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Abstract: A new approach to design of oxide ceramic-ceramic nanocomposites instead of industrial technical ceramics has been
proposed. The use of mixing of liquid solutions of reagents instead of powders mixing allows entering in the matrix material the oxide
dopants in supersaturated concentrations. The synthesized nanoparticles contain a potential for the formation of various structures. By the
controlling of heating regimes during nanopowders sintering processes we can control the diffusion processes on the particles volume and
boundaries. The decomposition of initial supersaturated solid solution during heat treatment (especially at fast sintering) can lead to
formation of multilevel nanocomposite structure in the ceramic matrix with enhancing mechanical, electrical, optical and magnetic
properties. It is established on the example of zirconia that even a slight amount of aluminum oxide, nickel oxide, zinc oxide leads to a
significant change of the nanopowders and ceramics properties.
Keywords: OXIDE NANOPOWDERS, SYNTHESIS METHODS, MICROWAVE, DIFFUSION, SINTERING, APPLICATIONS
The both types of materials – zirconia and LaSrMnO3 are well
known materials [1-7, 12, 13], which have unique properties and
influence of particle size on its properties (“size effect”) are easy be
demonstrated.

1. Introduction
Ceramic materials may be divided on several types concerning
their functional properties or application, i.e. refractory or
electronics, conventional or advanced, but in all cases the properties
of monolithic ceramic materials strongly depend from the starting
materials, method of their densification and microstructure of
materials [1-3]. Improving of properties of conventional types of
ceramic materials to the advanced level may be due to modification
of microstructure of traditional ceramic materials. It may be done
by several methods, which should balance between expenses and
level of properties, because for mass production the level of
expenses is a critical parameter too.

2. Experimental
2.1. Material preparation
ZrO2-3 mol% ZnO, ZrO2-3mol% Y2O3 (3Y-TZP) and ZrO23mol% Y2O3 +n%Al2O3 nanopowders were synthesized with a coprecipitation technique using ZrOCl2⋅nH2O, Y(NO3)3⋅nH2O,
AlCl3⋅6H2O and ZnCl2 salts. The amount of alumina was varied
from 0.5 to 5 wt%. The amount of ZnO was varied from 3 to 50
wt%. All used chemicals were of chemical purity. The
technological aspects of the precipitation process were described in
[6, 7]. After washing and filtration, the hydrogel was dried in a
microwave furnace with an output power of 700 W and at a
frequency of 2.45 GHz. The dried zirconium hydroxides and
composites were calcined in a resistive furnace at different
temperatures with a dwelling time of 2 h. In order to compare our
results obtained on ZrO2-3mol% Y2O3 +n%Al2O3 with data
obtained with Tosoh powders with similar initial zirconia particle
sizes the calcination was done at 1000oC.

Critical factors in the commercialization of advanced ceramics
are the starting powders and the method of their densification or
sintering. Defects in ceramic materials, such as pores or secondary
inclusions, are often introduced by the starting powder, and during
forming and densification processes. The cheap coarse starting
powders and, consequently, high firing temperature often decrease
the level of functional properties of materials, e.g. mechanical
strength, density, magnetization, etc. In case of composite materials
the amount of critical factors increased in several times, because
creation of uniform microstructure of multicomponent composite
materials by traditional mixing process is very hard. Now, however,
this method is most commonly used in the industry. So, we think,
there is one way for improving the properties of composite ceramic
materials at the present time. This is the use of mixing of liquid
solutions of reagents instead of powders mixing. This is, so called,
wet chemical methods, for example precipitation technique [4, 5]. A
precipitation reaction is a chemical reaction where one of the
products is a precipitate. The use of mixing of liquid solutions of
reagents instead of powders mixing allows entering in the matrix
material the oxide dopants in supersaturated concentrations. The
decomposition of initial supersaturated solid solution during heat
treatment (especially fast heating regimes) can lead to formation of
multilevel nanocomposite structure in the ceramic matrix with
enhancing mechanical, electrical, optical and magnetic properties.

