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Abstract. The review outlines the theoretical foundations and
industrial implementations of modern detonation synthesis of
nanodiamonds and chemical purification of the nanodia-
monds thus obtained. The structure, key properties and
promising fields of application of detonation-synthesis nano-
diamonds are considered. The bibliography includes 135
references.

1. Introduction

Detonation-synthesis nanodiamonds (ND) were first synthes-
ised by researchers from the USSR in 1963 by explosive
decomposition of high-explosive mixtures with negative oxy-
gen balance in a non-oxidising medium.!"-?2 Nanodiamonds are
characterised by nanoscale particle sizes and have chemically
inert cores and reactive peripheral regions called shells. A
micrograph of a typical ND particle is shown in Fig. 1.

The detonation synthesis offers the following advantages
over the static synthesis of ND: (1) high performance due to
the lack of limitations associated with the size and the weight of
charges; (2) no need for expensive and scarce expendable
materials (hard alloys, alloy steels) and metal catalysts (nickel,
manganese); and (3) possibility of preparation of unique poly-
crystalline ND powders under strongly non-equilibrium con-
ditions.

A drawback of the technique consists in potential explosion
risk when carrying out blasting operations, fabrication and
transportation of charges.

I1. Detonation synthesis of nanodiamonds:
mechanisms

No commonly accepted theory of the detonation synthesis of
ND is available at the moment. Different authors propose
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different (sometimes, significantly different) ND formation
mechanisms. In this Section we will consider a number of
theoretical models for ND formation.

A mechanism of ND formation from TNT-—hexogen
(RDX) mixtures is as follows.?# In the zone of the detonation
wave the explosive molecules disintegrate into atoms. Carbon
atoms thus released are condensed into an amorphous carbon
phase by means of diffusion and liquid droplet coalescence.
Subsequently, amorphous carbon particles undergo a phase
transition to diamond. It is believed that the degree of
conversion increases from 0% to 100% in the pressure range
17-23 MPa. The formation of the diamond phase in this
pressure range (it corresponds to the region of chemical peak of
the detonation wave) was confirmed in other studies.>~7
According to the data mentioned above, the formation of ND
takes a time of 0.2 to 0.5 ps.

The diamond phase repeatedly experiences the action of
reflected shock waves, and the ND temperature increases. As a

4—6 nm

Figure 1. Micrograph of a single nanodiamond particle.
Courtesy of Professor A Ya Vul’ (loffe Physico-Technical Institute,
Russian Academy of Sciences, St Petersburg).
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consequence, the thermodynamic state of detonation products
corresponds to the graphite stability region and partial graphi-
tisation of ND occurs.

A study of the isotopic composition of the condensed
products formed upon detonation of a TNT/octogen (HMX)
mixture (TNT was labelled with 13C at methyl group) showed
that detonation-synthesis ND are mainly formed from the
carbon atoms of TNT.® Similar conclusions were made in the
studies of ND synthesis from a mixture of RDX with TNT
labelled with '*C at position 1 of the benzene ring.” '° It was
also established that the yield of condensed carbon linearly
decreases as the TNT content in the mixtures decreases, while
the ND content in the diamond blend (DB), an intermediate
product of ND synthesis, monotonically increases and reaches
a constant value (for mixtures with RDX and HMX denoted
TNT/RDX and TNT/HMX, respectively).!!

The addition of heterocyclic and aliphatic nitramines has a
little effect on the formation of ND. The role of the additives is
to produce the necessary pressure and temperature for the
phase transition to occur.!?

The dispersion of ND depends on the nature of the carbon
source.!? For instance, the average particle size of the diamond
phase formed upon detonation of mixtures of HMX with
liquid organic additives varied from 1.8 (for glycerol) to
4.1 nm (for ethanol).

The maximum yield of ND was obtained using TNT/HMX
or TNT/RDX mixtures containing 60 mass % to 70 mass % of
TNT (density 1630 kg m—3).!!

According to Lin,'# the key step in ND formation is the
appearance of cyclohexane molecules (nuclei of the diamond
structure). Collisions between the nuclei cause their aggrega-
tion into small clusters followed by growth of mesoscopic
structures with long-range crystal order. Subsequent interac-
tion of the mesoscopic structures with one another and with
nuclei causes the formation of ND.

Anisichkin !> put forward an original hypothesis, accord-
ing to which the initial decomposition stages of explosive
materials occur with the release of hydrogen as methane and
carbon in the diamond phase. Then, these products are
oxidised. The extent of carbon conversion to the diamond
phase is determined by the detonation parameters.

It was shown that the chemical reaction zone extends as the
dimensions of the explosive charge increase and that energy
release also continues behind the Chapman —Jouguet plane.!'®
Carbon coagulation and crystallisation can occur upon adia-
batic expansion of detonation products. This was established
in the studies > 17 of the effect of the mass of the charge and the
heavy shell surrounding it on the ND particle size. For
instance, an increase in the charge mass from 0.6 to 10 kg
using a water shell causes the particle size to increase from 4 to
6 nm (specific surface area is reduced from 330 to 200 m? g—1,
see Ref. 2). The detonation of a 140-kg charge in water shell
afforded ND particles with an average size of about 8 nm and
individual polycrystals of size up to 85 pm.!”

According to Danilenko,!® the formation of ND can
proceed by the known mechanism of homogeneous condensa-
tion of ultradisperse phases in highly supersaturated vapour
(vapour —liquid —crystal mechanism) and result in spherical
particles. Because of rapid exhaustion of the gas-vapour
medium the average particle size does not increase with
increasing duration of existence of the particle-growth con-
ditions.

Crystallisation from vapour usually gives spherical nano-
particles of size < 20 nm, which also holds for ND.!?

Additionally, Danilenko reported '8 that the assumption of
ND crystallisation from the liquid phase was substantiated by

the fact that the shape of the ND particle size distribution is
typical of liquid droplet coalescence.?®

The most probable values of the detonation pressure and
temperature in the Chapman-—Jouguet plane are listed in
Table 1. The Chapman—Jouguet parameters of TNT/RDX
alloys correspond to liquid nanocarbon.!® At higher densities
of explosive materials (p), carbon condensed in the reaction
zone consists of nanodroplets only.

Table 1. Parameters of the ideal detonation in the Chapman—Jouguet
plane.'8

Explosive p/kgm—3 P /GPa T /K
experi- calcula- experi- calcula-
ment tions ment tions
TNT 1600—1640 18-19 18.3-20.1 37002 35003618
RDX 1780—-1800 34.5-35.4 34.7-35.0 4500° 4200
TNT/RDX
36:64  1713-1730 27-29.2 274-293 — 3931-4063
50:50 1670-1680 24.6 244.-255 — 3225-3900
Tetryl 1700 - 23.9-254 3700, 39914063
4300°¢

p =1510,21660°and 1610° kg m—3.

The formation of ND in the detonation wave involves the
following processes:'#

— condensation of carbon in the reaction zone with the
formation of primary clusters (d < 1 nm);

— cluster —cluster interaction (liquid droplet coalescence)
with the formation of nanodroplets;

— crystallisation of nanodroplets with formation of ND
provided a sufficiently long period of cooling by turbulent
detonation products or amorphisation of nanodroplets and
clusters resulting in free and bound soot.

Possible reasons for soot release in DB are (i) imperfect
detonation in certain regions of the charge volume (initiation
zone, boundary regions) characterised by low P and T values
and leading to carbon condensation by the vapour—amor-
phous carbon mechanism and (ii) formation of methane,'>
which decomposes to soot upon detonation according to the
reaction

CH4 p— C+2H2.

Detonation in real systems occurs in non-ideal and non-
steady-state regimes. Here, carbon is oxidised to CO rather
than CO,. The process is characterised by lower pressures and
temperatures and, correspondingly, by lower content of free
carbon in detonation products and a decrease in the yield of
ND. For instance, calculations?! showed that the Pso: Pioo
and T’so: Th1oo ratios are respectively equal to 0.337 and 0.546 at
50% conversion, i.e., the pressure decreases about twice faster
than the temperature.

As the mass of the water shell surrounding the charge
increases, the ND yield increases and reaches a maximum value
at the shell mass equal to ten charge masses.?>23 Optimum
conditions for the synthesis of ND require the use of explosive
charges with minimum porosity (highest density) and the blast
conditions that provide the minimum possible imperfection of
detonation.

The general conditions for optimum synthesis resulting in
the maximum ND yield and the corresponding experimental
methods are listed below.
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Synthesis conditions Implementation methods

Condensation of maximum possible,
for a given explosive, amount

of free carbon.

Carbon condensation in the

liquid nanocarbon region.

Detonation of explosive charges
with the minimum porosity

and imperfection.

Use of TNT/RDX or TNT/HMX
alloys with pressures higher than
22 GPa in the Chapman—
Jouguet plane.

Detonation of explosive charges
heavier than 5 kg in a water shell
weighing more than ten charges.

Maximum possible times of existence
of liquid nanocarbon conditions in
the detonation products and crystal-
lisation of nanocarbon at pressures
higher than 10 GPa in detonation
products.

Blasting under conditions that ensure
the absence of amorphisation,
oxidation and graphitisation.

Blasting charges in a massive
water shell.

Thus, the chemical reaction zone of the detonation wave
involves formation of carbon nanodroplets, which then crys-
tallise into ND upon adiabatic expansion of detonation
products in the pressure range from 16.5 to 10.0 GPa and in
the temperature range from 3400 to 2900 K (ND stability
region).!® When the charge is surrounded by a water shell, the
unloading (pressure drop) in this pressure interval slows down
and the temperature of detonation products is halved. As a
consequence, the degree of oxidation of ND decreases and the
effect of chamber walls on the yield of ND becomes less
pronounced. Soot in the resultant mixture is treated as the
product of amorphisation of carbon nanodroplets rather than
graphitisation of ND. In the case of adiabatic expansion of
detonation products, crystallisation of nanodroplets with
d < 1 nm is impossible at all, amorphisation of nanodroplets
with d < 2 nm occurs under conditions corresponding to the
diamond region in the phase diagram of carbon, while
amorphisation of nanodroplets with ¢ > 2 nm, under condi-
tions corresponding to the graphite region.

Another model for ND formation was proposed by Breu-
sov.?* A comparison of the energy released upon detonation of
explosives with the energies of chemical bonds in the starting
(explosive) molecules revealed impossibility of release of free
carbon. Indeed, the energy released upon detonation is at most
809 kJ mol—! for TNT and 1240 kJ mol—! for RDX.?’

The energies of some chemical bonds (in kJ mol—1)2¢ are
listed below.

C—H CC C—N C=N N=O N—N
413.6 346.1 305.0 6159 188.6 (in 163.4
(in alkanes)  (in alkanes) nitro com-

421.9 487.7 pounds)

(in benzene)  (in benzene)

Cleavage of all C—H and C—N bonds in the molecule
requires a total of 3000 kJ mol—! for TNT and 3071 kJ mol—!
for RDX; i.e., the energy released upon detonation of each
explosive or their mixture is several times lower than that
needed for intermediate formation of elemental carbon. There-
fore, a fraction of volatile chemically bonded components
should not be consumed in the initial stages of the process.

In the shock-wave front zone certain bonds in the starting
molecules can break down. According to Breusov,?* radicals
thus produced favour the formation of the carbon cage to
which many molecules of volatile products are chemically
bonded in the initial stages. Depending on the P— T detonation
conditions and corresponding electronic hybridisation of car-
bon atoms, one can deal with either a graphite-like or a
diamond-like frame.

