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Abstract: This paper deals with the study of the influence of nanosized diamonds produced by the cavitational synthe-
sis method on the tribological properties of a commercial water-oil-based cooling lubricant. The study is aimed at as-
sessing the prospects for application of this type of nanodiamonds as an antifriction and antiwear additive. Tribological
tests were carried out using the “indenter on a disk” friction scheme at a constant load and sliding speed. High-speed P18
steel for the indenter and 30HGSA steel for the rotating counterbody (disk) were used as friction couple materials.
The studies were carried out for the base lubricant and two variants of its composition modifications using colloidal dis-
persion (distilled water with dispersed nanodiamonds) with a final additive concentration of 0.5 and 2.5 %. It was experi-
mentally found that both variants of modification of the base water-oil emulsion resulted in increase of the bearing capaci-
ty of lubricating layers, decreasing the total linear wear of friction couple elements by 1.8-2.4 times. The presence of
nanodiamonds in the composition enhanced as well the shielding effect of the cutting coolant. A decrease in visible da-
mage to friction surfaces was recorded using optical microscopy. Analysis of profile diagrams of worn areas in the trans-
verse direction showed a decrease in the size of a groove on the counterbody against the background of a decrease in
roughness from Ra=0.49 pm in the basic variant to Ra=0.29—0.34 um. Evaluation of the loss in counterbody weight for
nanodiamond concentrations of 0.5 and 2.5 % showed a decrease in their value by 1.3 and 1.9 times, respectively; for
the indenter, the decrease in this parameter was 1.2 and 1.5 times. Thus, the use of cavitational synthesis nanodiamonds as
an additive may become a promising direction for increasing the antiwear properties of water-oil-based cooling lubricants.

Keywords: cavitational synthesis nanodiamonds; water-oil emulsion; cooling lubricant; boundary friction; wear
resistance; friction ratio.
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INTRODUCTION Among carbon nanoadditives, the use of nanodiamonds

The use of various types of additives is an effective (ND) is especially promising, due to their high hardness,

way to control the tribological properties of liquid lub- th?rmal condu.ct.ivity, chemical stability anq compat.ibility
ricants. In the last decade, nanoparticles of various with other additives [8]. To date, many detailed studies on

metals, metal and non-metal oxides, sulfides and car- the tribological characteristics of various types of lubricants
bonates have been widely used for this purpose [1; 2]. containing ND have been conducted. Thus, the authors of
Modification of the base lubricant by introducing such the work [9] mnote a significant improvement in
additives, as a rule, leads to a significant improvement the tribological characteristics of motor oils containing ND
in its antifriction and/or antiwear properties [3; 4]. Particles and in the quality of friction surfaces. When study-
Among nanosized additives, fully carbon particles ing the friction process in a polyalphaolefin oil environment
(graphenes, fullerenes, carbon nanotubes) are in high With the ND addition, a decrease in the friction coefficients
demand, allowing improving significantly the tribo- and an increase in the antiwear effect of the lubricating film
logical properties of base lubricants [5-7]. for the composition with the additive were found as well
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[10]. In [11], a 3-fold decrease in the friction force and
a 2-fold increase in the wear resistance of titanium hip im-
plants were recorded when adding less than 0.2 % of ND in
a weight concentration to the body fluid imitation.

An important advantage of ND is their solubility in
water, which opens up opportunities for modifying both
pure water and water-based lubricants. In this regard,
the study of the tribological properties of aqueous sus-
pensions with ND is an up-to-date area of scientific re-
search. For example, a study [12] showed that the intro-
duction of ND significantly improved the poor lubricat-
ing properties of water, reducing friction forces and wear
by 70 and 88 %, respectively. A similar antifriction ef-
fect and antiwear action of water modified with ND are
also noted in the works [13; 14].

A widespread category of lubricants is water-oil
emulsion cooling lubricants used in cutting metals and
their processing by plastic deformation methods. One of
the ways for improving the operational characteristics of
cooling lubricants is the introduction of various
nanosized additives into the composition, enhancing
their anti-scuffing effect, improving antifriction and
thermophysical properties [15—17].