For the control samples, an appropriate amount of α-Al2O3
powder was mixed with obtained 3Y-TZP nanopowders in distilled
water. The α-Al2O3 particle size distribution was wide enough with
an average size at 1 µm (manufacturer’s data). In case of ZrO2 –
ZnO composites the different amount of ZnO was mixed with
obtained ZrO2 nanopowders in distilled water. These mixtures were
planetary-milled (MSK-SFM-1 MTI Corp., USA) at 400 rpm for 10
h using YSZ milling media. This variant was named BM and this
abbreviation marked in powder name.
For synthesis of La0.7Sr0.3MnO3 (LSM) powders we also used
the co-precipitation method. Stoichiometric amounts of La2O3,
SrCl2·2H2O, and Mn(NO3)3·6H2O were used as starting materials,
and NaOH and Na2CO3 were used as precipitants. The LSM
nanopowder obtained by precipitation in Na2CO3 was labeled as
NP1, while the LSM nanopowder obtained by precipitation in
NaOH was labeled as NP2. The drying procedure was analogical
with previous reported. The firing regimes for the LSM powders
were chosen by the formation of the 100% perovskite phase. These
temperatures were 850 and 620oC for NP1 and NP2 powders
respectively.

In this study we analyze the structures and functional properties
of different types of composite materials obtained by precipitation
technique and compare these results with structure and properties of
materials, obtained by traditional technology. Also we show that the
traditional ceramic technology processes to impose greater
restrictions on the chemical composition of materials and
parameters of technological process. The materials were used in this
study are zirconia based composites with addition of Al3+ and Zn2+
ions and LaSrMnO3 perovskite.

2.2. Materials characterization
The powders and sintered specimens were characterized by
means of XRD (Dron-3) with Cu-Kα radiation for crystallite sizes
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and quantitative phase analyses with a proven method [8]. Particle
sizes of different calcined powders were estimated by means of
transmission electron microscopy (JEM 200, Jeol, Japan).The
optical properties of ZrO2-ZnO nanopowders were measured on
Cary 5000 UV-Vis-NIR spectrometer (Agilent Technologies, USA).

when the nonequilibrum solid solutions are exist. We think when
Zn atoms are located in nonequilibrum solid solution in ZrO2 lattice
the absorption spectrum was determined by ZrO2, when ZnO
diffused from ZrO2 particles the absorption which correspond ZnO
is appear. For data comparation the adsorption spectra of pure ZnO,
calcined at different temperatures were also shown on figure 1b.

3. Results and discussion

3.2. LSM nanopowders and their magnetic properties.

3.1. ZrO2 - ZnO systems. Powders characteristics and
optical properties.

In our study [12], we showed that the magnetization of LSM
nanopowder (NP2) with average particle size 20 nm is three times
less than LSM nanopowder (NP1) with wide particle size
distribution (Fig. 3).

It was found that the structure and optical properties of powders
depend from method of powder synthesis and calcining
temperature. The light absorption spectra of ZnO, ZrO2 and their
mixes are well known. The absorption peak near 3.2 eV is
corresponded to ZnO and absorption level increased with increasing
of ZnO concentration for all particle sizes [10]. With increasing of
calcining temperature and consequently with increasing ZnO
particle size, the ZnO absorption decreased (Fig. 1a). XRD fixed the
ZrO2 and ZnO phases (Fig. 2c). The typical TEM image of ZrO2 ZnO particles depicted on Fig. 2.
a

b

Fig. 3 Magnetization curves for bimodal (30 nm and 200 nm) (NP1), and
20 nm (NP2) La0.7Sr0.3MnO3 powders at T = 77 K. From [12].

It was shown that this drastic decrease in magnetization is due
to the formation of a magnetically dead layer at the surface, the
thickness of which can even increase as the particle size decreases
[12, 13]. Also, as was shown previously, a drastic difference in the
spin-echo signal intensities for NP1 and NP2 samples was shown,
which does not correlate with the decrease in value of the saturation
magnetization. This was attributed to the fact that 20 nm
nanoparticles are single magnetic domain particles, while the
particles of 50 nm and larger in size possessed a multi-domain
magnetic structure. The measuring of spin-echo signal intensity of
the NP1 and NP2 samples under identical conditions showed that
the curve's form of the NP1 sample is typical for multidomain
ferromagnetism (an asymmetric curve with one peak), while the
curve for the NP2 sample was oscillating and damped. It was
concluded that the NP2 nanoparticles were mono-domains in
comparison with typical poly-domain NP1 particles. These changes
in the magnetic properties of LSM nanopowders were associated
with changes in the structure of the powder, which in turn were
related to differences in the method of obtaining the powders.

Fig. 1 The adsorption spectra of ZrO2-ZnO nanopowders, obtained by
mixing technique - a) and coprecipitation – b) and calcined at different
temperatures: 500 (black), 700 (red) and 1000oC (green).