Nucleation and growth of diamond particles are accom-
panied by accumulation of volatile low-molecular-mass deto-
nation products (nitrogen, hydrogen, CO, CO, N.O,., H>O,
etc.) in the interparticle space, which precludes the delivery of
carbon-containing ‘building’ material to the growing particles
and finally the growth ceases.

It is believed 2* that methane and methyl radical are most
suitable for growth of diamond particles and ‘healing’ their
structural defects.

I11. Detonation synthesis of nanodiamonds: key
features and regularities

The design of the blast chamber is of great importance for the
synthesis of nanodiamonds. Roughly, 1 to 4 m?3 of the chamber
volume are required per kg of explosive.?

In design of large blast chambers (> 50 m?) one should
allow for the fact that the larger the chamber volume the lower
the mechanical strength of the chamber.? The effect of the scale
factor can be explained by brittle fracture of large items made
of plasticised steel in the elastic deformation region. The
thicker the chamber walls the more probable the appearance
of structural defects that reduce the fracture stress.

The effect of the scale factor can be significantly reduced
using blast chambers with multilayer walls made of, e.g., steel
strips or glass fibre. This significantly increases the crack
resistance of the material.

Industrial blast chambers are usually relatively small and
have a volume of 2 m?3 [FSUE ‘Federal Research and Produc-
tion Centre (FRPC) Altai’, FSUE ‘Elektrokhimpribor’ In-
tegrated Plant, FSUE SDTB ‘Tekhnolog’, facilities in China].
They have long operating life (failure-free operation since mid-
1980s). The mass of the explosive charges varies from 0.5 to
1.0 kg; this allows up to 2.5 kg of nanodiamonds to be
synthesised over a period of 8 h. These chambers are reliable
and simple in operation.

Larger blast chambers, e.g., 11 m?in volume, are also used
[RPA ‘Sinta’, Belarus; Russian Federation Nuclear Centre—
All-Russian Research Institute of Technical Physics (RFNC—
ARITP), Snezhinsk, Russia]. Here, the explosive charges have
a mass of 2 kg and therefore such blast chambers are charac-
terised by higher performance. However, they are unreliable in
service.

The Closed Joint-Stock Company (CJSC) ‘Alit” (Kiev,
Ukraine) successfully employs for more than a decade a 100
m? blast chamber (mass of explosive charge is 10 kg), which
provides a high performance with respect to ND. However, the
blast chamber has a complex hand-driven charging system;
sometimes, ice armour weighing at least 60 kg is used. The
blast chamber looks like a railway tank and is rail tracked. The
charge is blasted at the centre of the ‘tank’. The action of the
shock waves on the blast chamber walls is non-uniform and the
undesired effects are quenched by spraying water in the
chamber upon explosion. As a result, the content of incom-
bustible impurities (products of chamber wall corrosion) in the
condensed carbon is rather high (16 mass % to 26 mass %).>

Thus, in choosing the volume and design of industrial blast
chambers one should allow for not only the performance, but
also simplicity and safety of operations with explosives and the
content of impurities in the condensed carbon.

Nanodiamonds can be synthesised using various individual
explosives and high-explosive mixtures. The type of the explo-
sive governs the detonation characteristics and the composi-
tion of detonation products. In the case of adiabatic
(isentropic) expansion of detonation products the temperature
drop rate also depends on the type of the explosive, the state of
the charge surface and the charge shape and on the atmosphere
in the blast chamber. The key parameters affecting the final
temperature and the corresponding rate constant (and, hence,
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Table 2. Yields of diamond blend (Mpg) and ND (Mnp) as functions of the type of explosive.?”

Explosive Mexpl. [g (see?) p [kgm=3 Mpe/Mexp1. (%) Mnp/Mpg (%) Mnp/Mexpr (%)
z-Takot 153.2 1603 18.4 19.2 3.34

z-Takot : HMX (80 :20) 250.7 1580 14.3 30 4.3

z-Takot: HMX (70: 30) 294.5 1740 12.3 69 8.6

HNAB 263.5 1630 9.47 71 6.63
TATB:HMX (70:30) 324.6 1850 9.9 54 53

TNTP® 280 1605 18.1 15.7 2.8

TNT/HMX (70 30) 310 1700 12.5 65.7 8.2

4 MExpl. is the charge mass. ® Data taken from Refs 10 and 28.

the yield of ND) include the heat capacity, the content and the
reactivity of the medium. An increase in the volume of the gas,
its initial pressure and heat capacity in the blast chamber
favour efficient reduction of the residual temperature and
improves the yield of ND. The most pronounced effect is
attained using CO>.

A general rule is as follows: the larger the ratio of the mass
of the medium surrounding the blasting charge to the mass of
the explosive charge, the higher the yield of ND.

The possibility of synthesis of ND upon detonation of the
following aromatic nitro compounds: 1,3,5-triamino-2.,4,6-
trinitrobenzene  (TATB),  bis(2,4,6-trinitrophenyl)diazine
(HNAB) and 2.4,8,10-tetranitro-5H-benzotriazolo[2,1-a]ben-
zotriazolium (z-Takot) was studied.?’ To improve the detona-
tion parameters, in some cases the explosives were mixed with
HMX and then used in the experiments.

Analysis of experimental data (Table 2) showed that the
syntheses of ND upon detonation of the explosives under study
and TNT obey the same pattern. Indeed, if the detonation
parameters of an explosive and TNT are similar, the ND yields
are also similar. The data for z-Takot show that, similarly to
the TNT/RDX and TNT/HMX compositions, the content of
the diamond phase in the DB released increases as the HMX
proportion in the charge increases.

In the case of HNAB the thermodynamic parameters
produced are sufficiently high to efficiently form ND without
HMX additives. However, in this case the overall yield of DB is
nearly halved compared to that obtained using TNT and
z-Takot; therefore, the yield of ND is somewhat lower than
the yields reached using optimum TNT/RDX compositions.

The results obtained using TATB deserve particular atten-
tion. Despite the higher detonation pressure (compared to
z-Takot and TNT), the content of the diamond phase in DB
was lower. This is probably due to the lower detonation
temperature, which hampers efficient growth of the diamond
particles.

Nanodiamonds are also formed upon detonation of hexa-
nitrostilbene,?® picric acid,?° tetryl 3! and TNT/nitroguanidine,
RDX/polybutadiene and RDX/aluminum mixtures.3?

Long experience in industrial synthesis of ND has shown
that TNT/RDX mixtures remain the most appropriate explo-
sives. Indeed, these substances have well-known characteristics
and are produced on a large scale. Processing of these explo-
sives faces no problems, charges are castable and mouldable
and can be shaped in any desired fashion. The yield of
industrially synthesised ND can be as high as about 14%.

The synthesis of ND in the presence of organic admixtures
to high explosives (RDX or HMX) is of considerable interest.
The yield of ND produced in the presence of benzene, benzyl
alcohol, allyl alcohol, allylamine, acetonitrile, nitrobenzene,
propargyl alcohol and aniline admixed to HMX (~25 vol.%)
is 6% — 10% per unit mass of the mixture. Lower yields (~3%)
were obtained with paraffin admixtures (hexane, decane),

alcohols (pentyl and octyl alcohols) and the lowest yield
(~2%) was obtained using tetradecane.

The temperature and pressure developed upon detonation
of explosives reach up to 4000 K and 30 GPa, respectively.

Table 3 lists the yields of diamond blend and ND obtained
under different detonation synthesis conditions, namely, in the
atmosphere of gaseous detonation products or an inert gas; in a
water shell surrounding the explosive charge; and in an ice
armour.3> 34 High yield of ND in the presence of a water shell
or ice armour is due to prolonged action of pressure in the
diamond stability region.

As shown above, the process affords the raw carbonaceous
material (DB) consisting of ND, graphite-like particles and
contaminants (metals and metal compounds).

The yields of ND and DB also depend on the charge mass-
to-chamber volume ratio and on the site where the explosion is
initiated. The ND content in diamond blend is plotted vs. water
shell thickness at different charge geometries (TNT: RDX =
40:60) in Fig. 2. In the case of long cylindrical charge (//d > 2)
the amount of ND is much higher compared to those obtained

Table 3. Yields of DB and ND under different detonation synthesis
conditions.33-34

Quality parameters of
final product

Synthesis conditions

intert gas aqueous ice armour
medium medium
DB yield (mass %) 3-8 6-12 8-14
ND content in DB (mass %)  20—-40 40-63 55-75
ND yield calculated with 0.6-3.2 24-17.6 4.4-10.5

respect to explosive

S
I
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Water shell thickness /mm
Figure 2. ND content in diamond blend plotted vs. water shell thickness

at different charge geometries (TNT:RDX =40:60 charge, mass
100 g).%
Charge shape: cylinder (/), disc (2) and sphere (3).
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with disc-like of spherical charges under identical explosion
conditions.?’

To obtain the maximum possible yield of ND and DB, one
should use long cylindrical charges of the highest possible
density, a water shell or an ice armour surrounding the charge
and a hardest booster pulse.

The yield of ND and DB also depends on the procedure
used for cooling of detonation products in the blast chamber. If
the charge is surrounded by a water shell or ice armour (so-
called ‘wet’ synthesis), intense cooling of detonation products
is due to transformation of their energy to heat (heating and
vapour formation) and the kinetic energy of water and
turbulent mixing with water. Additionally, water and ice are
convenient substances, because they do not damage the walls
of the blast chamber and ice does not require a container.

‘Wet’ synthesis (in water) can be carried out in optimum
manner using a TNT/RDX charge with a TNT content of
40%. The composition produces a high synthesis temperature,
while rapid cooling with water provides a higher degree of
conservation of ND.

The so-called ‘dry’ synthesis involves blasting of a charge in
gaseous medium. Here, carbon dioxide is the most efficient
coolant of ND. Detonation products of a preceding blast can
be used as coolant gas. A TNT/RDX charge containing 60% of
TNT is optimum for the ‘dry’ method. Since for this alloy the
detonation pressure and detonation temperature are lower
than those reported for the composition with 40% of TNT,
the yield of ND is nearly halved.

As the number of blasts in unventilated chamber increases,
the composition of the gaseous atmosphere significantly
changes. Namely, the concentrations of carbon dioxide, nitro-
gen and oxygen decrease, while the concentration of carbon
monoxide increases, which makes the cooling of detonation
products less efficient.3> Therefore, it is desired to introduce
carbon dioxide into the chamber after each series of four or five
blasts.

The synthesis takes at most 0.5 ps, which approximately
corresponds to the time of chemical reaction (or chemical
peak) in the detonation (explosive) decomposition of TNT.°

The elemental composition of DB is governed by hetero-
phase endothermic processes of gasification of the blend with
carbon dioxide and water vapour

C+CO, —> 2CO—172.4 kJ mol~!, (1)
C+ H,O0O —> CO + H,—130.1 kJ mol—1, 2)

which can be described by the overall reaction
2C+ CO; + HO —> 3CO + H»—151.3 kJ mol—!. 3)

At high temperature, two competing processes proceed in
the chamber, namely, gasification of DB (first of all, gas-
ification of the non-diamond carbon as the more reactive DB
component) and graphitisation of ND.

In the course of chemical purification (on going from DB to
ND) the texture of the material changes non-monotonically (in
stepwise fashion), which distinguishes the DB from other
carbonaceous materials.3® This is due to the fact that DB is
an organised three-dimensional structure formed as a result of
multistage aggregation of primary particles rather than a
mixture of ND and non-diamond carbon.

