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1. Introduction

Influence of nanoparticles on the thermophysical prop-
erties of substances attracts close attention of researchers in 
view of the possibilities of artificial regulation of properties 
of technically important liquids. Introduction of nanotech-
nologies in power engineering enables higher heat transfer 
coefficients in heat exchangers and efficiency of power 
equipment [1, 2]. However, application of nanotechnologies 
in power equipment is hampered by the lack of reliable in-
formation on various thermophysical properties of working 
bodies and coolants as well methods for their calculation.

2. Literature review and problem statement

A detailed analysis of research is given in works [3, 4]. 
As follows from the published reviews [5–9], the authors pay 
special attention to the study of the effect the nanoparticles 
exert on viscosity and thermal conductivity of base liquids. 
However, the matter of influence of nanoparticles on the 

density or molar volume of base fluids remains insufficiently 
studied.

The equations proposed in literature for calculating den-
sity of nanofluids are based usually on the principles of ad-
ditivity. For example, the following simple but insufficiently 
confirmed by experimental data formula for calculating 
density of nanofluids was proposed in article [10]:

nf np np np mp(1 ) ,r = j ⋅r + − j ⋅r  (1)

where φnp is the volume fraction of nanoparticles in the base 
fluid, m3/m3; ρnp is the nanoparticle material density, kg/m3; 
ρmp is the base fluid density, kg/m3.

There are only a few papers devoted to the experimental 
study of the effect of nanoparticles on the base fluid density. 
For example, an experimental study of the effect of carbon 
nanotubes on Toluol density was described in paper [5]. 
However, the authors did not show the mechanism of the 
carbon nanotube effect on density. In work [6], authors give 
approximate equations describing temperature dependences 
of density for a single thermodynamic system (polyester oil/
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R143a/CuO nanoparticles). The authors of article [7] con-
fined themselves to presenting experimental data on propa-
nol/Al2O3 density at room temperature and the nanoparticle 
concentration range from 0 to 5 wt. %. The presented data 
indicate that admixtures of nanoparticles at a concentra-
tion of 5 % contribute to an increase in propanol density by  
7.7 %. Authors of paper [8] checked applicability of the 
additive model for calculating density of such nanofluids 
as polyester oil/R143a/Al2O3 nanoparticles in a tempera-
ture range from 15 to 45 ˚C and concentration from 5.6 to  
40 wt. %. Since this model did not provide an adequate de-
scription of the data obtained, the authors used additional 
correction factors in equation (1). The authors of article [9] 
reported their study results for density of various nanofluids: 
admixtures of Al2O3, Sb2O5, SnO2, ZnO nanoparticles with 
their concentration from 1 to 10 vol. % in ethylene glycol/
water solutions (60:40) at temperatures from 0 to 50 ˚C. At 
the first stage of experimental data processing, the additive 
model of density calculation was used. The study have shown 
that discrepancy between calculated and experimental data 
were as high as 7.5 % for the ethylene glycol/water/ZnO 
nanoparticle system, Therefore, a simple approximation equa-
tion was used at the second stage of processing experimental 
data which is impossible for other thermodynamic systems.

Thus, the conducted studies show the authors’ disinterest-
edness in developing models for predicting nanofluid density. 
Moreover, the ultimate goal of the nanofluid density study has 
been reduced to a trivial problem of approximating the experi-
mental data for the well-defined thermodynamic system.

The performed studies indicate that equation (1) does not 
provide sufficient accuracy for predicting density of nano-
fluids important for practical applications. At the same time, 
lack of reliable methods for predicting properties of nanofluids 
significantly hinders the progress in introduction of nano-
technologies in development of energy-efficient coolants and 
working bodies for refrigeration and power engineering.

Thus, the volume of experimental data on density of var-
ious nanofluids presented in literature does not ensure devel-
opment of a procedure for calculating density of nanofluids. It 
should be stressed that only experimental data on the magni-
tude of the excess molar volume for various state parameters 
carry valuable information on the nanofluid structure.

3. The aim and tasks of the study

The study objective consisted in determining influence 
of Al2O3 nanoparticles on density of isopropyl alcohol in a 
wide range of state parameters.