When the ZrO2-ZnO powder synthesized by coprecipitation
technique the absorption near 3.2 eV, which correspond to ZnO
adsorption, did not fixed and XRD analysis did not found peaks
which correspond to ZnO after calcination at temperatures less
700oC. After calcinations at 1000oC the absorption peak appeared
and ZnO was fixed by XRD (Fig.2d). But the absorption level in
this case in tens times higher in comparison with powders obtained
by mixing technique. As you can see the absorption level of 50%
ZnO in mixed sample equivalent of 3% ZnO in sample obtained by
precipitation. So, distribution ZnO in ZrO2 in this case is differing
in comparison with powders obtained by mixing technique (Fig. 2).

a

ZnO

b

ZrO2

ZrO2

c

d

In case of the NP1 powder, the decomposition of CO3
precursors was used as a method of powder obtaining method. This
method is quite close to simple industrial methods of different
powders preparation by decomposition of salts and raw materials.
Changing the precipitation agent to NaOH led to the formation of
an amorphous structure of sediments instead of a crystalline(Fig. 4).

Fig. 4 TEM images of lanthanum and manganese carbonate - a) and
lanthanum and manganese hydroxides –b) – precursors of different
methods of LSM powder synthesis processes.

Fig.2 TEM images of ZrO2-ZnO nanopowders, obtained by mixing - a) and
coprecipitation – b) techniques and calcined at 700oC. The XRD spectra
for ZrO2-ZnO obtained by mixing –c) and coprecipitation – d).

The formation of two generations of crystals of precursor
materials (plate-like lanthanum carbonate and needle-like
manganese carbonate) (Fig. 4a) led to the formation of LSM
nanoparticles with wide particle size distribution. Besides, the

From previous works of Stefanic it is known that ZnO is not
stabilized the ZrO2 lattice [11], and, consequently, did not form the
solid solution in ZrO2 lattice. But when we use the coprecipitation
technique we can create conditions (at low firing temperatures)

4

carbonated salts are needed the high temperature of decomposition
and the formation of 100% of LSM perovskite phase finalized only
at 850-900oC. This high temperature level is promoted the
nanoparticles agglomeration and multi-domain magnetic structure
formation.
Changing the precipitation agent to NaOH led to the formation
of the amorphous structures of lanthanum and manganese
hydroxides (Fig. 4b). Heating of these sediments did not lead to the
formation of complex multidimentional structures in comparison to
the previous case because the precursors had a homogenous
amorphous structure and low temperature of decomposition. The
formation of oxide particles in NP2 passed at 600 – 620°C with the
formation of small (20–30 nm) particles (Fig. 3). The absence of
large LSM particles in the NP2 powder led to the formation only
single-domain magnetic particles. These structure changes lead to
drastically changing the magnetic properties of LSM powders from
ferromagnetic to superparamagnetic.

3.3. Zirconia-alumina
properties.

composites.

Structure

Fig. 6 XRD data of 3Y-TZP and 3Y-TZP-2wt% Al2O3 powders. Initial 3YTZP – 1, a), 3Y-TZP-2wt% Al2O3 composite obtained with the ball-milling
technique – 2, b) and co-precipitation technique – 3, c). In the inserts, the
regions 40 – 45° are shown.

This behavior allows us to decide that Al3+ ions formed the
solid solution in zirconia lattice. We think that the incorporation of
Al3+ cations into the ZrO2 particles limited its crystallization and
consequently decreased the particle size of zirconia-alumina
composite powders during calcination. The analogical behavior we
observed earlier in ZrO2-Y2O3-Cr2O3 system [14]. According to
XRD results, the phase composition of zirconia after sintering in
composites and matrix materials was identical. The phase
composition was 9 – 11 % cubic phase and the rest tetragonal phase
with equal lattice parameters. Alumina in the all sintered
composites was represented by α-Al2O3. So, during high
temperature treatment the phase compositions are leveling. In our
opinion such differences were the main reason for significant
changes in the structure and properties of ceramic composites,
synthesized by different methods.

and

TEM results of zirconia and zirconia-alumina composite
powders are shown in Fig. 5. According to the TEM and XRD data,
the average particle size of matrix 3Y-TZP nanopowder was 32 nm
(Fig. 5a). Zirconia in the powders was represented by the tetragonal
phase (space group P42/nmc) (Fig.6).
b