IV. Novel method of synthesis and revised
elemental compositions of nanodiamonds and
diamond blend

A novel method of synthesis of ND 37-38 permits significant

improvement of the qualitative and quantitative characteristics
of ND and DB. Namely, it allows one to change the elemental

composition towards higher content of carbon as the major
element, to considerably increase the yield of ND and DB and
to reduce the content of incombustible impurities.

A charge made of TNT —RDX alloy containing 40 mass %
of TNT (TNT/RDX 40) was blasted in a blast chamber
surrounded by a water shell (chamber volume 1 m?, charge
mass 0.6 kg, blast atmosphere: products of previous detona-
tions). The explosive : water mass ratio was maintained at 1 : 6.
A number of readily oxidisable reducing agents (hydrazine
hydrate, urotropin, urea, ammonia) were added to water, the
explosive : reducing agent ratios being 1:(0.1-10.0). The DB
was purified to ND by dilute nitric acid at 513 K and a pressure
of ~80 atm.?®

Additionally, a new procedure for elemental analysis of DB
and ND was elaborated. It differs from conventional proce-
dure by more severe conditions.?”-3® Namely, a weighed
sample is kept in vacuo (0.01—-10.0 Pa) at 120—140 °C (DB)
or 423-453 K (ND) for 3—5 h and then treated with oxygen
passing at a flow rate that ensures complete combustion of the
sample at 1323 -1473 K over a period of 40—50 s. Subsequent
determination of the elemental composition is carried out by
conventional analytical techniques.

According to published data,3¢ 40 the detonation synthesis
of ND involves four stages. In the first stage, the detonation
transformation of the explosive mainly occurs within the
volume occupied by the charge. When using a condensed
shell (water or ice), the detonation products are for some time
confined within this volume, which favours a more complete
transformation of carbon into the diamond prastructure.

Completion of the detonation process requires rapid gas-
dynamic cooling of products to protect ND formed in the
chemical reaction zone (or behind this zone '8). The second
stage consists in adiabatic expansion of gaseous detonation
products.

The third stage of the detonation synthesis of ND involves
circulation of the shock wave reflected from the chamber walls
and turbulent mixing of detonation products with the medium
in the chamber.

The fourth stage of the process involves intense cooling of
the blast-heated medium surrounded (and thus confined) by
the cold shell. In addition to various gaseous products (COs,
CO, Oz, Hz, Nz, CH4, NO, NOz, NH3, HzO), the blast
chamber contains highly disperse suspension of carbon par-
ticles possessing high radiating capacity. Therefore, cooling of
this medium occurs through simultaneous heat transfer by
convection and radiation.

The retention of condensed carbon is governed by hetero-
phase gasification reactions with carbon dioxide and water
vapour. Two competing processes proceed in the blast cham-
ber in the third and fourth stages at the high residual temper-
ature. These are gasification of condensed carbon (first of all,
non-diamond carbon as the most reactive component) and
graphitisation (or amorphisation '8) of ND.

At a constant composition and density of the explosive, it is
impossible to influence the first stage of the synthesis (i.e., the
formation of ND) by adding various admixtures to the
condensed phase (water, ice) surrounding the charge. The
processes occurring in the second stage can also hardly be
affected by the substances in the condensed phase even with
allowance for non-ideal character of gas-dynamic cooling of
detonation products upon expansion. On the contrary, the
addition of more readily oxidisable compounds (reducing
agents) in the third stage (turbulisation of products), where
condensed carbon reacts with CO,, H>O and other corrosive
(under these conditions) compounds, will strongly affect the
results of the synthesis. Of course, the oxidising agents (COa,
H>0, Oz, NO2, N»O3) first of all react with more readily
oxidisable reducing agents (in our case, hydrazine hydrate,
urotropin, urea, ammonia) rather than with hardly oxidisable
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Table 4. Elemental compositions and the DB and ND yields upon blasting of TNT/RDX 40 charges surrounded by water shell with different reducing

agents.3®
Reducing Explosive:redu- Elemental composition of DB (mass %)  Content of Content of DB yield ND yield
agent cing agent ratio incombustible ND in DB calculated calculated
(mass to mass) C H N (6] impurities in (mass %) with respect with respect
DB (mass %) to explosive to explosive
(mass %) (mass %)
Hydrazine hydrate 1:0.1 90.2 3.3 3.0 0.4 3.1 51.1 144 7.36
1:0.5 90.5 3.0 29 0.8 2.8 54.7 15.8 8.64
1:2.0 90.1 3.7 32 0.4 2.6 53.8 16.0 8.61
Urotropin 1:0.25 94.1 1.6 2.2 0.5 1.6 51.6 12.4 6.4
1:0.5 91.2 3.0 2.6 0.9 2.3 51.7 12.2 6.3
1:1 92.7 2.8 2.8 0.3 1.4 51.9 16.3 8.46
Urea 1:0.5 90.1 3.6 3.1 0.5 2.7 51.2 14.1 7.22
Ammonia 1:0.5 91.1 3.0 2.8 0.9 2.2 51.0 13.4 6.83
No additive - 84.2 0.9 8.3 3.1 3.5 45.0 7.2 3.24

carbon, especially ND. Therefore, one should expect an
increase in the yield of DB and, hence, ND and quantitative
changes in the elemental composition.

Additionally, the presence of readily oxidisable reducing
agents among the detonation products also affects the fourth
stage of the process, Namely, the temperature of the products
decreases due to decomposition of a fraction of the reducing
agent, which favours protection of ND and a decrease in the
extent of its graphitisation.

The elemental compositions of DB and the content of the
major impurity (incombustible metal oxides and carbides) are
listed in Table 4. As can be seen, introduction of organic or
inorganic reducing agents (at least 10 mass %, calculated with
respect to the initial explosive) causes a significant increase (by
~4 mass % —7 mass %) in the content of carbon in DB. The
content of hydrogen remains almost unchanged, but those of
nitrogen and oxygen decrease dramatically (3- to 10-fold). The
amount of incombustible impurities also decreases 1.5—2-fold,
which makes the DB thus produced suitable for immediate use
in plating, finish polishing, polymer chemistry, oil composites,
etc. Additionally, this DB can be much more readily purified,
which leads to high-quality ND.

The content of ND in the DB synthesised in the presence of
reducing agents increases by about 5 mass % —7 mass %,
whereas the overall mass of the DB is doubled and therefore
the yield of ND calculated with respect to the starting explosive
increases 2.5-fold.

The elemental compositions and amount of impurities in
the ND isolated by chemical purification of the DB produced
by the novel method are listed in Table 5. The content of the

major component (carbon) in the detonation-synthesis ND
prepared by the new technique is considerably larger (by
4 mass % —6 mass %) and amounts to 96.0 mass %. Irrespec-
tive of the synthesis conditions, the content of nitrogen varies
in a narrow region, from 2.2 to 2.9 mass %, which indicates a
quite uniform distribution of this element within all ND layers.
Contrary to this, the amounts of hydrogen and oxygen change
considerably (from 0.4 mass% to 2.4 mass% and from
0.7 mass % to 2.3 mass %, respectively). This points to accu-
mulation of H and O in the outer layers of ND particles and to
strong dependence of the contents of these elements on the
synthesis conditions.

The lowest amount of incombustible impurities was found
in the ND produced in the presence of urotropin. This is due to
the fact that urotropin is a strong complex-forming agent,
which reacts with metal impurities (Fe, Ni, Cr, Cu, efc.) to form
soluble complexes which can be easily removed during chem-
ical purification (upon treatment with nitric acid).

Because of the low content (0.1 mass % —0.3 mass %) of
incombustible impurities (metal oxides and carbides) ND thus
produced can be used in all technologies. At the same time the
content of the non-diamond carbon in ND is almost constant
(0.8 mass % — 1.4 mass %) and has no effect on the technolo-
gies that use ND. The content of the diamond phase in the
purified ND can be as high as 99.1 mass %

The elemental compositions of a large number of ND
samples produced at different facilities in Russia, China,
Ukraine and Belarus were determined using the recently
proposed procedure.?”-38 The contents of the constituent
elements in ND vary within the following limits (in mass %):

Table 5. Elemental composition and purity of ND isolated by nitric-acid purification from DB prepared using different types of reducing agents.?’

Reducing Explosive :redu- Elemental composition of ND (mass %) Content of in- Content of ND purity (ND content
agent cing agent (mass combustible oxidisable in the solid phase)
to mass ratio) C H N (0] impurities in carbon in (mass %)
ND (mass %) ND (mass %)
Hydrazine hydrate 1:0.1 93.6 1.2 2.3 1.7 1.2 1.0 97.8
1:0.5 94.4 0.4 2.5 23 0.4 1.1 98.5
1:2.0 95.2 0.7 2.3 1.6 0.2 1.0 98.8
Urotropin 1:0.25 94.9 1.1 2.5 1.4 0.1 0.8 99.1
1:0.5 95.2 1.0 22 1.5 0.1 1.0 98.9
1:1 96.0 0.4 2.6 0.7 0.3 0.9 98.8
Urea 1:0.5 94.3 1.6 2.7 0.8 0.6 1.4 98.0
Ammonia 1:0.5 92.7 2.4 2.9 1.3 0.7 0.9 98.4
No additive 4! — 88.5 1.1 2.2 8.2 - - -
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90.3-93.8 for C, 0.4—4.8 for H, 1.5-2.3 for N and 2.3-4.5
for O.
The actual elemental composition of ND is as follows:

Element C H N O

Content (mass %) 93-95 1-2 ~2.5

V. Chemical purification of nanodiamonds:
theory vs. practice

The specific features of DB include high dispersion, defectness
of the carbon structures, developed active surface and, as a
consequence, enhanced reactivity.

Besides, the detonation blend contains metal particles
resulting from wear of the operating surfaces of the blast
chambers and foreign impurity particles.

All the known ND purification techniques are based on the
use of different stability of the diamond and non-diamond
forms of carbon to oxidants.*?> Liquid-phase oxidants offer an
undoubtful advantage over gas—solid systems, because they
allow one to obtain higher reactant concentrations in the
reaction zone and, therefore, provide high reaction rates.

Nevertheless, a method of oxidation of the non-diamond
carbon by ozone was reported.*> The ozone—air mixture is
passed through DB at 120—400 °C. Despite quite a high degree
of purification of DB from the non-diamond carbon, it still
contains unburnt impurities (mainly iron oxides and carbides,
up to 25 mass %; CJSC ‘Alit’, Ukraine). These impurities can
be dissolved using liquid oxidants (strong acids).

The liquid-phase oxidation proceeds at sufficiently high
rates at high temperature. Therefore, the oxidising mixtures are
prepared using high-boiling acids (HCIO4, H3PO4, H2SOy4)
and oxidising agents (HNOj3, nitrogen oxides, H>O», NaClOy,
CrOs, KoCr07, etc.). Initially, perchloric acid was widely used
as the high-temperature single-component oxidising agent.
However, this is a hazardous substance (operation with and
storage of this acid are expensive) and therefore it is no longer
used for isolation of ND despite the unique properties.

There are three conventional ND purification techniques
used in industry:

(1) action of chromium anhydride (CrOs3) solution on DB
in concentrated sulfuric acid (RFNC—-ARITP; FSUE ‘Elek-
trokhimpribor’ Integrated Plant, Lesnoy, Russia; CJSC “Alit’,
Ukraine; facilities in China);

(2) use of nitric acid/oleum mixtures (‘FRPC Altai’, Biysk,
Russia); and

(3) use of dilute nitric acid (FSUE SDTB ‘Tekhnolog’,
St Petersburg, Russia; CJSC ‘Sinta’, Minsk, Belarus; Beijing
Technological Institute, China).