To achieve the objective, the following tasks were set:
– perform an experimental study of density of a model 

isopropyl alcohol/Al2O3 nanoparticle nanofluid;
– determine the excess molar volume of nanofluid;
– based on the data obtained, compile a procedure for 

predicting molar volumes of nanofluids.

4. Materials and methods used in the studies of 
isopropanol/Al2O3 nanofluid

4. 1. Preparation of the object of study
Choice of the object of investigation was dictated by high 

stability of colloidal solutions of isopropyl alcohol/Al2O3 
nanoparticles.

Nanofluid samples were prepared by the dilution of 
concentrated nanofluid (20±1 vol. % Al2O3, 50 nm, 702129 
Aldrich, South Korea) with pure isopropyl alcohol (99.7 % 
purity, CAS 67-63-0, W292907 Aldrich, UK).

To study the effect of nanoparticles on density of the base 
liquid, studies were conducted to determine density of pure 
isopropyl alcohol and four nanofluids. The experiment was 
carried out at the following mass concentrations of nano- 
particles in nanofluid: 0.92±0.053 %, 1.81±0.01 %, 4.01%± 
±0.23 % and 6.65±0.38 %.

4. 2. Experimental procedure
Density was measured by a variable-volume pycnom-

eter. Pycnometer with a range of measured volumes from 
2.4 to 2.8 cm3 was used for this purpose. In calibration of 
the pycnometer, deaerated distilled water was used, the 
density data of which are given in work [11]. The obtained 
values of the pycnometer volume depending on the liquid 
level in it, Δh, were approximated by the linear dependence 
V(Δh)=2.15074+0.0028446·Δh (cm3). The standard uncer-
tainty of the pycnometer volume calculated from this depen-
dence was 0.0006 cm3.

Weight of the pycnometer loaded with nanofluid and 
empty pycnometer was determined using GR-300 analytical 
balance (Japan); the uncertainty of measuring weight did 
not exceed 0.0004 g. The study was carried out in a liquid 
thermostat and temperature fluctuations did not exceed  
0.03 K. Temperature was measured by Wika TR10-A plat-
inum resistance thermometer (Germany); the extended 
uncertainty of the measured temperature did not exceed  
0.1 K (at reliability of 95 %).

5. Results of the nanofluid density study

Measurements of nanofluid density were performed in 
the temperature range from 250 K to 315 K. The results 
of the density measurements are shown in Table 1 and  
in Fig. 1.

The extended uncertainty of the obtained nanofluid den-
sity values was ±0.0010 g/cm3 (±0.13 %) at a coverage factor 
k=2 and confidence level p=0.95.

The excess molar volume of the isopropyl alcohol/Al2O3 
nanoparticle solution under study was calculated from the 
obtained experimental data (Fig. 2):

( )exp add exp np np bf npV V V V V x V 1 x , D = − = − + −   (2)

where Vexp is the molar volume of isopropyl alcohol/Al2O3 
nanoparticle solutions determined during the experiment:

( )np np bf np

exp
exp

M x M 1 x
V ,

+ −
=

r
  (3)

where Vadd is the molar volume calculated from the addi-
tivity condition, cm3/mol; Vnp is the molar volume of the 
nanoparticle material taken equal to the molar volume of 
aluminum oxide in α-modification at 20 °C [12], cm3/mol; 
xnp is the mole fraction of nanoparticles, mol/mol; Vbf is the 
molar volume of the base liquid (isopropyl alcohol) at the 
measurement temperature, cm3/mol [13]; Mnp, Mbf are molar 
weights of solution components, g/mol; ρexp is the measured 
density of nanofluid, g/cm3.
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Table 1

Experimental data on the density of solutions of isopropyl 
alcohol/Al2O3 nanoparticles

No. T, K w, vol. % x, mol. % r, g/сm3 r calculated by 
formula (1)