Calculation the fracture toughness values shows that the K1C
values of CT composites increased more than 40% in comparison
with traditional mixing technique (K1C = 5.8±0.4 MPa*m1/2) for all
Al2O3 concentrations, which were studied in this work. The
maximal values of K1C (11.2±0.6 MPa*m1/2) were found at Al2O3
concentrations 1-2 w%. In case of composites obtained by BM
technique the monotonic increasing K1C values did not exceed 10%
(maximal value 6.7 MPa*m1/2 at 5wt%Al2O3). The detailed
observation of full data can be found in our previous study [15].
The higher value of fracture toughness of the CT composite is
explained by the increase in number of crack deviations as well as
crack deflection angles. It is also observed by means of SEM that in
the CT and BM composites, the part of transcrystalline fracture
(Fig. 7 b,c) is higher than that in the matrix material (Fig. 7a),
where the intercrystalline fracture mode was predominant.

c

Fig. 5 TEM structure of the matrix 3Y-TZP 32 nm nanopowder - a), ballmilling 32 nm 3Y-TZP powder with 2w% a-Al2O3 – b) and 3Y-TZP-2w%
Al2O3 obtained by the co-precipitation technique – c).

The composite powder obtained by ball-milling 32 nm 3Y-TZP
nanopowder with commercial α-Al2O3 powder is shown in Fig. 5b.
After milling, the particle sizes of ZrO2 did not change. The TEM
investigation could not distinguish zirconia and crushed alumina
particles smaller than 40 nm, so particles larger than 40 nm were αAl2O3. The average particle size of α-Al2O3 particles after milling
process was estimated at 150 – 200 nm. From XRD data (peak on
43,36°) we can identify the α-Al2O3 in the composite powder that
was obtained with the ball-milling technique (Fig. 6b).
According TEM and XRD data the mean particle size of
nanopowders obtained with the co-precipitation technique
decreased from 32 to 19.3 nm with increasing concentrations of
Al2O3 from 0 to 5 wt%, respectively. In contrast with previous data,
in the nanocomposite powder obtained with the co-precipitation
technique, the (101) α-Al2O3 reflex was not found during powder
characterization (Fig. 6c). The XRD investigation also determined
that the lattice parameters (a, c) and lattice volume (V) of T-ZrO2
changed from a = 0.50934nm, c = 0.51682 nm, V = 0.13408 nm3
for matrix 3Y-TZP powder to a = 0.509162 nm, c = 0.516377 nm,
V = 0.13386 nm3, for 3Y-TZP-2wt% Al2O3, obtained by coprecipitation technique. In case of 3Y-TZP-2wt% Al2O3, obtained
by ball-milling technique such changes did not found.

Fig. 7 SEM images show the increase in the part of transcrystalline fracture
in 3Y-TZP- Al2O3 composites – b, c) in comparison with matrix 3Y-TZP
material – a). Structure of BM composite – b) and CT composite – c).
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When the method of co-precipitation is used, Al3+ ion are
located in zirconia lattice. Al3+ solubility in zirconia is very low,
and during sintering the active diffusion of ions Al3+ from the
volume to the grain boundary or triple junctions takes place. The
process of grain growth during sintering of co-precipitated
nanopowders is competing with Al3+ segregation. Some inclusions
can be captured by growing grains and turn into intratype inclusions
[16]. An amount of alumina can remain on sub-grains and grains
boundaries. The final structure consists of matrix grains and subgrains with or without alumina segregations, inter- and intratypes of
inclusions. The crack propagation from such a structure should be
hampered.
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INFLUENCE OF DOPANT AMOUNT ON EVOLUTION OF ZIRCONIA CRYSTAL
ENERGY
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Abstract: Tetragonal crystals were formed at addition of yttrium oxide on concentration range from 2 to 4 mol. %. It was estimated the
thermodynamic functions of these systems, in particular on values of free surface energy (Gs) and elastic energy (Ge) of crystals and their
ability to respond on change of external conditions – temperature. It was shown for range of small sizes (size decreases at temperature
growth) the concentration of dopants practically doesn’t influence on dynamic of change of Gs then as for range of particles size of 15-35 nm
the concentration of dopant more significantly influence on the Gs. Analysis of dynamic of change of Gs and Ge values shows that for systems
which have been formed at heat treatment before 700°C the change of these thermodynamics functions is bigger. In this time the dynamic of
change of total Gs + Ge value for systems which was synthesized at different temperatures shows the influence on yttria concentration.
Keywords: METASTABLE NANOPARTICLES, SURFACE FREE ENERGY, SURFACE ELASTIC ENERGY

monoclinic phase in system from 5% to 1%.

