave., Kyiv 03142, Ukraine)
4 Institute for Safety Problems of Nuclear Power Plants, Nat. Acad. of Sci. of Ukraine
(12, Lysogirska Str., Bld. 106, Kyiv 03028, Ukraine)
5 Moscow Institute of Physics and Technology
(9, Institutskiy Lane, Dolgoprudny, Moscow Region, 141700, Russian Federation)

HIGH-PRESSURE REORGANIZATION
OF THE FRACTAL PORE STRUCTURE
IN DETONATION NANODIAMOND POWDERS

Diamond nanoparticles have significant prospects for technological applications, so their manu-
facture and subsequent disaggregation are a challenging task. In this paper, the porous structure
of aggregates in detonation nanodiamond powders has been analyzed using small-angle neutron
scattering. The influence of high pressure allowed the contributions to the small-angle scatter-
ing from micro- and nano-sized pores to be separated. The type of fractal clusters formed by
nanopores was determined. The possibility of a partial mechanical disaggregation of nanodia-
mond particles at a pressure of 1.5 GPa is confirmed.

Keywords: detonation nanodiamonds, porosity, fractal clusters, high pressure, small-angle
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1. Introduction

Nowadays, various carbon nanomaterials find a num-
ber of important applications [1, 2]. In particular,
nanodiamonds combine unique mechanical, thermo-
dynamic, and optical properties of diamonds with the
features characteristic of the colloidal size scale and
wide possibilities for their surface to be chemically
modified [3-5]. Therefore, nanodiamonds are used as
an important element in advanced developments of
abrasives, anti-corrosion coatings, lubricants, elec-
tronics, local drug delivery systems, and so forth.
Among the synthesis methods, the detonation tech-
nique aimed at obtaining the nanodiamonds from ex-
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plosives without additional carbon sources occupies a
special place [3, 6]. This method can be used to pro-
duce the required material on the industrial scale. Ho-
wever, the powders obtained in such a way are char-
acterized by the multilevel aggregation, which is re-
alized through covalent bonds as well. The aggrega-
tion core on the submicron scale is composed of the
so-called agglutinates, which contain nanodiamond
particles sintered together via non-diamond compo-
nents. The latter are mainly amorphous carbon and
other carbon-containing chemical groups, which are
the explosion by-products [7]. There are several dis-
aggregation methods based on the dispersion in po-
lar liquids [3, 8]. However, the research of detona-
tion nanodiamond powders is continued in order to
optimize the existing methods and to develop new
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Fig. 1. Experimental curves of small-angle neutron scattering
(symbols) for detonation nanodiamond powder before (0 GPa)
and after (1.5 GPa) the pressure application, and their approx-
imations using form factor (1) (solid curves). The dashed lines
mark the intervals with the power-law scattering dependence.
The data normalized at large ¢’s are shown in the inset

approaches to the production of non-aggregated dia-
mond nanoparticles for practical applications.

In this work, the porous structure in detonation
nanodiamond powders has been analyzed by study-
ing the influence of a high pressure on the pore re-
organization. This approach allows the micro- and
nanoscopic aspects of the structure to be separated.
Small-angle neutron scattering (SANS) is a non-
invasive method with high permeability [6, 9, 10]. Tt
allowed us to trace the changes in the agglomeration-
porous structure. The fractal concept [11,12] was ap-
plied to describe nanopores in agglutinates, which al-
lowed new unique information about the examined
system on a scale of 1-100 nm to be obtained.

2. Materials and Methods

Commercial powder of detonation nanodiamonds of
the DND-STP brand (Federal State Unitary Enter-
prise “Technolog”, St.-Petersburg, Russian Federa-
tion) was studied. The maximum amount of non-
combustible residues was less than 1.2%. A pressure
of 1.5 GPa (a hydraulic press GHP-10, GIGANT,
Chengdu, China) was applied for 1 min. As a result,
the pressed sample acquired the form of a cylinder
8 mm in diameter and 1.5 mm in height.