1 263.1 0.0 0.0 0.8109 0.8109

2 283.1 0.0 0.0 0.7953 0.7949

3 295.3 0.0 0.0 0.7843 0.7847

4 303.6 0.0 0.0 0.7775 0.7776

5 323.4 0.0 0.0 0.7601 0.7599

6 343.3 0.0 0.0 0.7410 0.7410

7 263.1 0.92 0.54 0.8169 0.8122

8 283.3 0.92 0.54 0.8007 0.7960

9 303.5 0.92 0.54 0.7835 0.7789

10 323.2 0.92 0.54 0.7657 0.7612

11 343.2 0.92 0.54 0.7467 0.7423

12 262.9 1.81 1.08 0.8275 0.8135

13 283.2 1.81 1.08 0.8114 0.7973

14 303.2 1.81 1.08 0.7931 0.7803

15 323.1 1.81 1.08 0.7751 0.7625

16 342.9 1.81 1.08 0.7558 0.7437

17 263.1 4.01 2.40 0.8438 0.8165

18 283.0 4.01 2.40 0.8278 0.8005

19 303.2 4.01 2.40 0.8093 0.7833

20 323.1 4.01 2.40 0.7912 0.7654

21 343.2 4.01 2.40 0.7716 0.7463

22 263.1 6.65 4.03 0.8599 0.8204

23 283.3 6.65 4.03 0.8436 0.8041

24 303.3 6.65 4.03 0.8260 0.7871

25 323.1 6.65 4.03 0.8079 0.7692

26 343.2 6.65 4.03 0.7881 0.7500

Fig. 1. Temperature dependence of density of isopropyl 
alcohol/Al2O3 nanoparticle solutions

Analysis of the obtained results shows that the excess 
molar volume of the investigated nanofluids depends on tem-
perature (within the error of measuring the molar volume 
of isopropyl alcohol/Al2O3 nanoparticle solutions). There is 
also a nonlinear character of dependence of the excess molar 
volume on nanoparticle concentration. The obtained values 
of the excess molar volume were approximated by the follow-
ing dependence:

( )( )V 0,046292 1 exp 259,2052 x ,D = − − − ⋅  (4)

where x is the molar fraction of nanoparticles in isopropyl 
alcohol.

Fig. 2. Concentration dependence of the excess molar volume 
of isopropyl alcohol/Al2O3 nanoparticle solutions

Standard deviation, St (ΔV),

( )
( )( )

( )

n 2

i 3
i 1

V V
St V ,

n n 1
=

D − D
D =

−

∑
 (5)

of the values of the excess molar volume for isopropyl al-
cohol/Al2O3 nanoparticle solutions, ΔVi, obtained from 
equation (3) from the values calculated from approximation 
equation (4), ΔV(3), was 0.02 cm3/mol. This value was less 
than the uncertainty (0.1 cm3/mol) of the obtained exper-
imental data.

As it follows from information given in Fig. 3, deviations 
of the molar volume calculated using expression (1) from the 
experimental data approximated by equations (2) and (4) 
reach 4 cm3/mol. These deviations repeatedly exceed uncer-
tainty of the experimental data given in Table 1. On the con-
trary, calculation of the molar volume of the studied objects 
according to formulas (2) and (4) adequately reproduces the 
experimental information (Fig. 4).

Fig. 3. Deviation of the values of the molar volume of isopropyl 
alcohol/Al2O3 nanoparticle solutions calculated by  

equation (1) from the data calculated from formulas (2) and (4)
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Fig. 4. Deviation of the experimental values of the molar 
volume of nanofluids (3) from those calculated by formulas 

(2), (4)

Thus, the conducted study shows that the nanofluid 
density cannot be calculated according to the additivity 
rules using concentration of nanoparticles, both in volume 
and mole fractions.

6. Modeling molar volume of nanofluids

The obtained data on the excess molar volume enable 
consideration of the possibility of using a three-phase model 
of nanofluids to predict their density. Within the framework 
of the proposed model, a nanofluid consists of the following 
phases:

– nanoparticles: a dispersed phase with thermophysical 
properties corresponding in the first approximation to the 
properties of the nanoparticle material;

– base liquid: dispersion medium with thermophysical 
properties corresponding to the properties of a pure sub-
stance at corresponding temperatures;

– surface layer of nanoparticles: the base fluid molecules 
adsorbed on the nanoparticle surface forming a phase with 
thermophysical properties (molar volume) different from 
those of the dispersion medium at the study parameters.