In particular, DB was mechanically filtered, treated with
concentrated sulfuric acid, then heated and the non-diamond
carbon was removed by adding oxidising agent (aqueous
chromium anhydride solution) to the mixture of DB with
concentrated sulfuric acid.** After the oxidation, ND were
washed with water. The primary treatment of DB with sulfuric
acid was carried out at 105—110 °C for 1.0-1.5 h. Nano-
diamonds were first washed from acid treatment products with
water to pH 5—6at 60—70 °C and then with hot distilled water
until negative reaction for chromium ions in rinse water. As a
result, the amount of metal impurities in ND reduced to
0.9 mass % and the content of the major component increased
to 98.5 mass %. This multistage chemical purification techni-
que **is complex and expensive and produces very toxic waste.

The main advantages of the nitric acid/oleum oxidising
systems consist in the availability and cheapness of the compo-
nents. They are also simple in design and technological
operation.*> The drawbacks of the technique include low
quality of purified ND (ND content is ~90 mass %), large

consumption of the acids (up to 57 kg per kg of DB), complex-
ity of the regeneration and utilisation of the multicomponent
mixture and contamination of the diamond surface with sulfur
and nitrogen compounds.

Yet another group of methods of liquid-phase purification
of ND is based on the principle of free dispersion of carbona-
ceous material in all stages of treatment.*® The reaction
suspensions of DB in liquid oxidising mixtures are homoge-
neous, colloidally stable (no ND precipitate), highly disperse
and characterised by low viscosity. During the reaction, the
oxidising agent has unrestricted access to the solid particles,
which practically removes the diffusion limitations on the
reaction rate.

High reactivity of DB allows the following oxidising
systems to be used for purification:

C + x[0] — [CO,] —> CO2T

Oxidation system Reaction products

HNO3;—H,S04—S03
HNO3;—H,S04
HNO3;—H»S04—H>0

CO, + H,0 + NO, + SO,

HNO3;—H,0
HNO3 — Hzo - HZOZ

CO; + H,O + NO,

H>0,—H»0 —catalyst
0, —H»0 —catalyst

CO;, + H,O

The total concentration of acids, specific consumption of
reactants, amount and toxicity of gaseous reaction products
and corrosion activity of the reaction medium decrease while
the economic and environmental characteristics of technolog-
ical processes are improved along the arrow.

Hydrogen peroxide is an attractive oxidising agent. Indeed,
its reaction with carbon results in only two products, carbon
dioxide and water.*’ The reaction also causes the development
of a specific surface of the diamond material, which is free from
sulfo and nitro derivatives. The use of hydrogen peroxide based
oxidising systems for purification of ND significantly simpli-
fies the process infrastructure, first of all the environmental
protection system and waste reclamation. The main drawbacks
of the technique include the impossibility of removal of
unburnt impurities, the need of using equipment for high-
pressure operation and incomplete removal of the non-dia-
mond carbon.

These problems can be solved on going to aqueous nitric
acid solutions. This fundamentally improves the quality of ND
purification, because sulfur-containing derivatives cannot be
formed on the diamond surface.?® The process is carried out at
elevated pressure. The equipment operating at high temper-
ature is made of corrosion resistant materials.

High-purity ND (carbon content > 98.5 mass %) can be
obtained from DB upon 30—40 min of its residence in hot zone
under high pressure. This process has been implemented in
Russia, China and Belarus.

The use of complicated but efficient method of high-
temperature oxidation with nitric acid under pressure makes
it possible to implement a high-performance process charac-
terised by low content of hazardous waste. The dissolution of
metal-containing impurities and their transformation into
water-soluble products are combined with oxidation within
this method.

The simplest and the most readily available oxidising agent
is atmospheric oxygen. Using specific features of the detona-
tion blend, the non-diamond carbon was selectively oxidised
by blowing air through an aqueous DB suspension in the
presence of catalysts.*® The procedure offers all advantages of
the liquid-phase ND purification techniques and has the same
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drawbacks as the method based on purification with hydrogen
peroxide.

Analysis of the simplest, convenient and environmentally
safe purification methods unambiguously shows that only
dilute nitric acid should be used in large-scale production.

At present, the two-step ND purification technique based
on treatment of DB with aqueous nitric acid solutions is
practically implemented at some facilities. The first stage
involves treatment of DB with concentrated (50—99)% nitric
acid at 80— 180 °C. In the second stage the material is treated
with (10—40)% nitric acid at 220280 °C.3°

A novel promising method of chemical purification of ND
by combined treatment of DB with (2—40)% nitric acid and
atmospheric oxygen at 200—280 °C under pressure (5—
15 MPa) was developed.3” The treatment involves renewal of
the outer boundary layer of ND particles and has almost no
effect on the structure of the diamond core. Therefore, purifi-
cation is the key stage in the formation of the application
characteristic of ND, because it is this stage that determines the
possibility of preparation of various modifications of the
product.

VI. Industrial synthesis of nanodiamonds

Technologically, production of ND involves the detonation
synthesis, chemical purification and washing of ND from acids
and conditioning of the product,3* 3¢ recovery and utilisation
of acid vapours and gases, pretreatment and recycling of nitric
acid and water treatment.

Usually, industrial detonation synthesis (Fig. 3) is a peri-
odic process. Every time an explosive charge equipped with
electric detonator is manually loaded through a top hatch (not
shown) of a hermetically closed blast chamber. Depending on
the process used at the plant, a cylindrical charge (either non-
armoured or surrounded by a water shell or ice armour) is
suspended on strips to a hook welded at the top of the blast
chamber. The charge is blasted from a distant explosion-proof
room by applying an electric pulse to the detonator. The blast
chambers of volume ~2 m? are used most often.

In addition to DB, 60% nitric acid, air and desalinated
water are used. The process results in ND as the end product in
the form of either thickened stabilised suspension in distilled
water or dry powder.

Inert
ﬂ/ﬁas—
Blast
chamber
Cyclone separator
Dry DB
DB
Collector | syspension

| L ; Magnetic . .
separation == Filtration M=%

Figure 3. Detonation synthesis of nanodiamonds: flow chart of the
process.?

A simplified scheme illustrating the key stages of purifica-
tion process is shown in Fig. 4. Generally, the ND purification
procedure involves the following steps.3°

1. Preparation of DB.

2. Preparation of aqueous nitric acid solutions.

3. Preparation of thin homogenated suspensions of DB in
aqueous nitric acid solutions.

4. Continuous thermal-oxidation treatment of DB suspen-
sions under pressure (~ 500 K, 8—10 MPa). This is the key
stage, which requires the use of tailor-made equipment. The
process is carried out in a flow reactor cascade with a particular
temperature profile (smooth variation of the temperature
along the reactor cascade) under equilibrium pressure.

5. Separation of thermal-oxidation treatment products.

6. Recycling of nitric acid.

7. Washing of ND from acids.

8. Waste processing.

9. Preparation of stabilised ND suspensions in distilled
water.

10. Preparation of ND in the form of dry uniform powder.

Modern technology of ND purification by thermal oxida-
tion using liquid-phase high-temperature oxidation of nitric
acid provides high and stable characteristics of purification
and is readily scalable and best practically implemented.

VII. Properties of nanodiamonds

Nanodiamonds are complex objects usually having a three-
layer structure 484 comprised of

— adiamond core4—6 nm in size, containing from 70% to
90% of the total number of carbon atoms;

— a transient carbon shell (intermediate layer) surround-
ing the core and consisting of X-ray amorphous carbonaceous
structures 0.4—1.0 nm thick, containing from 10% to 30% of
the total number of carbon atoms; and

— a surface layer comprised of carbon atoms and other
heteroatoms (N, O, H) that form various functional groups;
the nitrogen atoms are quite uniformly distributed among all
layers.

Detonation-synthesis ND are chemically inert and hardly
oxidisable.*® The diamond core can be partially decomposed
by prolonged etching under severe conditions (in strong acids
or acid mixtures, e.g., conc. HNO3, HNO3;+ HCI, HNO;+
H>SO4+ S0O3, etc. at corresponding boiling temperatures for
50—-100 h). Oxidation (etching) of ND has a complex charac-
ter because the process does not involve a conventional layer-
by-layer removal of the non-diamond and diamond phases
(i.e., their oxidation to gaseous products). Etching of the
carbon matrix (up to the diamond phase) proceeds at struc-
tural defects within the intermediate layer. When the process
involves the diamond core (mass loss of 30 mass % and more
with respect to starting ND), not only the chemical composi-
tion of the surface functional groups, but also the structure of
the intermediate layer is reproduced. It was shown that highly
etched ND particles (mass loss of 40 mass % —60 mass %)
possess nearly the same properties as the starting detonation-
synthesis ND. The formation of almost the same intermediate
shell was proved in many studies by various analytical meth-
ods. The oxidation processes first of all affect unstable (excited)
atoms in the material. The most excited carbon atoms are on
the surface of particles near structural defects. Thus, here we
deal with selective etching of the most defect fragments of the
near-surface structures near the most excited carbon atoms,
resulting in the formation of nearly identical intermediate
layer.

It should be noted that the greatest difficulties during
chemical purification of detonation-synthesis ND by oxidation
of DB are encountered in the oxidation of the ‘last’



Detonation-synthesis nanodiamonds: synthesis, structure, properties and applications 347

Throttle

Air m
> < ||
Air
HNO; collector | Heat
exchanger
Diamond Y
blend
l /
A
ﬂ ,D_} {‘ m ] m |

4

Mixer

][ ][ |
1L 1L 1

Reactor 1 Reactor 2 Reactor 3

Absorption
column

¥ Safety box

Measuring
tank

Metering pump

Figure 4. Simplified nanodiamond purification flow chart.3¢
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The mixer is filled with DB and HNOj3 . A suspension thus formed is fed to the measuring tank and then to Reactor 1. The ND suspension in spent HNO3
passes through the heat exchanger and then is delivered to the adsorption column where gas separation occurs. Gases are absorbed by water and by alkali
solution and the sour suspension is fed to the system of settling vessels and subsequent washing. The air collector is used to smooth pressure surges and to
produce prepressure at the start-up in the operating mode, thus acting as a high-pressure throttle.

18 mass % —20 mass % of the non-diamond carbon, i.e., in
this case the residual carbon also shows a diamond-like
behaviour.

The intermediate layer of purified ND has inhomogeneous
structure. The inner sphere of the intermediate shell, which is
adjacent to the diamond core, is comprised of continuous
onion-like carbon (OLC) layers formed by hexagons.*® The
intermediate layer also contains graphite-like monolayers
localised in peripheral regions. However, the overall structure
of the intermediate layer is still to be clarified.

The complex structure of the intermediate layer is due to
incomplete transformation of the carbon component of the
ND particle to the diamond under the synthesis conditions.
During the action of the detonation wave and in the course of
the unloading step, when detonation products expand and
reflected shock waves pass through them at rapidly dropping
pressure but still at a very high temperature, structural frag-
ments of the molecules of initial explosives chaotically combine
with one another in the chemical reaction zone.!-2 10-28.36
Secondary processes, namely, graphitisation of detonation-
synthesis ND and amorphisation of the crystalline phase are
also highly probable under these conditions.

It is likely that the structure of the intermediate layer is
comprised of a randomly combined praunits of those chemical
compounds that release from ND upon extraction and thermal
desorption. However, it is still unclear what these units and
compounds made of them look like and how they are bonded

to one another, embedded into the intermediate-layer cage and
stabilised.