1. Introduction

Table 1 –Phase composition of doped zirconia NPs

The feature of zirconia is polymorphism [1-3] and its
polymorphic forms (monoclinic, tetragonal or cubic) are stable in
different ranges of the temperature and pressure. For un-doped
zirconia at atmospheric pressure monoclinic phase is stable up to
1000oC and above this temperature it transforms to tetragonal which
is stable up to 2500oC, cubic crystals of zirconia form only after
2500oC. With another side the range of stability of the phase can be
change by introducing of different dopants (for example, yttrium
ions) [4] to zirconia or as result of decreasing of particles to
nanosizes (NPs) [5]. The introduction of adding ions to zirconia
lattice allow forming the solid solution at its future calcination and
formed phase depend on amount and nature of dopants [6]. Usually
the formation of metastable phase is realized at a small
concentration of dopants and calcination of low temperatures. For Y
doped ZrO2 NPs the tetragonal phase is stable at yttrium ions
concentration from 2 to 4 mol. % in zirconia. These zirconia NPs
are metastable objects not only due to nanodimension but also due
to tetragonal phase. The properties of these objects are labile to
external action, in particular temperature, pressure, dopant
concentration. The properties of nanosized particles are determined
by a large share of surface atoms in system [7] and their behavior as
NPs systems (ability to aggregation, consolidation processes other)
depends on thermodynamical properties of surface. In this work we
estimated the influence of yttrium ions concentration in tetragonal
zirconia on thermodynamical properties of surface NPs which was
formed at temperature region of 500-1000oC for prediction of
behavior of NPs under pressure.

Phase, % / D, nm, / Ssa m2/mol

Y2O3,

Тcalcin, °С

mol. %
2
3
4

500

600

700

850

1000

95Т-5М
96Т-4М
99Т-1M

94Т-6М
98Т-2M
98Т-2М

93Т-7М
97Т-3М
99Т-1М

94Т-6М
97Т-3М
99Т-1М

94Т-6М
95Т-5М
99Т-1М

Fig.1 shows the change of NPs size which was estimated by
XRD experience and specific surface area with temperatures rise.

a

2. Preconditions and means for resolving problems
2.1 Synthesis and characterization of zirconia metastable
NPs
Co-precipitation method was choosing for synthesis of zirconia
NPs. The forming of Y doped zirconia occurs due to decomposition
of amorphous xerogel – dehydration of NPs (physical and chemical
adsorbed water lost in temperature range of 20-300oC) and
crystallization in temperature range 400-500oC. The growth of NPs
was observed at follow heat-treatment of NPs at temperature region
of 500-1000oC. It was shown phase composition and size of NPs
depend on amount of yttrium ions which was introducing in
zirconia and calcination temperature of crystals, see table 1.
According to presented data the introduction of yttrium ions in
zirconia in amounts of 2-4 % led to forming of tetragonal crystals
and the increasing of dopant concentration increase the stability of
tetragonal phase in synthesized NPs. The increasing of yttrium
oxide amount from 2 to 4 mol. % lead to decreasing of amount of

b
Fig.1 Influence temperature on parameters of doped NPs a)
size, b) specific surface area

7

It was noted the temperature practically doesn’t influence on
phase composition of synthesized system at same dopant amount.
At the same time the NPs size increases and specific surface area of
NPs decreases with calcination temperature rise. Thus all
investigated systems can be described as tetragonal crystals but
their different structural characteristics do not allow considering
them as thermodynamical equivalent systems.

These equations have a determined boundary conditions, thus
the Rusanov equation was used at condition of r ≤ δ , Tolman
equation was used for calculation when r > 10δ and Gibbs
equation is valid for big particles radius. We used the Tolman
equation in our calculation because the typical values ( δ ) lie in
range from 0.1 to 1 nm.

2.2 Scheme of calculation of surface free energy (GS) and
elastic free energy (GE)

In framerwork of Debay theory the Tolman length was
described by next equation [11]:

According to Gibbs thermodynamics all over characteristics of
nanosystems have been seen as surface characteristics. The value of
s
over free energy ( G ) another words a surface free energy is

Gs = γ ⋅ A

δ

The height of atomic layer is calculated
equation [12]

The surface of real crystals contains different planes with
different surface energy and so surface free energy of NP is sum of
energies of all planes. For tetragonal phase is 5 non-equivalent
directions whereas monoclinic phase has 9 non-equivalent
directions [8]. For simplification of calculations at estimation of
surface free energy the quasi-isotropic approximation for each
t
phase usually was used, in particular, for zirconia case, γ is 1,52
m
J/mol, а γ
is 1,70 J/mol [8]. For crystal phase two independent
ways of increasing of energy are the increasing of surface atoms or
changing of elastic deformation of crystals. For this case total free
energy of dispersive systems can be noted as
V

s
E
+G +G ,

V

h=(

(2)

The estimated Tolman length, surface tension, internal energy,
molar surface, internal energy and amount of surface atoms are
presented in tabl. 2.