Fig. 5 shows a three-phase model for predicting density 
of nanofluids.

In his monograph [14], the author formulated the con-
cept of closeness of the liquid properties at low temperatures 
to the properties of a solid phase. Within the framework of 
these concepts, the molar volume of the surface layer can be 
taken in the first approximation equal to the molar volume of 
the base liquid phase at the melting temperature.

According to these model approximations, the molar vol-
ume of the nanofluid will have the following form:

( )
( ) ( )

( )

np np bf np sl mp sl

np np bf np mp bf sl

add mp bf sl

V V x V 1 x x V x

V x V 1 x V V x

V V V x ,

= + − − + =

= + − + − =

= + −  (6)

where V is the molar volume of the nanofluid; xsl is concen-
tration of the base liquid in the surface layer expressed in 
mole fractions; Vmp is the molar volume of the base fluid in 
the surface layer.

Within the framework of the proposed model for calcu-
lating density of nanofluids, the mole fraction of the base 
liquid in the surface layer is:

add
sl

mp bf mp bf

V V V
x .

V V V V
− D

= =
− −

 (7)

The values of the molar concentration of the base liquid 
in the surface layer calculated according to the proposed 
model are given in Fig. 6.

Fig. 6. Dependence of the mole fraction xSL of adsorbed 
isopropanol molecules on the nanoparticle surface on their 

concentration in the base liquid

As it follows from the obtained data, 
the molar fraction of adsorbed molecules 
of the base liquid intensively increases only 
at small concentrations of nanoparticles 
in the base liquid (less than 0.02 molar 
fraction).

Assuming that Al2O3 nanoparticles (ac-
cording to electron microscopy [15]) have 
shape close to a spherical shape, the surface 
layer will be a spherical layer of isopropa-
nol molecules sorbed on the nanoparticle  
(Fig. 5). Based on this model, it is possi-
ble to calculate equivalent diameter of a 
nanoparticle with a surface layer of iso-
propyl alcohol around it (diameter of the 
adsorption layer):

 

 

 a                                                                  b 

Fig. 5. A three-phase model for predicting density of nanofluids:  
a – micelle structure; b – dependence of the sorption layer density on  

the distance from the center of the nanoparticle
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mp npsl sl bf
3 3SL np np

np np np mp np

Vx x M
D D 1 D 1 ,

x V x M

æ  æ r
= ⋅ + = ⋅ ⋅ +   r   

 

(8)

where Dnp is the equivalent diameter of nanoparticles, nm.
Results of the conducted study show that the equiva-

lent diameter of Al2O3 nanoparticles in isopropyl alcohol 
essentially depends on composition and slightly depends on 
temperature. Equivalent diameter of the adsorption layer of 
isopropanol molecules on the surface of nanoparticles varies 
depending on concentration in a range from 80 to 55 nm. 
These data satisfactorily agree with the results of measuring 
hydrodynamic diameter of nanoparticles. Hydrodynamic di-
ameter of nanoparticles was determined by one of the meth-
ods of dynamic light scattering, i. e. laser correlation spec-
troscopy of homodynation [16] with a wavelength of probe 
radiation of 532 nm (Fig. 7). In this case, the hydrodynamic 
diameter of the optical inhomogeneities was determined 
from their mobility found from the correlation functions of 
scattered light. In calculations, the particle diffusion coeffi-
cient was estimated as an Einsteinian one:

kT
,

3 rπη

where T is the medium temperature; η is viscosity of the 
dispersive liquid; r is hydrodynamic radius of the dispersed 
particles.

Analysis of the information presented in Fig. 7 makes 
it possible to conclude that the method of dynamic light 
scattering states an increase in the multiscale heterogene-
ities of the cluster type with an increase in concentration 
of nanoparticles. The lifetime of such structural inhomoge-
neities is small but it is longer than the sampling time for 
constructing one correlation function of the scattered light 
intensity (of the order of seconds). In long-term monitoring, 
this leads to a very significant “scatter” of the experimen-
tal data on the value of the hydrodynamic diameter of the 
nanoparticles (Fig. 7). In addition, it can be stated that the 
probability of occurrence of structural inhomogeneities in 
the nanofluid increases with increase in the concentration of 
nanoparticles in the base fluid.