Undoubtedly, it is vast variety and high reactivity of
chemically bonded prastructures (in addition to the reactivity
of functional groups on the surface of ND particles) that are
responsible for the high reactivity of detonation-synthesis ND.
Amazingly, the bulk mass concentrated in the diamond core
remains chemically inert. Therefore, the behaviour of detona-
tion-synthesis ND in various systems is hard to predict.

The average ND particle size is 4.2 nm. A simplified model
for the surface of an ND particle with different functional
groups is shown in Fig. 5. The number of atoms in such a
particle is quite difficult to estimate owing to imperfection of
the crystal, complication in the determination of the actual
number and types of functional groups and uncertainty
associated with characteristics of the intermediate carbon
shell of the nanocrystal.

The number of carbon atoms in 4.2-nm ND particles
reported by different authors varies from 300 to 20 000.36-30
(Usually, the elemental composition was calculated for a
perfect crystal.) The average number of atoms (including
heteroatoms) in octahedral ND crystal (edge length 4.4 nm) is
~20000.31

A spherical ND particle of 4.2 nm size comprises nearly
7000 carbon atoms. The results of some calculations of the
elemental composition of ND are listed in Table 6. According
to Shenderova, the number of surface carbon atoms is ~ 1000
or ~15% of the total number of atoms.
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Figure 5. Nanodianond particle with different surface functional groups
(according to Shenderova, International Technology Center, USA).

The structure was optimised by the semiempirical quantum-chemical
method PM3.

Most often, functional groups appear on the surface of ND
particles during purification of DB with strong oxidising
agents. All oxygen and hydrogen atoms belong to the surface
groups of ND.36-30.52-55 Nitrogen atoms are incorporated not
only into the diamond lattice, but also the surface groups
(amide groups >3 and nitro groups >* %),

The surface functional groups were analysed by IR spec-
troscopy,>®° temperature-programmed desorption,>? chem-

Table 6. Contents of chemical elements (%) with allowance for various
functional groups on the surface of spherical diamond particle 4.2 nm in
diameter.

ical titration,>- %0 polarography 3% %0 and X-ray photoelectron
spectroscopy.>®

The surface groups were identified as hydroxyl groups
(OH) in the form of sorbed water, carboxyl group and tertiary
alcohol;>3-57-61 amide groups [NC(O)—H];>* hydrocarbon
groups (C—H) in the form of CH, CH, and CH3;33,6,38,62,63
carbonyl groups (C=O0) in the form of ketone, carboxyl
group, acid anhydride, ester and lactone;>3-33-58.63 C -0 —C
groups in the form of ether, acid anhydride, lactone and epoxy
group.’4-57.62

A study of fluorinated ND revealed the presence of surface
CF, CF> and CFj; groups.>®

The electrokinetic potential (§-potential) is one of the key
characteristics of the ND surface, which strongly depends on
the surface state. Different fractions of the same ND sample
and, moreover, of ND samples purified and surface-modified
in different manner are usually characterised by different
&-potentials.

The &-potentials of three fractions (precipitate, intermedi-
ate and aqueous suspension) of the ND produced at the
RFNC-ARITP were + 16, +32and + 39 mV, respectively.®*
The &-potential of non-fractionated ND (UDD-TAH brand)
produced at the FSUE SDTB ‘Tekhnolog’ is +33 mV (aque-
ous medium).

Three types of modified ND (UD-HP, UD-SO and UD-M
brands) are produced at the RPA ‘Sinta’.%> The &-potentials
of their aqueous suspensions equal —16 (UD-HP), —87
(UD-SO) and +24.9 (UD-M) mV.

Dry ND is a light-grey polydisperse powder with a bulk
density of about 0.5 g cm—3. It is comprised of agglomerates of
size from a few to hundreds of micrometres. Two main types of
impurities in ND are incombustible and oxidisable carbon (the
latter remains on the surface of ND particles after chemical
purification). The admissible content of each of the two
impurities is at most 1.0 mass %. Well-purified ND contains
at most 0.5 mass % of each type of impurity. Practical appli-
cations of ND are mainly interfered with the presence of
incombustible impurities; their compositions for three com-
mercially available ND brands is presented in Table 7.9 66

An aqueous suspension of pure ND in water cannot be
neutral (Fig. 6); the ND particles should behave in water like

Table 7. Contents of incombustible impurities (mass %) in ND samples
according to atomic emission spectroscopy data (analysed by Chukhaeva,
RFNC - ARITP).%0-66

Surface composition Cgdiamond H (6] N C-X Ciot Impurity Aqueous ND suspension # Typical ND ®
(hetero-

atom or content atom) UDD-SWS UDD-TAH

group (%) powder powder

H 100 98.7 1.3 Fe 0.15 0.1 0.1
Cr 0.07 0.05 0.5

OH 100 81.9 1.0 17.1 Xi 03 o1 015

OH 50 } 29,5 12 93 Al 0.005 0.001 0.01

H 50 Na 0.03 0.003 0.05
K 0.002 0.002 0.002

COOH 50 6.0 83.0

H 50 } 71.0 L0 160 Cu 0.005 0.002 0.003
Ca 0.002 0.002 0.01

H 63.8 Mg 0.005 0.003 0.005

OH 10 Mn 0.001 see© 0.001

COOH 5 Ti 0.01 0.005 0.002

CO 10 88.7 1.17 5.68 234 2.09 90.79 Pb 0.001 0.001 0.001

NH> 11 Total 0.58 0.27 0.84

NO» 0.1 Incombustible 0.95 0.4 1.4

NO;3 0.1 residue (%)

Note. All surface groups provide a 100% ‘coverage’ of unsaturated bonds.
(Calculated by Shenderova, International Technology Center, USA).

aProduced at FSUE SDTB ‘Tekhnolog’. ® Produced at RFNC - ARITP.
¢ Undetected at a sensitivity of 5 x 10~* mass %.
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Figure 6. The pH values of a washed aqueous ND suspension plotted vs.
ND content.®”

an acid due to the presence of surface carboxyl groups.®’
Indeed, they do behave as poorly soluble weak organic acids.
The rapid coagulation threshold of ND particles, i.e., the loss
of sedimentation stability, corresponds to a pH value of 5.5.

Earlier (see, e.g., Ref. 68), it was shown that the phase
transition occurs on heating of ND from 720 to 1400 K in inert
atmosphere.

The lines in the Raman spectra of ND coincide with
maxima of the phonon state density functions of diamond
and graphite. This indicates the presence of small amounts of
amorphous diamond and graphite in the ND material. Nano-
diamond clusters exist only in the form of aggregates;* the
amorphous phase is likely to occur in the interior. The presence
of the amorphous phase is also confirmed by X-ray diffrac-
tometry data; the characteristic size of this phase was estimated
at about 1.5 nm.

According to X-ray diffractometry data, nucleation of the
graphite phase occurs only at 7> 1200 K. The diamond —
graphite structural phase transition occurs on anneling in inert
atmosphere and begins at the surface of ND clusters; the
graphite phase nucleates in the form of equidistant nanoplates.

The phase transition onset temperature correlates with the
electron microscopy data,’® according to which the decrease in
the size of the ND core begins only at 7 > 1300 K. The process
is accompanied by transition of the outer carbon atoms to the
OLC phase.

Later on, it was found that graphitisation of diamond can
be induced by heat treatment and by the action of reactive
gases and maintained using metal catalysts and also by
emission from various sources.”! On the one hand, graphitisa-
tion sets limitations on the temperature range and conditions
for efficient use of diamond. On the other hand, it provides the
possibility of design of novel nanoscale carbonaceous materi-
als. It was shown 7! that annealing of 2—5-nm ND particles
gives rise to the OLC phase,’ whereas the annealing of micro-
metre-size diamond particles leads to formation of closed bent
graphite-like structures, such as nanotubes, nanohelices, ezc.
Based on the results of molecular modeling by the molecular
mechanics, molecular dynamics and Hartree — Fock methods,
it was assumed that the formation of the OLC and closed bent
graphite-like structures on the surface of diamond particles
exhibits specific features of self-assembly processes.

Nanodiamond particles have a large specific surface area
and therefore their physical and chemical properties are
strongly affected by the surface groups. Controlled function-
alisation provides a powerful tool of specific modification of
ND particles. Using this approach, one can involve ND in
various chemical reactions, enhance their interaction with
solvents, components of composite materials, polymers and
catalysts. The surface groups stabilise the surface of ND

+ Complete annealing results in OLC particles while partial annealing
affords diamond/OLC core—shell particles.

particles and preclude their graphitisation. Decomposition of
the surface groups causes graphitisation of ND and formation
of bucky-diamonds (intermediates of the transformation of
ND to OLC) and, finally, to OLC. With allowance for high
stability of the hydrocarbon groups the most thermally stable
ND can be prepared by surface hydrogenation.

Various graphitisation mechanisms were reported for the
‘low’- and ‘high’-temperature regions.”! In the high-temper-
ature region, the rate of graphitisation is controlled by the
detachment of a single atom from the diamond surface. In the
low-temperature region, the mechanism of graphitisation
involves incomplete detachment of carbon atoms from the
surface of diamond particles and the external planes (faces) of
diamond crystal are gradually transformed into the graphite
planes. These temperature regions are separated by the Debye
temperature of diamond (1910 K).

By varying the ND graphitisation rate it is possible to
prepare diamond/nanographite composites with different
ratios between the diamond core and bent graphite shells (so-
called sp?/sp*-nanocomposites). The presence of interfaces
between the nanoscale diamond cores and graphite shells
and, probably, high concentrations of the open graphite
edges can predetermine unusual electronic properties of these
composites.

Selected characteristics of the static-synthesis diamonds
and detonation-synthesis ND are listed in Table 8. The differ-
ences between the particle size, specific surface area and
content of volatile impurities are most pronounced.

Table 9 lists selected properties of ND and technological
parameters of large-scale production of ND for three leading
manufacturers of detonation-synthesis ND in the CIS.”? The
maximum yield of ND is obtained using the novel method of
synthesis at the FSUE SDTB ‘Tekhnolog’. Additionally, the
content of incombustible impurities even in DB is minimum
and their content in pure ND is very low.

Table 8. Characteristics of detonation-synthesis nanodiamonds and
static-synthesis diamonds.”

Parameter Nanodiamonds Diamonds

Phase composition cubic diamond, cubic diamond,

a = 0.3565 a=0.3567
Picnometric density /g cm—3 3.30 3.51
Particle size /nm 4-15 30-2000
Specific surface area /m? g—! 200450 13.5
Content of incombustible <1.5 <0.2
impurities (mass %)
Content of volatile 10-12 1-2
impurities (mass %)
Temperature corresponding 800 780
to the onset of intense
oxidation in air /K
Maximum exothermic effect 960—-1000 900
in air /K
Temperature corresponding 1373 1373
to the onset of graphitisa-
tion in vacuo /K
Electrical resistivity /Q m 7.7 x10° 1x10'0
Specific magnetic suscept- <1.0 0.5
ibility, 108y /m3 kg—!
Surface functional groups OH,C=0,COH HO,C=0,
NH, CO.H
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Table 9. Technological parameters and properties of samples produced by the leading manufacturers of detonation-synthesis ND in the CIS area.”?