Currently, there are many different methods for pro-
ducing ND. Examples of the most attractive of them in
terms of industrial reproduction are the method of pulsed
laser ablation of a specially prepared carbon target [18],
the method of detonation of explosives in closed cham-
bers [19], and some others. The method of hydrodynamic
cavitation is also promising and in demand for industrial
application. It consists of passing water with dispersed
high-purity graphite powder through special-geometry
microfluidic channels with feeding into the zone where,
due to the collapse/deflation of cavitation caverns, de-
structive cumulative jets are formed, a buffer layer with
subsequent additional effect on the collapsing caverns of
fields with supercritical parameters.

This method is of the greatest interest in terms of
the applicability of nanodiamonds produced with its use as
a modifying additive in aqueous systems, such as gypsum,
cooling lubricants, galvanics, and concrete. The advantages
of the method consist in producing ND with high homoge-
neity of the main characteristic indicators: size, shape,
charge, and functional cover. Cavitational synthesis
nanodiamonds (CND-NS — Cavitation NanoDiamonds pro-
duced by the NanoSystems Company) manufactured by this
method do not require additional chemical cleaning, cen-
trifugation and other preparatory operations. Immediately
after synthesis, the aqueous dispersion of ND is ready for
industrial use, since ND dispersed in distilled water are
completely hydrated. At present, studies have already been
conducted on the influence of CND-NS on the physical and
mechanical properties of building concrete. These studies
have recorded a significant increase in compressive and
bending strength when adding CND-NS particles to
the base mixture [20].

The purpose of this study is to evaluate the influence of
nanosized diamonds produced by cavitation synthesis on
the tribological properties of a commercial water-oil-based
cooling lubricant.

METHODS

Comparative tribological tests were carried out using
the “indenter on disk” friction scheme at a constant slid-
ing speed of /=0.4 m/s and a load of P=20 N on a T-11
tribometer (Poland). The material of the cylindrical in-
denter with a diameter of 4 mm and a length of 10 mm
was high-speed P18 steel (HRC 65). The rotating
counterbody (disk) with a diameter of 25.4 mm and
a thickness of 6 mm was made of 30HGSA steel
(HRC 35), the initial roughness of the friction surfaces
was Ra=0.16 pm. This friction couple imitates frictional
interaction during cutting (smoothing) of a difficult-to-
machine structural material. At the same time, according
to the previous experimental experience of the authors,
the friction process without lubricating these materials is
characterised by strong adhesive seizure. During testing,
the friction force F(N) and the indenter displacement
relative to the counterbody A (um) were recorded in real
time. The friction path length was L=400 m. A Mitutoyo
Surftest SJ-210 profilograph-profilometer (Japan) was
used to evaluate the relief of friction tracks and measure
roughness. The worn surfaces of the samples were exa-
mined using a LaboMet-14 metallographic inverted mi-
croscope (Russia). The shielding effect of the lubricating
fluid was assessed based on a comparison of the wear of
the softer counterbody material. An LV 210-A analytical
balance (Russia) was used to measure the mass loss Am
of the samples.

The friction process was carried out in three variants
of lubricating media. In the first basic case, a commer-
cial Modus-M cooling lubricant (Trading and Industrial
Company SINTEZ, Rostov-on-Don, Russia) was used.
This semisynthetic water-soluble cooling lubricant in the
working solution is a 5 % water-oil emulsion and con-
tains the least amount of oil and other environmentally
hazardous functional additives. In the two subsequent
versions, the emulsion was modified with a colloidal
dispersion consisting of ND dispersed in distilled water.
The dispersion was prepared using CND-NS synthesised
by Research and Production Company Nanosystems,
LLC (Rostov-on-Don, Russia), which are spheroidal
nanocrystals with a negative zeta potential of {(=—44 mV.
They were synthesised by the hydrodynamic cavitation
method from high-purity graphite powder dispersed in
distilled water with additional exposure of the system to
alternating fields with supercritical parameters. By the dy-
namic light scattering method, it was found that the col-
loidal solution of the produced ND has high
monodispersity with a maximum of 1 to 3 nm (Fig. 1).