SANS experiments were performed at room tem-
perature on a time-of-flight diffractometer YuMO lo-
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cated at the 4th channel of the pulsed neutron source
IBR-2 (Dubna, Russia) [13]. The differential scatter-
ing cross-section of thermal neutrons per unit volume
of the sample, I(g), was isotropic over the radial an-
gle in the detector plane. It was registered with the
help of two 8-ring detectors located at distances of
4.5 and 13 m from the sample. Corrections were made
to account for the presence of the fast-neutron back-
ground, which was measured separately. The quan-
tity I(q) was calibrated in absolute units, cm™!, us-
ing a vanadium standard. The absolute value of the
transmitted wave vector, ¢ = 4wsin(6/2)/A, was cal-
culated knowing the scattering angle 6 and the de
Broglie wavelength A of neutrons. The uncompressed
powder was measured in a flat Hellma quartz cuvette
with an optical path length of 1 mm, whereas the
pressed sample was arranged perpendicularly to the
neutron beam.

The measurements of the X-ray diffraction in
a nanodiamond powder were carried out on an
EMPYREAN diffractometer (Malvern PANalytical,
Malvern, UK) using Cu-Ka radiation (0.154 nm).
The size of crystallites was determined using the
Scherrer formula by the (111) line at k£ = 0.9 [14].

3. Results

In the experimental SANS curves depicted in Fig. 1,
one can see a manifestation of a two-level structure.
The both levels are described by power laws for scat-
tering, so they can be easily traced in the form of
linear dependences on the log-log scale. The slopes of
both dependences change under the action of a static
pressure, but the scattering reacts to such influence
more strongly at small g. The magnitude of the power
exponent at ¢ > 1 nm~! exceeds 4. This fact testifies
that the scatterers have a diffuse rather than smooth
surface [15]. According to the earlier studies [9, 10],
this is a result of the presence of nano-sized pores in
the dense structure of diamond agglutinates rather
than nanodiamond particles themselves. At the same
time, the power exponent values are less than 3 at
g < 1nm~!, which testifies to a mass fractal organiza-
tion of clusters formed by the scatterers. The scatter-
ing of this type can be described using the Beaucage
unified exponential/power-law scattering form fac-
tor [16-18],

2R2 2R2
I(q) = Giexp <— 61391) + Big; M exp <— q392)+
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where R4 and Rgo are the gyration radii for clus-
ters and constituent particles, respectively; P; and
P, are the power-law exponents; G and B are pa-
rameters that are proportional to the neutron con-
trast and concentration; q1 2 = glerf(qRy1.2/V6)]7%;
and erf(z) is the error function. At the mass-fractal
level, P; coincides with the fractal dimension D. At
the level of pore surface, P, = 4 + 23, where (3 is the
diffusivity parameter describing a certain power-law
modulation of the scattering length density at the na-
nodiamond-pore interface [15]. For a smooth surface,
the parameter 3 equals zero.

One can see that the scattering curve obtained for
the unpressed powder of detonation nanodiamonds
using the available equipment configuration does
not demonstrate the characteristic size of clusters. A
plateau, which is typical of the Guinier regime, is not
observed, and the power-law of scattering is satisfied
up t0 gmin ~ 0.07 nm~!. In this case, when approxi-
mating the experimental data, one may omit the first
term in Eq. (1) and put ¢g; — ¢. As a result, only the
minimum estimate of the size can be obtained in the
form Rg1 > 7/¢min-

The pressure-induced changes of the most infor-
mative structural parameters are presented in Ta-
ble. A pronounced effect is observed for the fractal
dimension of clusters, D, which diminishes from 2 to
1.3, if the pressure is applied. The structural level of
nanopores demonstrates a much weaker response in
the form of a reduction in the gyration radius and the
diffusivity parameter 8 = (P, — 4)/2.