Parameter
St Petersburg, Russia

FSUE SDTB ‘Tekhnolog’,

CJSC “Alit’, Kiev,
Ukraine

‘FRPC Altai’, Biysk,
Russia

Blast conditions in chamber water shell (3 kg)

of complex composition
Mass of explosive charge /kg 0.6

Explosive charge composition 40%
(TNT/RDX mixture) (mass % of TNT)

ND yield relative to the mass of explosive (%) 10—14
ND content in diamond blend (mass %) 55-75

Content of incombustible impurities 1.5-3.0
in DB (mass %)

Chemical purification procedure 55% —60% HNO3,

and its parameters 513K, ~8 MPa
ND size (coherent scattering range) /nm 4-5
ND specific surface area /m? g—! 330
Content of incombustible residue 0.1-0.6
in ND (mass %)
Content of oxidisable carbon 0.5-0.8

in ND (mass %)

water shower/water shower +
ice armour (100 kg)

gaseous atmosphere

10.0 0.6
40% 60%

5-7/8—12 4-5

50—60/~ 70 30—40

16-26 5-12

1) HCI (boiling) H,S0,4+S03+HNO;,
2) H2SO4+ H,Cr,07 (boiling) 523K

3) HCl + HNOj (boiling)

6-8 4-6

200 250-350

2.5-3.0 4-5

0.8-1.5 4-5

VIII. Fields of application of nanodiamonds

Nanodiamonds incorporated into materials act as powerful
structure-forming agents that ensure dispersion strengthening
of composites.

In search for optimum cost—quality relation for ND-
containing products one should allow for the following:

— simple ND synthesis technology makes it possible to
establish large-scale production of cheap ND the cost of which
is mainly determined by the cost of explosives;

Indestructible
concretes
Plasma flame
T @ polymer —diamond
spraying

Charge-transfer -
catalysts L Films

Laser initiation

-
explosives
Medicine
and biology
Polymers Sintered compacts
Plating Nanodiamonds Finish
polishing
Plasma flame
Oils and lubricants metal —diamond
Hydrogen spraying
energetics
¢ ¢ Precursors
Hydrogen fuel Electrodes for CVD
cells

Figure 7. Fields of application of nanodiamonds.
Thick and thin arrows denote the current and future fields of application,
respectively.

— in many fields of application ND can be replaced by
crude DB, which is much cheaper than purified ND;

— positive effect is attained upon introduction of
(0.1 mass % — 1.0 mass %) of ND additive into the material.

Nanodiamonds have a broad spectrum of applications
(Fig. 7), three of them being the major ones. These are finish
polishing (~70% of the total amount of ND), metal plating
(~25%) and oil composites (~5%). In the nearest future,
production of polymer—diamond composites, charge-transfer
catalysts and modified biologically stable concretes can
develop into large-scale industries.

1. Metal plating

Nanodiamonds present in the electrolyte of a galvanic bath
should be in the suspended state. To this end, an aqueous ND
suspension is added to the electrolyte. In the preparation of
metal —diamond composite electrochemical coatings, the sus-
pended state of ND is maintained by gas evolution and thermal
convection.

The introduction of ND into electrochemical coatings
significantly improves their microhardness, wear resistance,
corrosion resistance, throwing power, makes the visual appear-
ance of goods more attractive and reduces porosity. The main
reason for these changes consists in reduction of the size of
metal domains in the coatings. Nanodiamond particles are
small and therefore sufficiently dense and uniform distribution
over the coating can be attained even at very low content of
these species (few tenth of a per cent).

A number of ND-containing composite electrochemical
coatings based on chromium, nickel, tin, zinc, copper, gold,
silver, aluminium, iron and various alloys were developed.
Selected physicomechanical characteristics of such coatings are
listed in Table 10.

a. Chromium plating

Investigations on metal —diamond coatings began with the
studies of electrochemical deposition of chromium and
ND.73-75 Later on, they attracted the greatest interest because
chromium coatings are most often used to provide for high
wear resistance of tools and workpieces.
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Table 10. Physicomechanical characteristics of metal —diamond coatings.

Coating Wear resistance Hy Porosity de-  Corrosion
increases by /kgmm~—2 creases by resistance
afactorofn, (see?) a factor of m, increases by
where n is where m is a factor of p,

where p is

Cr+ND 2-12 up to 2300 2-3 3-6

Ni+ND 5-6 up to 600  no pores 2-5

Cu+ND 9-10 160 the same no corrosion

Au+ND 2-5 200 6 the same

Ag+ND 10-15 180 8 "

Zn+ND - — 6-8 2-4

Sn+ND 4-5 150 7 1.5

Al+ND 10-13 600—-700 3 no corrosion

Fe+ND 6-8 800 8-10 3-4

Ni+B+ND 6 8000 — no corrosion

Sn+Pb+ND — 31 no pores 5-7

Sn+Sb+ND 2.5 25 5-6 2-3

Ag+Sb+ND 1.5-1.7 150 - -

4 Microhardness.

Either solid chromium plating electrolytes or buffer elec-
trolytes are used as chromium/ND plating electrolytes. The
content of ND in the coating is 0.3 mass % — 1.0 mass %.

The content of ND in the chromium coating is analysed as
follows. A chromium—diamond coating (CDC) 55—60 pum
thick is deposited on a stainless steel plate. Then, the CDC is
electrolytically dissolved in 10% aqueous NaOH solution at a
cathode current density (i) of 10 A dm—2 and a temperature of
303 K. A sodium chromate solution containing the ND
suspension is passed through a preliminarily weighed Schott
filter. The ND precipitate on the filter is successively washed
with hot water, 10% H2SOq4, water, 20% HCland again water.
The filter with the precipitate is dried at 423-473 K, the
absolute amount of ND is determined from the mass difference
and then the ND concentration in CDC is calculated (knowing
the mass of the dissolved coating).

The microhardness of chromium coating depends on the
ND concentration in the electrolyte, namely, the microhard-
ness increases as the ND concentration increases.”® As i
increases, the microhardness also increases. The most impres-
sive results were obtained using a composite diamond additive
comprised of detonation-synthesis ND and static-synthesis
diamonds (Fig. 8).77

In Fig. 9 the wear of various chromium coatings is com-
pared with that of titanium nitride coatings.”’

Hy /kg mm—?2

2000 -

1600

1200

800

40 60 80 100 i /A dm~—2

Figure 8. Microhardness of solid Cr-ND-ASM-coating plotted vs.
cathodic current density (standard electrolyte).””

No ND additives (/) and in the presence of ND (ND:ASM = 5:5) (2);
ASM brand is synthetic diamond nanopowder.

20 - g
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Wear (mass loss) x 103 (%)
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Figure 9. Wear of titanium nitride (TiN) and chromium coatings.”’

TiN (1), hard Cr (2), wear-resistant Cr (3), Cr+ ND (4) and
Cr + ND + ASM (5).

Chromium plating using ND is widely used in Russia, USA
and South Korea.

b. Nickel plating

Analysis of the data listed in Table 11 and the plots shown in
Fig. 10 reveals a positive effect of ND on the quality of
nickel —diamond coatings.”¢-78.7°

Table 11. Effect of ND content on microhardness, wear resistance and
porosity of nickel coatings at different cathodic current densities.”® 78

ND content Hy /kg mm—2 Porosity /number Wear res-
/g litre ! of pores per cm? istance
(rel.u.)
1.02 1.5 5.0 1.02 1.52 5.0
No additives 251 286 308 20 15 1.0
0.5 301 312 330 15 10 1.8
1 320 331 354 15 5 2.3
2 359 380 378 15 5 3.8
5 370 408 472 10 5 5.7
10 395 467 583 6 4 6.4
aThe i. values (in A dm—2).
Hy [kg mm—2
600 - o 1 i
e 2 8 ;
500 - 2
- 6 8
400 g
14 %
300 F =
B
200 | 122
100 I I I I I 0
1 2 3 4 5

ND concentration /g litre —!

Figure 10. Microhardness (/) and wear resistance (2) of nickel coating
plotted vs. ND concentration in sulfuric acid electrolyte.3®
i.=5Adm2
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The content of ND in the coating increases from
0.1 mass % to 0.7 mass % as the ND concentration in the
electrolyte increases from 0.5 to 10.0 g litre=!'. Ata 5 g litre !
ND concentration in the electrolyte, the microhardness of the
coating becomes nearly doubled (see Fig. 10) and the wear
resistance shows a nearly sixfold increase. The coating thus
prepared is fine-grained, dense and has a low porosity.

c¢. Gold plating
If the ND concentration in the electrolyte varies from 0.1 to
10.0 g litre—!, the ND content in the gold coating changes from
0.2 mass % to 0.8 mass %. The microhardness of the coating
reaches a value of 200 kg mm—2 and the wear resistance
increases two- to five-fold.3¢-80-82

The structure and properties of the coating vary non-
monotonically. Figures 11 and 12 show bimodal plots.®> The
first peak appears at low ND concentrations and its intensity
depends on both the electrolyte composition and the type of the
co-deposited diamond-containing additive. The second peak
appears at higher ND concentrations. Nanodiamonds can be
incorporated into the coating in the form of individual particles
or as large aggregates depending on their colloidal state in the
electrolyte. The second peak appears in the concentration
range corresponding to co-deposition of gold with ND aggre-
gates. In this region some technological characteristics (e.g.,

09 r

0.5

® O

N~

ND percentage in coating (mass %)

03 o 1 1 I |
0 2 4 6 8

Additive concentration /g litre !

Figure 11. Mass percentage of co-deposited ND particles in gold coating
plotted vs. concentration of the diamond-containing additive in the
electrolyte for two types of additives: DB (/) and ND (2).°

HV /GPd
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Figure 12. Microhardness of gold coating plotted vs. concentration of the
diamond-containing additive in the electrolyte for two types of additives:
DB (/) and ND (2).65

sedimentation rate and the yield of gold calculated with respect
to electric current) are deteriorated.

The gold plating process has been implemented on a large
scale.

g. Silver plating
Using ND, it is possible to prepare dense, fine-grained semi-
bright silver coatings containing up to 1.0 mass% of
ND.36.80.83

Depending on the electrolysis conditions, composition and
type of electrolyte, the microhardness of the silver —diamond
coating increases by 200—700 MPa compared to that of
microhardness of pure silver. The wear resistance of the coat-
ings shows a ten- to fifteen-fold increase (Fig. 13), the solder-
ability of this coating is identical to that of pure silver. The
silver plating process has been implemented on a large scale.3®

Wear (mass %)

1 1 1
0.5 1.0 1.5 2.0

ND concentration /g litre —!

Figure 13. Wear resistance (mass loss) of silver —diamond coating plotted
vs. ND concentration in electrolyte.36 80

d. Zinc plating
The optimum concentration of ND in the zinc plating electro-
lyte is 10 g litre !, which corresponds to the ND content in the
coating of 0.7 mass %.3% 7684 As the amount of ND in the
electrolyte increases, the precipitates become more finely
grained.

Passivation of zinc/ND coatings thus obtained by conven-
tional chromium plating or phosphating significantly increases

120

[oe]
(=]
T

40 |

0 éﬂ;;

Figure 14. Corrosion resistance (mass loss) of zinc coatings compared to
that of unprotected steel and cadmium coating (NaCl fog, 60 h).36.76.84
Unprotected steel (/), Zn-coating (2), Cd-coating (3), Zn + ND (4),
Zn + ND + chromating (5) and Zn + ND + phosphating (6).

Mass loss upon corrosion /mg dm—2
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their corrosion resistance (Fig. 14). Phosphating was found to
be much more efficient and environmentally safe.

e. Anodic oxidation of aluminium

Anodic oxidation is the main method of corrosion protection,
and increasing the strength and wear resistance of aluminium
and aluminium alloys.

During oxidation, the ND particles fill pores and remain in
them due to mechanical and van der Waals forces. The mass of
the filled oxide film increases two- to four-fold.3%-76-85 The
wear resistance of such a film increases to a much greater extent
(by 10 to 13 times; see Fig. 15) and so do its corrosion
resistance and dielectric properties. The film turns grey.