To assess the influence of CND-NS ND on
the tribological properties of commercial cooling lubri-
cant, 0.5 and 2.5 % of CND-NS colloidal dispersion
were added to its composition. The concentration of
the aqueous colloidal dispersion of CND-NS was de-
termined photometrically using an Expert-003 photo-
meter by passing through a quartz cuvette with an opti-
cal path length of 1 mm and a transmission laser wave-
length of 375 nm. The optical density was adjusted by
diluting the concentrated CND-NS-2772 dispersion
with distilled water.
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Fig. 1. Particle size distribution of nanodiamonds [24]
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Lubricants were supplied directly to the friction track using
the drop-by-drop method with a flow rate of about 2 ml/min.
The number of experiment implementations for each lubrica-
tion option was 5 experiments, statistical processing of
the results was carried out using reliability theory methods in
the MathCAD program. To calculate the values of the confi-
dence limits for the estimated parameters, the Student’s me-
thod was used at a specified reliability level of 95 %.

RESULTS

Evaluation of the tribological properties of the lubri-
cant samples showed that both variants of CND-NS con-
centration in the base cooling lubricant lead to an in-
crease in the average values of friction forces. Fig. 2

shows examples of the evolution of the friction ratios f'
during the experiments. According to the results of statis-
tical processing, the average value of the friction ratio for
the base lubricant variant was f,,=0.08; with the addition of
0.5 and 2.5 % of CND-NS, the value of this parameter in-
creased to 0.11 and 0.13, respectively (Table 1).

Evaluation of the change in the tribocontact geometry
relative to the initial position using the A(L) curves showed
that the addition of additives contributed to a slowdown in
the convergence of the friction couple elements due to wear
processes (Fig. 3).

The lowest total linear wear of the tribo-couple elements
was recorded at a concentration of 2.5 % and averaged
03~3.4 um, while for the base cooling lubricant this value
reached 8;~7.8 um.
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Fig. 2. Change in friction ratios f(L) in various environments:
1 — base cooling lubricant; 2 — cooling lubricant + 0.5 % of CND-NS, 3 — cooling lubricant + 2.5 % of CND-NS
Puc. 2. Usmenenue koagppuyuenmos mpenus f(L) 6 paznuunvix cpedax:
1 —6azo6an COX; 2 — COXX + 0,5 % KHA-HC, 3 - CO>X + 2,5 % KHA-HC
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Table 1. Tribological characteristics of the friction process in various lubricating environments
Taonuya 1. Tpubonocuyeckue xapakmepucmuky RPOYecca mpeHus 8 Pa3IULHbIX CMA304HbIX CPeOax

Counterbody Indenter
Lubricant type F,,
8, pm Ry, pmM Amc'10_3, g Ra, pm Anlin'lo_“s g
Base cooling lubricant 0.08+0.02 7.88+0.99 7.49+1.67 3.21+0.64 0.49+0.16 9.2+0.75
Cooling lubricant + 0.5 % of ND 0.11£0.03 4.454+0.59 4.81+0.86 2.334+0.56 0.34+0.07 7.6+0.81
Cooling lubricant + 2.5 % of ND 0.13+0.02 3.41+0.46 3.22+0.73 1.67+0.40 0.29+0.05 5.840.98
The greatest damage was suffered by the surface of DISCUSSION

the samples during friction in unmodified cooling lubri-
cant (Fig. 4 a). The width of the friction tracks in
thiscase reached 1000 pm, the wear depth was
Bmar=7.5 pm, and the roughness of the friction tracks in
the transverse direction was Ra=0.49 um. Evaluation of
the mass losses of the samples also showed the highest
values of these parameters during friction in the base
cooling lubricant (Table 1).