Small S-values testify to the presence of the non-
diamond component on the surface of detonation
nanodiamond particles, which are associated with
graphene states [19]. This assumption is confirmed
by the data of X-ray diffraction (Fig. 2), which de-
tects a region of crystalline scattering (the coherence
volume) that is smaller than the region observed at
SANS in suspensions of disaggregated nanodiamond
particles [18,19].

4. Discussion

Let us first consider the small-angle scattering at
large ¢-values, which occurs at the surface of nano-
sized pores. The curve profile changes weakly with
the application of a high pressure. The inset in Fig. 1
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Fig. 2. X-ray diffraction pattern of detonation nanodiamond

powder. The corresponding Miller indices are indicated. The
crystallite size is 2.7 nm

illustrates the data that confirm the numerical close-
ness of the structural parameters of the diamond-
pore interface at various pressures. Therefore, the dif-
ference between the spectra of the compressed and
uncompressed powders at the level ¢ > 1 nm™! is
only determined by the contrast factor, which, in
turn, depends on the microporosity. Of course, the
size of micropores is beyond the resolution of the
SANS method. However, the ratio between the vol-
ume fractions of those pores and agglutinates affects
the scattering signal in the form of a constant mul-
tiplier. Hence, the proportional growth of the scat-
tering curve tail is associated just with the ordinary
compression effect. In this case, the parameter By be-
comes 6 times larger, which points to a correspond-
ing growth in the volume fraction of agglutinates. In
other words, the number and the size of micro-sized
pores decrease, and the average density of the system
increases.

However, it should be noted that if the issue only
concerns this effect, then no changes would occur on
a scale of 1-100 nm, to which SANS is sensitive. The

Structural parameters
of detonation nanodiamond powders
according to small-angle neutron scattering

p, GPa | Rg1, nm | Rgo, nm | D B | Bi(Rg1)P /G
>45 2.40 2.047 | 0.095 -
1.5 25.9 2.19 1.326 | 0.05 2.29
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stable internal structure of agglutinates would only be
reflected in the proportional growth of the scattering
curve in the whole interval of scattering vectors. Ne-
vertheless, experiments demonstrate the opposite for
g < 1 nm~'. A reduction of the fractal dimension
testifies to the pore recombination [9]. The branched
porous structure in the agglutinates in the form of
fractal clusters becomes less branched. Together with
a decrease of the diffusivity parameter 5, this fact
testifies that the pressure of an order of 1 GPa leads
not only to a more compact packing of aggregates on
the micronic scale, but to substantial changes in the
internal structure of nanodiamond agglutinates.

Besides the collapse of nano-sized pores, the im-
portant trend is the interface smoothing due to the
elimination of amorphous sp3-carbon, which is always
present in systems of the detonation genesis. Never-
theless, a smooth interface between the phases, which
corresponds to 8 = 0 (P, = 4, the Porod law), is
not reached even at 1.5 GPa. In other words, the
[B-values in a vicinity of 8 = 0.05 comprise a fun-
damental characteristic of detonation nanodiamond
particles. Those values are associated with the pres-
ence of carbon sp2-states on the nanoparticle surface,
which cannot be removed with the help of a mechan-
ical treatment [15, 17, 19]. A reduction in the char-
acteristic size of nanopores, Ry2, also testifies to a
reorganization under pressure.

An important feature of the current experiment in
comparison with previous study [9] consists in that,
owing to the extension of the examined g¢-interval,
we managed to detect the size of agglutinates in the
pressed powder. Since it turned out smaller than the
size estimated for the uncompressed sample, this re-
duction also evidences their partial destruction al-
ready at a pressure of 1.5 GPa.