Fig. 7. Concentration dependence of the hydrodynamic 
diameter of Al2O3 nanoparticles

Despite the considerable data scatter, average values of 
Dsl are in good agreement with the values of the equivalent 

hydrodynamic diameter of nanoparticles for isopropyl alco-
hol/Al2O3 nanoparticle nanofluids calculated from formu- 
la (8) (Fig. 7).

Fig. 8. Concentration dependence of the equivalent DSL 
diameter of the adsorbed layer of isopropyl alcohol 

molecules on the surface of Al2O3 nanoparticles:  
ê – diameter determined by spectroturbidimetry;  

Î – diameter determined by the dynamic light scattering 
method; - - - – approximation of the calculated values of  

the nanoparticle diameter 

As it follows from Fig. 8, the equivalent diameter of the 
adsorption layer of isopropanol molecules decreases with 
an increase in concentration of Al2O3 nanoparticles. This 
conclusion was confirmed by the results of measuring the 
hydrodynamic diameter by the dynamic scattering method. 
Appearance of different-scale cluster-type inhomogeneities 
in the isopropyl alcohol/Al2O3 nanoparticle solution results 
in appearance of submicron to microscopic formations. These 
formations can promote reduction of the amount of isopropyl 
alcohol molecules sorbed on nanoparticles. According to the 
proposed method for calculating molar volume of nanofluids, 
this effect determines the decrease in the equivalent diameter 
of nanoparticles. This factor must be taken into account when 
predicting density of nanofluids. In addition, the obtained 
information on thickness of the surface layer of nanofluids 
can be used in equations for predicting thermal conductivity 
within the framework of the models proposed in [17].

Fig. 8 also provides data on equivalent Al2O3 particle sizes 
which were obtained by spectroturbidimetry in the wave-
length range from 400 to 700 nm. These data significantly 
differ from the values of the equivalent diameter of nanopar-
ticles obtained from the information on the molar volume of 
nanofluids (7) and the Dsl values measured by the method of 
hydrodynamic light scattering. The authors explain discrep-
ancy of their experimental data by the fact that when using 
different optical techniques, several different geometric pa-
rameters of optical inhomogeneities are measured. Dynamic 
scattering is determined by motion of the optical inhomoge-
neity and, consequently, by motion of the nanoparticle with 
its adsorbed layer. The spectro-turbidimetry method makes 
it possible to determine entire volume of inhomogeneities 
with a refractive index differing from the pure base liquid due 
to interaction with the nanoparticle. Thus, if the method of 
dynamic light scattering makes it possible to determine the 
equivalent diameter of granules (nanoparticle/sorbed layer 
of alcohol molecules), then the spectro-turbidimetry method 
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determines the already equivalent size of micelles (sorbed 
layer of alcohol molecules/diffuse layer of alcohol molecules).

Experimental data on the isopropyl alcohol/Al2O3 

nanoparticle nanofluid density were obtained. From infor-
mation shown in Fig. 1, it follows that an increase in concen-
tration of Al2O3 nanoparticles contributes to an increase in 
density of isopropyl alcohol/Al2O3 nanoparticle nanofluids. 
It should be noted that the temperature dependences of the 
nanofluid density remain practically equidistant.

As it follows from the analysis of the excess molar volume 
of the studied isopropyl alcohol/Al2O3 nanoparticle solution 
(Fig. 2), the nanofluid density cannot be calculated accord-
ing to additivity rules using nanoparticle concentrations in 
both volume and mole fractions. Thus, when calculating den-
sity of nanofluids, it is necessary to take into account pres-
ence of a layer of isopropanol molecules adsorbed around the 
nanoparticles. Due to its ordered structure, density of the 
adsorption phase is higher than the base liquid density. Data 
on the diameter of the adsorption layer obtained from the 
study of the excess molar volume are in good agreement with 
the data obtained by the method of dynamic light scattering. 
This result confirms validity of the proposed technique for 
calculating density of nanofluids.