The surfaces of the samples are damaged to a lesser extent
during frictional interaction in the cooling lubricant + 2.5 %
of CND-NS environment. The width of the friction track
in this lubrication option does not exceed 600 pum;
the depth of the worn area is 4,,,~3.2 um. The roughness
of the friction tracks for this concentration was
Ra=0.29 pum. A high shielding effect is found as well
when adding a much smaller amount of additive — at
a concentration of 0.5 % of CND-NS (Fig. 4 b). In this
case, an improvement in all the studied tribological indi-
cators is also observed (Table 1, Fig. 4 ¢).

The introduction of CND-NS nanoclusters into a water-
oil emulsion in various concentrations significantly reduces
the wear rate relative to the basic tribosystem configuration,
but leads to an increase in friction forces. At the same time,
the values of the friction ratios in all cases show that
the boundary lubrication condition is maintained in
the tribosystem.

The method and mode of producing ND, which de-
termine their shape, average size and other statistical
indicators of geometric characteristics, significantly af-
fect the tribological behaviour of the lubricant when the-
se particles are introduced into it. The antifriction effect
of adding ND, according to the results of modern stu-
dies, is mainly associated with a partial replacement of
sliding friction with rolling friction due to the presence
of particles in the gap that are large enough in compari-
son with the sizes of surface microasperities, close to
a spherical shape [21]. Smaller ND particles, being in
the lubricant and penetrating into surface microasperities,
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Fig. 3. Total linear wear of tribocouple elements:
1 — base cooling lubricant; 2 — cooling lubricant + 0.5 % of CND-NS; 3 — cooling lubricant +2.5 % of CND-NS
Puc. 3. Cymmapnwiii tuHeinbiil U3HOC 21eMeHMO8 MpUbOnapul:
1 —6azo6as COX; 2 — COX + 0,5 % KHA-HC; 3 — COX + 2,5 % KHA-HC
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Fig. 4. Worn surfaces of disks during friction in various environments:
a — base cooling lubricant; b — cooling lubricant + 0.5 % of CND-NS, ¢ — cooling lubricant +2.5 % of CND-NS
Puc. 4. Hsnowennvle nogepXnocmu OUCKO8 NPU MPeHuu 8 pasiuiHblx cpeoax:
a— o6azoeas COXX; b— COXX + 0,5 % KHA-HC; ¢ — COXX + 2,5 % KHA-HC

microasperities, can have a polishing effect. In this case,
on the areas of surfaces separated by the lubricant,
the presence of ND leads to the formation of a homoge-
neous and thick tribofilm, which reduces the wear of
the contacting bodies [10; 21]. These mechanisms of
action on the tribological properties of the lubricant have
been proven for particles obtained by the detonation
method; they are most often studied as additives [21].
In comparison with CND-NS, these ND usually have
a larger size range. Thus, when adding detonation ND,
the lubricant contains particles close to a spherical (oval)
shape within the range of 5-10 nm. For ND with a dia-
meter in this range, the ball-bearing effect has been
proven, including by molecular modelling [12].

When introducing CND-NS, which are significantly
smaller in diameter, characterised by higher mono-
dispersity, the ball-bearing effect from the use of ND de-
creases, giving way to other mechanisms of action. Small-
diameter diamond particles (1-3 nm) will fill surface
microasperities more easily and remain fixed in them. This

type of introduction, on the one hand, protects the faces of
the tribo-couple elements from destruction due to the pres-
ence of a periodically regenerated protective layer of ND on
them; on the other hand, the frictional interaction of surfac-
es with hard inclusions, accompanied by a polishing effect,
is the cause of the increase in the friction force. Concurrent-
ly, the ND particles modify the lubricating film, promoting
its compaction, increasing abrasion resistance and shear
resistance, which leads to an increase in the friction ratio
even with the addition of 0.5 % of CND-NS.