The parameter of fractal dimension alone cannot
completely describe all features in the structural or-
ganization of a fractal cluster. In particular, the gy-
ration radii of the clusters, Ry, and their structural
units, Rg2, determine the size interval, where the
fractal properties manifest themselves in the form of
a power-law behavior of the density autocorrelation
function. In particular, R4 is related to the corre-
lation length £, which is a parameter of the cutoff
fractal correlation function f(r,&). This dependence
affects some of the macroscopic physical properties of
the systems with fractal clusters. Every cutoff func-
tion corresponds to certain physico-chemical condi-
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tions for the synthesis of natural fractals [20], which
allows their detailed classification to perform. Small-
angle scattering of neutrons or X-rays makes it pos-
sible to determine the type of f(r,£) on the basis of
the combined dimensionless parameter By (Ry1)"/G1
[20-23]. According to the literature data, the param-
eter value obtained for nanodiamonds corresponds
to the model of the first order exponential decay of
the density autocorrelation function [24]. Its Fourier
transform is a fractal scattering function described by
the parameter

D sin — ) D/2
Bi(Ry)P _ sin(D — 1)m/2 <D<D2+1>> s

Gy D-1

At D = 1.326, Eq. (2) gives a theoretical value of
2.01, which is close to the value obtained experimen-
tally (see Table). In this case, the correlation length
is determined by the formula

and equals 20.83 nm.

5. Conclusions

In this research, the structural organization of submi-
cron aggregates of detonation nanodiamonds, agglu-
tinates, has been analyzed. It is shown that the ap-
plication of a high pressure differently affects micro-
and nanoscale porosity. Large pores between aggluti-
nates almost disappear, which is typical of the press-
ing. At the same time, the branched system of nano-
sized pores in agglutinates demonstrates fractal prop-
erties. A comprehensive consideration of the pressure
effect on the fractal dimension, the diffuseness of the
diamond-pore interface, as well as the size of pores
and agglutinates, testifies to the motion of crystallites
with respect to one another and the partial destruc-
tion of agglutinates. The fractal clusters, which were
observed in this work, belong to the type of fractals
with the cutoff function of fractal correlations in the
form of the first-order exponent.

The study of the pressure effect on the nanostruc-
ture of ultrafine detonation diamond powders pro-
vides important information for the development of
protocols for disaggregation and production of sepa-
rate diamond nanocrystallites.
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Translated from Ukrainian by O.I. Voitenko

JI.A. Byaasin, O.B. Tomuyx,
A.B. Hazopruti, /I.B. Coaostios

PEOPTAHI3AIIIA ®PAKTAJILHOT
CTPYKTYPU ITOP ¥V ITOPOIIKAX JETOHAIIIMHUX
HAHOAJIMASIB 3A BUCOKOTI'O TUCKY

AJiMa3Hi HAHOYACTUHKY MalOTh 3HAYHI IEPCIIEKTUBU TEXHOJIO-
NiYHUX 3aCTOCYBaHb, TOMY 1X BUI'OTOBJIEHHS Ta IIOJAJIbIIa Jie-
arperaitiisi € aKTyaJIbHOIO 33J1a4eto. B naHiit crarTi 3a Jonomo-
rOI0 MAJIOKYTOBOTO PO3CisIHHSA HEHTPOHIB IPOaHAJIi30BaHO IIO-

PUCTY CTPYKTYPY arperariB y IOpOIIKaX JeTOHALIMHUX HAHO-
aaMasiB. BB BHCOKOro THCKY JO3BOJHUB PO3JiTUTH BHECKH
Y MaJIOKyTOBE PO3CifgHHS BiJ MIKpO- Ta HAHOPO3MIpHHX IIOp.
Busnaueno tun ¢ppakTaJbHUX KJIaCTEPiB, yTBOPEHUX HAHOIIO-
pamu. IligTBepAKEHO MOXKJIMBICTH YACTKOBOI MEXaHIYHOI Jea-

rperariil HaHOAJIMAa3HUX YaCTUHOK 3a Tucky 1,5 I'Ila.

Katrowoesi

cn06a: NETOHAIHI HaHOAJIMa3H, MOPUCTICTD,

dpakTaabHi KJIACTEPH, BUCOKHI TUCK, MAJIOKYTOBE PO3CiSHHS
HEUTPOHIB, PEHTT€HOCTPYKTYPHUI aHAJII3.
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