It should be noted that the effect of adsorption phase for-
mation around nanoparticles should be taken into account 

when developing models for calculating other thermophys-
ical properties of nanofluids. This task will be addressed in 
subsequent publications of the authors.

8. Conclusions

1. Information on the effect of Al2O3 nanoparticles on 
isopropyl alcohol density was obtained. It was shown that 
the effect of nanoparticles on density is not additive.

2. A three-phase technique for predicting density of 
nanofluids has been developed. This technique takes into 
account presence of a sorbed layer of the base fluid molecules 
on the nanoparticle surface. As the studies show, density of 
the sorption phase is higher than density of isopropyl alco-
hol at the set-up parameters. Presence of a sorption layer 
of isopropyl alcohol molecules on the nanoparticle surface 
determines magnitude of the excess molar volume. This fact 
should be taken into account when simulating density of 
nanofluids.

3. It was shown that the value of hydrodynamic radius of 
nanoparticles obtained from the data on the molar volume of 
isopropyl alcohol/Al2O3 nanoparticle solutions agrees with 
the data obtained by dynamic light scattering within the 
error of determining the value.

References

1. Lukianov, N. N. Nanorefrigerants application possibilities study to increase the equipment ecological-energy efficiency [Text] /  

N. N. Lukianov, O. Ya. Khliyeva, V. P. Zhelezny, Yu. V. Semenyuk // Eastern-European Journal of Enterprise Technologies. –  

2015. – Vol. 3, Issue 5 (75). – P. 32–40. doi: 10.15587/1729-4061.2015.42565 

2. Moroz, S. A. The influence of the compressor oil viscosity and fullerenes C60 additives in the oil on the energy efficiency of refrig-

eration compressor system [Text] / S. A. Moroz, O. Ya. Khliyeva, N. N. Lukianov, V. P. Zhelezny // Journal International Academy 

of Refrigeration. – 2016. – Vol. 15, Issue 1. – P. 41–46. doi: 10.21047/1606-4313-2016-15-1-41-46 

3. Angayarkanni, S. A. Review on thermal properties of nanofluids: Recent developments [Text] / S. A. Angayarkanni, J. Philip // 

Advances in Colloid and Interface Science. – 2015. – Vol. 225. – P. 146–176. doi: 10.1016/j.cis.2015.08.014 

4. Murshed, S. M. S. Thermophysical and electrokinetic properties of nanofluids – A critical review [Text] / S. M. S. Murshed, 

K. C. Leong, C. Yang // Applied Thermal Engineering. – 2008. – Vol. 28, Issue 17-18. – P. 2109–2125. doi: 10.1016/j.applther-

maleng.2008.01.005 

5. Adamenko, I. Thermophysical properties of carbon nanotubes in toluene under high pressure [Text] / I. Adamenko, L. Bulavin, 

V. Korolovych, K. Moroz, Y. Prylutskyy // Journal of Molecular Liquids. – 2009. – Vol. 150, Issue 1-3. – P. 1–3. doi: 10.1016/ 

j.molliq.2009.07.008 

6. Kedzierski, M. A. Viscosity and density of CuO nanolubricant [Text] / M. A. Kedzierski // International Journal of Refrigera- 

tion. – 2012. – Vol. 35, Issue 7. – P. 1997–2002. doi: 10.1016/j.ijrefrig.2012.06.012 

7. Sommers, A. D. Experimental investigation into the convective heat transfer and system-level effects of Al2O3-propanol nanofluid 

[Text] / A. D. Sommers, K. L. Yerkes // Journal of Nanoparticle Research. – 2009. – Vol. 12, Issue 3. – P. 1003–1014. doi: 10.1007/

s11051-009-9657-3 

8. Kedzierski, M. A. Viscosity and density of aluminum oxide nanolubricant [Text] / M. A. Kedzierski // International Journal of 

Refrigeration. – 2013. – Vol. 36, Issue 4. – P. 1333–1340. doi: 10.1016/j.ijrefrig.2013.02.017 

9. Vajjha, R. S. Density Measurement of Different Nanofluids and Their Comparison With Theory [Text] / R. S. Vajjha, D. K. Das,  