16
L
‘E‘: o [
o .2
£ 8
—
B
z
4,
0 1 | £
4 8 12 16 20

ND concentration /g litre —!

Figure 15. Wear of anodically oxidised aluminium film based on D-16
alloy (Germany) plotted vs. ND concentration in anodic oxidisation
electrolyte (i, = 1.5 A dm—2).36.76.85

At 10 °C (1) and at 20 °C (2).

g. Iron plating

The hardness of electrochemical iron coating approaches that
of steel. Such coatings become even harder when using ND.3¢
For iron plating, it is more appropriate to use DB rather than
purified ND. The best results were obtained using partially
oxidised DB prepared following a known procedure.?’

The effect of ND and partially oxidised DB on the micro-
hardness and wear of iron coatings is illustrated in Figs 16
and 17. The advantage of using the cheaper product (DB) is
clearly seen.

Hy /[MPa
7000
5000 o/
° 2
=l
3000
1 1 1 1 1
0 2 4 6 8 10

ND concentration /g litre —!

Figure 16. Effect of ND (/) and DB (2) concentration on microhardness
of iron coating (ic = 4 A dm~2).83¢

Wear (mass %)

Wear duration /h

Figure 17. Effect of various diamond-containing additives on wear of an
iron coating (concentrations of all additives were 5 g litre~!, i. =
4 A dm—2).86

No additives (/), ND (2), conventional DB (3) and oxidised DB (4).

2. Polishing

Introduction of ND into polishing composites improves the
characteristics of chemicomechanical polishing and the effi-
ciency of the overall surface treatment.36-50.88-93

The colloidal, sedimentation and mechanical properties of
ND clusters aggregated into complex fractal structures depend
on the procedure for preparation and on the composition of the
liquid dispersion medium. Nanodiamonds introduced into the
liquid (ND content of 0.1 mass % —0.3 mass %) act as power-
ful structure-forming agent. Using low-filled aqueous, organic
and aqueous-organic ND dispersions, one can obtain ideally
smooth surfaces of materials processed, in which the micro-
roughness is comparable in size with interatomic distances.

The fractal structure of ND favours efficient relief of local
stress produced as the working surfaces approach each other.
Large loose ND aggregates easily break down upon slightest
action on the suspension and appear again also easily.

The fractal ND aggregates act as a kind of damper, which
makes rigid point-to-point interactions between the working
surfaces less probable. This prevents the material being proc-
essed from deformations and stress in the near-surface layer.

When the polishing pads and treatment regimes on most
buffing machines were chosen appropriately, all materials
showed smoothing of relief and formation of flat mirror
surfaces without macroscopic defects.

Preparation of polycrystalline micropowders with different
nanostructures of porous particles seems to be promising for
polishing. Powders are prepared by milling large aggregates
formed upon compaction of ND powder.

Polishing using ND is employed to improve the operating
characteristics of almost all materials, namely, composites,
semiconductors, dielectrics and conductors having a crystal,
polycrystal, glassy or some other structure.®?

The key parameters of polishing are the rate of removal of
material, surface roughness, plateness and plane-parallel
arrangement of surfaces of working pieces. They are deter-
mined by the properties of ND and to a great extent by the
design of buffing mashines, types of polishing pads, their pre-
treatment and other factors. Therefore, a particular ND
powder (or polishing composite) should be ‘tuned’ to a
technology of treatment of a material in hand or working
pieces made of it.
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Table 12. ND-containing polishing compositions.?*

State Medium ND content
(mass %)
Suspension water, ethylene glycol, aqueous 3-5
KOH or FeSOy solution,
petroleum oil
Polishing lipids, polymers 3-5
compound
Solids of cured silicone, nitrile, 2-3
specified shape  etc. rubbers
cured formaldehyde and 2-5
epoxy resins
metal (aluminum, nickel) <50

Nanodiamond-containing polishing compositions can pro-
vide a high plateness (to 1 um) and reproducible surface
roughness from a few fractions of a nanometre to a few
nanometres for more than thirty crystalline substances. The
number of such materials increases and the polishing quality is
improved, which indicates a versatile character of this techno-
logy.

Table 12 lists the components of some polishing composi-
tions.?* The results of treatment of materials characterised by
different hardness and plasticity are listed below.**

Material Surface roughness /nm
Hard alloy 1-5

Steel 5-6

Sapphire 5-6

Quartz 0.5-1.5

Molten silica 0.5-1.0

Silicon 0.5-1.5

NacCl crystal 2-3

KBr crystal 2-3

A decrease in the diamond particle size from 1 pm to
3—5 nm is accompanied by a decrease in the relief roughness
and by the change in the mechanism of mass transfer on the
surfaces of alloys and composite materials from anisotropic
(plastic deformation) to isotropic (nanoscratching) removal of
material.

3. Oils and lubricants

Nanodiamonds, as modifiers of the friction surfaces, offer the
following advantages over other types of surface modi-
fiers:36.50,95-97

— efficiency at very low concentrations in the base oil;

— compatibility with various types of synthetic and min-
eral oils; and

— environmental safety of the carbon additive to oils
compared to metal particles or fluorocarbons.

The addition of diamond blend containing a large number
of ultrasmall graphite-like particles and ND causes the proper-
ties of lubricants and the character of the interaction between
the friction surfaces to change. Namely, the viscosity of the
liquid, the strength of the lubricating film and, as a conse-
quence, the loading capacity of tribomating increase. Selected
characteristics of diamond-containing lubricant compositions
and their efficiency are listed below.

Parameter Numerical
value

ND content (mass %) 0.01-0.3

Particle concentration /cm 3 ~ 104

Reduction of temperature in the contact zone (%) 16—20

Reduction of the friction coefficient (%) 20-30

Increase in limiting load of a friction from 16 to

pair (steel - bronze) /MPa 72 (approx-

imately
fourfold)

Reduction of wear of mating components by a factorofn  n=1.5-3.0

Combustion engines

Engine run-in time reduction by a factor of m m=10-12

Fuel economy (%) 3-6

Power increase (%) 4-8

Cylinder compression increase (%) 10—-17

Cooling-lubricating liquids (CLL)

Cutting torque reduction (%) 20-30

Increase in operating life of tools by a factor of p p=15-40

The most interesting parameters are the very low content of
ND, considerable increase in the limiting load, reduction of
wear of mating components, engine run-in time reduction and
an increase in the operating life of tools. ND-containing
lubricant compositions can be based on mineral or synthetic
oils and CLL.

The DB in a lubricant composition produces a complex
effect consisting in:

— filling of dips on the friction surfaces with carbon
clusters and subsequent reduction of boundary friction and
wear;

— an increase in viscosity of the lubricant composition in
thin films due to dispersion structuring of carbon clusters;

— a decrease in viscosity of the lubricant composition at
low temperatures due to reduction of glass transition threshold
of the dispersion-filled medium;

— after-effect (duration over 60 h) upon replacement of
the lubricant composition by the base oil; the effect is due to
strong mechanical, adsorption and diffusion immobilisation of
carbon clusters on the friction surfaces;

— operation of ND clusters as microscopic antifriction
bearings under high load at maximum displacement of the
liquid phase between friction surfaces, which permits an
increase in the limiting load of the friction pair.

The content of DB in the lubricant composition depends on
the character and operation mode of a particular device.

Diamond blend has a strong effect on most structural-
mechanical and operating characteristics of almost all types of
lubricants. The use of preservation greases reduces the chem-
ical and electrochemical metal corrosion because many addi-
tives (usually, corrosive substances) are no longer used. The use
of sealing greases and thread lubricants improves the tightness
of joints, reduces corrosion of the contact surfaces and
stabilises and reduces the shear stress and torque.

Cooling-lubricating liquids are most efficient in screw
cutting and holemaking in hard-to-machine materials.”8~100
Introduction of DB (1 mass % —5 mass %) into lubricants
used in plastic metal working significantly reduces the friction
coefficient and improves the quality of the surface of goods.!'?!

Diamond blend-containing oil compositions are used in
Russia, Germany, Italy, Turkey and China.
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4. Polymer —diamond composites

Numerous studies showed efficiency of the introduction of ND
and DB into polymeric composites and films based on poly-
(flouroelastomers), perfluorocarbons, polysiloxanes, poly(iso-
prenes), butadiene—styrene rubbers, polyurethanes, poly-
imides, ezc,36.50.91.102-107

The introduction of ND improves the overall elasticity and
strength characteristics and in some cases provides polymers
with unique tribotechnical properties.

The introduction of DB significantly reduces the perme-
ability of fluoroelastomer films.!03-105 Based on some opti-
misation parameters, poly(vinylidene fluoride-co-perflu-
oropropyl ether) (CVPE) filled with DB to different extent
(from 2 to 50 parts by mass) was chosen as the elastomeric
component. A comparative analysis of mass thermograms of
the elastomer and nanocomposites based on it showed an
increase in the thermal degradation onset temperature, on
average, by 40 °.

At a DB content of 5 mass %, the tear resistance of the
fluoroelastomer is doubled (Fig. 18). The physicomechanical
characteristics of the fluoroelastomers based on this DB
measured in the course of thermal ageing at 522 K are identical
to or better than those of non-aged conventional vulcanisates.

P /MPa
28
o [
o 2
24
20
16 ¢
1 Il Il Il Il
0 2 4 6 8 10

DB content (mass %)

Figure 18. Tensile strength of perfluorinated polymer (film) CVPE plot-
ted vs. additive concentration. Additives: diamond blend (/) and carbon
black (2).105

A fluoropolymer filled with DB (2 parts by mass) demon-
strated a decrease in the coefficient of sliding friction at the
metal —rubber interface to 7.0 x 10~3. Rubber mixtures based
on DB-modified fluoroelastomers showed an increase in the
abrasive wear resistance by a factor of 1.5-2.0.

Thus, DB is the most reactive filler of fluoroelastomers and
provides a highly cross-linked vulcanisation network, mini-
mum thermal ageing, low friction coefficient of film coatings
and extends their operating life by 25% —40% in the friction
units.

a. Polyisoprene and butadiene —styrene copolymer
The modifying action of DB was demonstrated in relation to
conventional filled polymer blends based on polyisoprene
and butadiene—styrene rubbers, which are widely used in
Russia. 108

Diamond blend-modified rubbers are characterised by
higher degree of vulcanisation, a 35% higher conditional
tensile strength at 300% elongation and a 30% lower degree
of swelling in toluene. Such rubbers have better strength
characteristics (about 30% higher than those of conventional

rubbers) under normal test conditions and better wear endur-
ance. The addition of DB to rubber in a (2—4) : 100 ratio (by
mass) is optimum from the standpoint of the overall effect on
the physicomechanical characteristics of rubbers.

As the DB content increasees, the cohesion strength of
rubbers increases by a factor of 1.3—2.0. The maximum
cohesion strength is attained at the DB content of 7.5 parts
(by mass). The introduction of DB into polyisoprenes causes
the tear strength to increase by a factor of about 1.5.

To determine the effect of the rubber matrix on the
modifying activity of DB, the latter was introduced in excess
(2, 3 and 4 parts by mass) into a conventional rubber blend
based on butadiene—styrene copolymer containing 30% of
styrene units. The rubber blends containing 3 and 4 parts (by
mass) of DB showed an increase in the cohesion strength by a
factor of 1.5to 2.0 compared to the reference samples. The tear
resistance of DB-containing vulcanisates is doubled compared
to that of the reference samples (Fig. 19). Thus the modifying
action of DB introduced into rubber matrices of different
nature manifests itself in different manner.
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Figure 19. Tear resistance of butadiene —styrene rubber CKCM-30 APK
(Russia) at different diamond blend content.!08

b. Polysiloxanes

Polysiloxanes were studied using a polyblock copolymer of
ladder phenylsesquisiloxane and poly(dimethylsiloxane) (LPS-
PDMS) as the polymer matrix.!06
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This copolymer is cold-resistant to 200 K and thermally
stable to 673 K. It can be used as the basic component of film-
forming materials having a broad spectrum of applications
from protective coatings to selectively permeable membranes.