Further saturation of the cooling lubricant with
nanodiamond particles enhances to an even greater degree
the effect of the antiwear and polishing action of CND-NS.
The increase in the average friction ratio relative to a con-
centration of 0.5 % in this case, taking into account the va-
lues of the confidence limits, can be considered insignifi-
cant (Table 1). Thus, the properties, shape and size of cavi-
tation nanodiamond particles, as well as their high mono-
dispersity, allow achieving significant antiwear and polish-
ing (smoothing) effects when modifying water-oil-based
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cooling lubricants with them against the background of
a slight decrease in anti-friction properties, which generally
makes the application of CND-NS as an antiwear additive
promising.

CONCLUSIONS

1. Addition of diamond nanoclusters to the studied wa-
ter-based cooling lubricant resulted in a significant change
in the tribological characteristics of the friction system.
Modification of the lubricating layers contributed to an in-
crease in their load-bearing capacity, which ensured a de-
crease in the total linear wear of the friction-couple ele-
ments by 1.8 and 2.4 times at colloidal dispersion concen-
trations of 0.5 and 2.5 %, respectively.

2. Intermediate layers containing CND-NS increased
the shielding effect of the lubricant in comparison with the
base version, reducing the average roughness of the friction
tracks by 1.4 and 1.6 times, which indicates an improve-
ment in the surface quality after using the modified cooling
lubricants.

3. Addition of nanosized diamonds enhanced the anti-
wear properties of the lubricant. The reduction in mass
losses of the rotating counterbody for colloidal dispersion
concentrations of 0.5 and 2.5 % was 1.3 and 1.9 times, re-
spectively, for the indenter — 1.2 and 1.5 times. The ob-
served reduction in wear of the friction-couple elements
was accompanied by an increase in the shear resistance of
the lubricating layer, contributing to an increase in the fric-
tion force in the system by 1.4 times even with the addition
of 0.5 % of nanodiamonds. A further increase in the amount
of additive to 2.5% led to an insignificant increase in
the friction ratio relative to the minimum concentration of
nanodiamonds.