B. M. Mahagaonkar // Petroleum Science and Technology. – 2009. – Vol. 27, Issue 6. – P. 612–624. doi: 10.1080/10916460701857714 

10. Vasu, V. Analytical prediction of forced convective heat transfer of fluids embedded with nanostructured materials (nanofluids) 

[Text] / V. Vasu, K. Rama Krishna, A. C. S. Kumar // Pramana. – 2007. – Vol. 69, Issue 3. – P. 411–421. doi: 10.1007/s12043-007-

0142-1 

11. Lemmon, E. W. NIST Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties [Text] /  

E. W. Lemmon, M. L. Huber, M. O. McLinden // REFPROP, Version 9.1. National Institute of Standards and Technology, Standard 

Reference Data Program. – Gaithersburg, 2013.

12. Anthony, J. W. Handbook of Mineralogy. III (Halides, Hydroxides, Oxides) [Text] / J. W. Anthony, R. A. Bideaux, K. W. Bladh,  

M. C. Nichols. – Chantilly, VA, US: Mineralogical Society of America, 1997. – 628 p. 

13. VDI Heat Atlas [Text] / P. Stephan, S. Kabelac, M. Kind, H. Martin, D. Mewes, K. Schaber (Eds.). – 2-nd ed. – Berlin: Sprin- 

ger – Verlag, 2010. – 1584 p.



Applied physics

39

 V. Belozerov, A. Mahatilova, O. Sobol', V. Subbotina, A. Subbotin, 2017

1. Introduction

The solution of the problem of improving special working 
properties, reliability and durability of functional elements, 
devices and machines can be achieved by targeted modi-
fying the shape, structure and surface properties (or, more 
precisely, near-subsurface layer). This is the basis for the 
development of priority scientific practical direction in mod-
ern materials science – surface engineering [1]. Surface engi-
neering combines methods of directed change in the physical 
and chemical properties of the surface layers of materials by 
deformation [2], modification [3], deposition of single-lay-
ered [4], multi-period [5], multi-element [6] coatings and 

protective layers by different combined methods [7]. Inno-
vative character of the surface engineering development is 
determined by the fact that the main quality indicators of 
machines are reliability and performance efficiency. These 
parameters are mainly determined by the properties of the 
surface layers of parts and joints (endurance limit, corrosion 
resistance, wear resistance, coefficient of friction, contact 
stiffness, fit strength, tightness of joints, etc.) [8]. This can 
be achieve d by modifying the surface with high-perfor-
mance methods. Surface modification is especially relevant 
for the lightweight materials (mainly based on aluminium, 
magnesium and titanium). The effectiveness of their use at 
present is very high not only in the traditional aerospace and 
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Наведені дослідження структури і 
властивостей покриттів, отриманих при 
мікродуговій обробці на магнієвому спла-
ві. Обробка проводилася при анодно-ка-
тодному режимі в лужному електроліті 
з різними домішками. Показана можли-
вість формування кристалічних оксидних 
покриттів різного фазового складу (MgO, 
MgAl2O4, Mg2Sі4, Mg3(PO4)2) товщиною 
до 300 мкм, що мають високу адгезію з 
основою, гарні захисні властивості і висо-
ку твердість, яка досягає 6,6 ГПа

Ключові слова: структурна інжене-
рія, мікродугове оксидування, магнієві 
сплави, фазовий склад, адгезійна міц-
ність, твердість

Приведены исследования структуры 
и свойств покрытий, полученных при 
микродуговой обработке на магниевом 
сплаве. Обработка проводилась в ано-
дно-катодном режиме в щелочном элек-
тролите с разными примесями. Показана 
возможность формирования кристалли-
ческих оксидных покрытий разного фазо-
вого состава (MgO, MgAl2O4, Mg2Sі4, 
Mg3(PO4)2), толщиной до 300 мкм, кото-
рые имеют высокую адгезию с основой, 
хорошие защитные свойства и высокую 
твердость, достигающую 6,6 ГПа

Ключевые слова: структурная инже-
нерия, микродуговое оксидирование, маг-
ниевые сплавы, фазовый состав, адгези-
онная прочность, твердость
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