Nanodiamond powders were pre-calcined and the ND
particle surfaces were modified using the silylation reaction
(Fig. 20).

When the modified fillers were used in their individual
state, the strength parameters of the modified films increase by
20% —30% in the practically valuable interval of deformations
and their elastic properties remain reasonably good. The effect
is attained at filling degrees of less than 5 mass %.
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silylation

Figure 20. Modification of ND surface with silylating agents.!%°

The following silylating composites were used: MesSiCl:
(MesSi);NH = 1:1, (CH,=CH),SiCl,:Me3SiNH, = 1:1; R is the
functional group containing ‘reactive’ proton (OH, NH,, COOH, etc.).

c. Polyurethanes
The introduction of DB (0.2 mass %) into polyurethanes
causes the conditional strength to increase by a factor of 3
upon an increase in the polymer elasticity by a factor of 1.5.
The introduction of DB (0.3 mass %) into polyurethane
foams leads to an increase in the compression strength by a
factor of 1.5 and improvement of process performance in the
preparation of this polymer.

d. Cold-resistant butadiene — nitrile rubber

Introduction of DB (to 1 mass %) into cold-resistant butadie-
ne—nitrile rubber causes a significant (up to 70%) increase in
the relative ultimate elongation of the rubber. Additionally, the
wear resistance increases and the friction coefficient is halved
compared to that of gum rubber.!0% 110 At 223 K, the cold
resistance increases by 50%.

The resistance of rubbers in hydrocarbon media increases
by 20% upon introduction of DB. The addition of DB
(0.1%—0.5%) improves the key operating characteristics,
namely, the friction coefficient decreases and the wear resist-
ance, elasticity and cold resistance of the materials increase.
Additionally, the rubbers studied had lower hysteresis losses
under dynamic loading; this is responsible for longer operating
life.

e. Explosive decompression-resistant rubbers
The introduction of DB (0.1 mass % to ~2 mass %) into
commercially available, explosive decompression-resistant
rubbers based on various polymers having an elastic modulus
of up to 8 MPa causes the tear resistance and wear resistance to
increase by 60% and 40%, respectively.!1!

f. Plasma-flame-spraying polymeric coating
A process was developed for plasma flame spraying of single-
and multilayer polymeric coatings containing disperse ND.112

Bilayer metal — polymer coatings containing 0.5 mass % of
ND prepared by plasma flame spraying technique provide
reliable protection of immersion pump bearings and rotors and
other parts from combined action of corrosion and wear,
which allows them to retain high operating characteristics
over a long period of time.

5. Diamond sintered samples and compacts

Experience in sintering of diamond micropowders has shown
that a decrease in the grain size causes deterioration of the
physicomechanical properties of sintered polycrystals. The
reason lies in high back pressure of desorbed gases at
T >1773 K and at pressures >5 GPa.l13-115

Desorption of gases physisorbed on the surface of ND
particles was achieved by heat treatment of compacts in vacuo
for 2 h at 773 K and a residual gas pressure of 10—3 Pa.!16

As the sintering temperature increases, the degree of
graphitisation increases. Removal of carbonyl and hydroxyl
groups from the surface of diamond particles as a result of its
chemical modification decreases the degree of graphitisation of
ND on sintering. Here, raising the temperature is accompanied
by densification of the sintered polycrystals; as a consequence,
their strength and hardness increase (maximum hardness is
28 GPa).!16

By cold pressing of ND one can prepare compacts with a
density of 1830 (at 4.5 GPa) and 1950 kg m—3 (at 8 GPa). At
the pressing temperature of 1773 K, the density slowly
increases and at 2273 and 2573 K it decreases.!!” The samples
prepared at 1273 K and higher temperatures showed graphiti-
sation of ND, which develops at the grain boundaries. The
optimum sintering duration is 36 s. The sintering of ND is
governed by two parameters, the initial density of ND and the
quality of purification of the particle surfaces.

The data on the ND sintering conditions and the character-
istics of their structural state are listed in Table 13.115 Two
processes occur during the sintering of ND, that is, trans-
formation of the structural state of ND and the diamond —
graphite phase transition.

A possible method of counteracting the effect of desorbed
gases on the sintering of ND involves the introduction of
getters (elements or compounds that form chemical bonds with
gas molecules) into the reaction volume.''® For instance, by
modifying the surface of ND particles with cobalt and nickel, a
fraction of volatile oxides was replaced by non-volatile ones; as
a consequence, gas evolution in the course of hot compaction
reduced and the density and hardness of the compacts
increased.!!®

The approach involving the introduction of compounds
favouring glass formation into the ND powder proved to be
fruitful.’?? In particular, the addition of B,O3, SiO,, CaO or B
(1 mass % to 3 mass %) made it possible to reduce the sinter-
ing pressure from 7 to 5 GPa and to increase the temperature
and duration of sintering; graphitisation and recrystallisation
of diamond slowed down.

The density and hardness of sintered ND samples can also
be increased by sintering mixtures of ND with static-synthesis
diamond micropowders produced on a large scale. The draw-
ing dies for metal cord fabrication showed a halved wear
compared to the dies sintered from static-synthesis diamond
micropowders only.

By introducing DB into copper— graphite collectors one
can eliminate the wear problems of both the collector and the
copper wire (minimum wear).

Rolled tungsten + aluminium + ND composite (thickness
4 mm) is used for production of body armour.?
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Table 13. Characteristics of starting ND and ND-based compacts prepared under different conditions of heat treatment under pressure.!!3

Treatment conditions Phase composition

Composition of the diamond component

P/GPa T/°C 1/s polycrystaline particles aggregates single-crystal grains
size content (%) size /A content (%) size /A content (%)
1 — — starting diamond 1 90
I 10
4.5 1000 36 diamond + graphite 1+ 11 100 — -
4.5 1500 36 the same I1+10 30 100-150 20
8 750 36 diamond 1+ 11 100 — —
8 1000 36 diamond + graphite 1+ 11 100 — —
8 1500 36 the same I1+1I 80 100-150 20 —
8 2000 12 " 1+1I 20 100-200 70 100-300 10
8 2000 36 " — 100-500 70 100-500 30
8 2300 12 " — 100-500 20 500—1500 80

Note. Notations used in this Table are as follows: ‘I’ for particle size from 3 to 50 A and “II’ for particle size from 100 to 150 A.

6. Biological activity of nanodiamonds

Modern antioxidants used for chemotherapy of cancer patients
are very toxic compounds. This makes the search for novel
antioxidants of low toxicity topical.

Diamonds are non-toxic and non-tumourigenic species,
possess no mutagenic properties and are insoluble in biological
liquids. The biological activity of ND has not been studied as
yet.

An ND crystal has a chemically inert classical diamond
core (almost round or oval in shape) and a quite reactive
surface ‘fringe’ comprised of functional groups that are safe for
living organism and impart the surface with hydrophilic
properties.!2!- 122 Additionally, each ND crystal has a large
number of unpaired electrons, being in essence a multiradi-
cal.!??

Nanodiamonds belong to fundamentally novel antitumour
agents.!?* 125 They can be treated as polyfunctional supra-
molecular structures bearing polar groups [OH, NHa,,
C(O)NH_;] that govern the antioxidant activity and the ability
to participate in free-radical processes in living cells.

A large number of functional groups on the surface of ND
particles can provide both additional generation and quench-
ing of excess radicals in metabolic processes. It is the ability to
control free-radical processes under the action of ND that can
appear to be a basis for their antitumour action.

In all studies, ND showed a marked beneficial effect, which
manifests itself in the extension of life of cancer patients
compared to predictions. Figure 21 shows the initial and final
stages of the attack of ND on malignant cells in human body.

Generally, the results obtained using aqueous ND suspen-
sions are as follows: significant or even complete relief of severe
pain; normalisation of intestinal peristalsis, including recovery
of gut permeability; improvement of blood characteristics;
significant activation of the immune system and the mental
status of patients (incredible eagerness for life was observed).

It is possible to design ND-based pharmaceuticals for
activation of the enzymatic subsystem of the antioxidative
cell protection system.!26-127

Thus, the results of a few available studies of biological
activity of ND are as follows.

1. At present, ND have no analogues, with allowance for
their physical state (insoluble solid powder), from the stand-
point of complex action on human organism.

2. The use of ND along with chemotherapy and radio-
therapy can appear to be promising in treatment of malignant
neoplasms.

3. ND are highly efficient for normalisation of gastro-
intestinal function.

Figure 21. Initial (a) and final (b) stage of ND attack on malignant cells in
human organism.'2¢

Nanodiamonds are also of great interest for biochemistry
as a novel kind of sorbents suitable for separation and
purification of proteins.!?®~ 13! Nanodiamonds can selectively
adsorb recombinant apoobelin from the protein extract of the
cells of Escherichia Coli. 1t was found that ND particles also
can adsorb phytoprotein on their surface.'?* An ND —obelin
composition was grafted onto the surface of aluminium sub-
strate and a prototype of planar luminescent sensors (biochips)
was created.!?8

Recently, a highly sensitive test method for determination
of the presence and type of antibodies and antigen markers of
different nosology using ND has been developed. The techni-
que does not require any equipment and solutions other than
analysed one.
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7. Other fields of application of nanodiamonds

A novel initiation composition VS-2 based on 5-hydrazino-
tetrazolylmercury(1l) and poly(methylvinyltetrazole) contain-
ing ND (Table 14) was developed.!3?-133 The substance is
sensitive to low-temperature laser radiation.

Table 14. Parameters of VS-2 explosive initiation with a laser pulse.

VS-2 charge + additive Initiation energy

/uwd

additive additive content (%)

No additive
Soot

310
2450
2550
3050
3250

260

200

180

340

630

830

730

640

590

640

850

w

w

Nanodiamonds

Fullerenes

W

Nanotubes

Laser initiation is a relatively new safe procedure for
blasting explosives. It provides a high degree of isolation of
the light-initiated detonator from a false pulse because of the
lack of powerful random light sources suitable for blasting the
detonator in the optical region. The additives to the VS-2
composition, namely, finely disperse soot, fullerenes or nano-
tubes (1% —3%) increase the threshold of initiation by a single
pulse of a neodymium laser. On the contrary, the introduction
of detonation-synthesis ND (0.5% —3%) reduces this thresh-
old.

The composition provides simultaneous enhancement of
sensitivity to the laser pulse by a factor of 1.5—1.7 and high
adhesion to the contact surface due to improvement of the
adhesive properties of poly(methylvinyltetrazole) caused by
the presence of ND. The minimum initiation energy drops
from 310 to 180 pJ for the ND-containing material.

To protect architectural monuments made of white Car-
rara marble, ND-containing organic—silicate coatings were
developed and evaluated.!3* 135> Nanodiamonds present in
such coatings inhibit the growth of the most abundant, in
urban environment, fungi and bacteria that destroy the struc-
ture of stone materials. The coatings are prepared from
tetraethoxysilane-based sols containing ND. They can be
used to modify the surface of particles of the powder compo-
nents of cements and concretes. This permits a significant
extension of the operating life of buildings, motorways, hydro-
electric power plants and other facilities made of concrete.
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