The use of cavitational synthesis nanodiamonds as an
additive in water-oil-based cooling lubricants can become
a promising direction for further improvement of
tribological properties and enhancement of their perfor-
mance characteristics. The development of new composi-
tions of cooling lubricants based on the studied commercial
brand with the addition of nanocrystalline diamonds in va-
rious concentrations and subsequent studies of the perfor-
mance characteristics of these experimental compositions in
various metal cutting operations, plastic deformation pro-
cessing, and knurling are considered as up-to-date sectors
of further research in this area. The expected effects from
the lubricant modification in this case will be an increase in
the service life of the tools used and an improvement in
the quality of the microrelief of the treated surfaces.
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cMasbIBamme-oxnamammeﬁ AKUIKOCTH HaA BOI[OMaCJIHHOﬁ OCHOBC
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Annomayua: CTaTbs MOCBAIIECHA U3YUYCHHIO BIMSAHUS HAHOPA3MEPHBIX aJIMa30B, MOIY4YEHHBIX METOJIOM KaBUTAI[HOHHO-
TO CHHTE3a, Ha TPUOOJIOTNYECKHE XapaKTEPUCTUKH KOMMEPYECKOI CMa3bIBarOLIe-0XIKAAI0MIEeH KIIKOCTH Ha BOAOMACIIS-
HOH ocHoOBe. MccienoBaHye HallpaBIeHO Ha OIIEHKY MEPCIEeKTHB NPUMEHEHHUs HAHOAJIMa30B TaHHOTO THIA B KaU€CTBE aHTH-
(DpUKIMOHHOW M IPOTHBON3HOCHOH MpHUcaaKu. TprOoiorniyeckrue CIbITaH|sE TPOBOAMINCH TI0 CXeMe TPEHHS «HMHASHTOP HO
JICKY» IIpU TIOCTOSIHHON Harpy3Ke M CKOPOCTH CKOJIBKEHMA. B kauecTBe MaTepuasioB Mapbl TPEHHUsI UCIOIB30BAHBI OBICTPO-
pexymas cranb P18 g unnenropa u crans 30XI'CA juis Bpamaronierocsi KOHTprena (ucka). MccneaoBaHus MpoBeIeHb
Jutsi 6a30BOT0 CMA30YHOTO MaTepHaia U JBYX BapHaHTOB MOAM(HKAIMI ero cocTaBa KOJUIOMIHOW JucHepcuer (AUCTHILIN-
pOBaHHasl BOJA C JUCIEPTUPOBAHHBIMU HAaHOAIMAa3aMH) C OKOHYATeNIbHON KOHIeHTpanmen npucanku 0,5 u 2,5 %. Dxcrepu-
MEHTAIFHO yCTaHOBJICHO, YTO 00a BapHaHTa Moau(uKanny 0a30BOH BOAOMACIISIHON 3MYJIbCHH MIPUBEIH K YBEIMICHHIO He-
CymIe#l CIOCOOHOCTH CMa30YHBIX CIIOEB, CHU3MB CYMMApHBIA JIMHEHHBIN W3HOC AJIEMEHTOB Maphbl TpeHus B 1,8-2.4 pasa.
[IpucyTcTBue HaHOAIMa30B B COCTaBE TAKXKE YCHIMIO SKPAaHUPYIOMIMI 3(PEeKT cMa30qHO-OXNKAAomen Kuakoctd. Ilo-
CPEIICTBOM ONTHYECKOH MHKPOCKONHH ObUIO 3a()MKCHPOBAHO CHIKEHHWE BHANMBIX IMOBPEXKIAECHHWN NMOBEPXHOCTEH TPEHUS.
Awnanu3 npouiIorpaMM M3HOUIEHHBIX YYaCTKOB B ITONEPEYHOM HAIIPABJICHUH T0Ka3al YMEHbIIEHHE pa3MepoB OOpo3/bl Ha
KOHTpTeNe Ha (poHe cHKeHus mepoxoBaTtocTu ¢ Ra=0,49 mxm B 6a3oBoM BapuaHte 10 Ra=0,29-0,34 mxM. OrieHka norepu
Macchl KOHTPTEJ JJIs KOHIeHTpalmii HaHoaiMasos 0,5 u 2,5 % noka3ana cHibkeHue ux BenuduHsl B 1,3 u 1,9 pasa coorer-
CTBEHHO, JJIsl MHJICHTOPa YMEHBIIIEHHE 3TOro nmapaMeTpa coctaBwio 1,2 u 1,5 pasa. Takum o6pa3om, HCIOIB30BaHUE HAHO-
aJIMa30B KaBUTALIMOHHOTO CHHTE3a B KaueCTBE MPHUCAIKH MOXKET CTaTh NMEPCHEKTUBHBIM HAIlPaBIEHHEM MOBBIIICHUS POTHU-
BOM3HOCHBIX CBOWCTB CMa3bIBAIOIIE-OXJIaX TAFOIINX JKUIKOCTEH Ha BOJOMACIISTHONH OCHOBE.

Kniwouegvie cnosa: HaHOAIMa3bl KaBUTAlMOHHOTO CHHTE3a; BOJOMACISIHAS 3MYJBCHS; CMa3bIBaIOIIE-OXJIaXKAAtomas
KHUJKOCTh; TPAHUYHOE TPEHHUE; U3HOCOCTOMKOCTh; KOO (UITEHT TpeHHSI.

Jna yumuposanus: ®omunos E.B., Kosryn M.B., Kypnosuu C.A., I'magkux [A.U., Jlapenosa T.B. BiusHue Hano-
JIMa30B KaBUTAlMOHHOTO CHHTE3a Ha TPUOOJOIMYEeCKHE CBOMCTBA CMAa3bIBAIOIIE-0XJIaX/[AIOMEN )KUIKOCTH Ha BOJIOMAcC-
nsHO# ocHOBe // Frontier Materials & Technologies. 2025. Ne 2. C. 87-94. DOI: 10.18323/2782-4039-2025-2-72-7.
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