(3)

Table 2 – NPs characteristics of ZrO2-Y2O3 with different concentration
of Y2O3 and calcination temperatures

where V is molar volume (m3/mol) D is particles size (м); Pe is
external pressure; Pi is internal pressure, f is parameter which
describes the surface stress that it is necessary for increasing of
surface unit. In work [9] they are 5,71 J/m2 for tetragonal phase and
5,30 J/m2 for monoclinic phase.
The surface free energy and elastic free energy for nanoparticles
with different amounts of dopant were calculated by equations (2)
and (3). It is necessary noted the same values, in particular surface
tension ( σ ) depend on nanoparticles size [10]. The dependence of
surface tension from nanoparticle size The Gibbs- Tolman -KenigBuffs equation (GTKB) described a dependence of surface tension
from nanoparticle size. The work [11] presented the exact solution
of this equation and shown that particular solutions of GTKB
equation are Rusanov (4), Tolman (5) and Gibbs (6) equations:

σ = 0.304σ

σ =

σ

δ

,

(4)

∞

,

exp( −

Т,
о
С

δ,
nm

500

1,143

0,804

600

0,970

700

0,909

850
1000

σ,
J/m2

Us,
J/mol

Surface
atoms, %

10035

8064

14,7

0,894

6527

5833

11

0,930

4962

4614

9,4

0,857

0,964

3522

3395

7,7

0,793

1,008

1973

1990

5,4

),

2 мол. % Y2O3

500

1,272

0,747

11970

8949

16,8

600

1,149

0,801

7992

6398

14,9

700

0,954

0,903

5071

4579

10,6

850

0,859

0,962

3657

3519

7,8

1000

0,818

0,999

2232

2232

6,4

500

1,252

0,756

11007

8319

16,5

600

1,208

0,774

8347

6465

15,9

700

0,963

0,897

6107

5482

11,9

850

0,887

0,944

3989

3766

8,7

1000

0,851

0,968

2302

2229

7,5

4 мол. % Y2O3

(5)
2δ

Ssa,
m2/mol

3 мол. % Y2O3

∞

1 + 2rδ

σ =σ

∞ r

(8)

2.3 Change of surface free energy (Gs) and elastic free
energy (GE) at dopant concentration act

According to [9] the elastic free energy may be estimated as

= PV = ( Pi + Pe ) ⋅ V = ( 4 f / D + Pe ) ⋅ V ,

1/ 3
)
.

The molar volumes of monoclinic and tetragonal phases are
7.39 cm3/mol and 6.73 cm3/mol, accordingly. According to (8) h
was estimated as 0.333 and 0.322 for monoclinic and tetragonal
phases, accordingly. The value of a was calculated with using of
data about the diffusion of atoms in bulk and surface (coefficient of
atom diffusion was took from [13]) and a is equal 2.4. The values of
η is estimated as 0.6762 and 0.6993 for monoclinic and tetragonal
phases, accordingly.

where G is a Gibbs free energy , G is elastic free energy.

E

V

in according to

NA

E

G

(7)

where η = 3h ( a − 1) / 2 ; h is height of atomic layer, а is shown
how much the standard deviation of atoms on surface is different on
standard deviation of atoms in bulk (usually this values change from
2 to 4); r is nanoparticles radius.

(1)

where γ - specific surface energy; А- surface of tension – for
nanoparticles with size above 1 nm the surface tension is equal the
geometric surface (further specific surface area).

G =G

 r 2 − (6 h − η ) ⋅ r + 9 h 2 1 / 3 
 − 1 ,
= r 

 r 2 − (6 h + 2η ) ⋅ r + 9 h 2 



(6)

r
where δ is Tolman length; r is particle size, nm.
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temperature range of 500-600oC. For system ZrO2-2 mol.% Y2O3
the sum of GS+GE monotonic decrease at calcination temperature
rise, see fig.1. For systems with Y2O3 concentrations of 3 and 4
mol. % the sum of GS+GE has a complex character. In this case two
systems which were synthesized by heat treatment at 600oC and
850oC deviated from monotonic curves. There are especial points.

Fig.2 shows the dependence of ZrO2-Y2O3 crystal energies from
changing of Y2O3 amount and calcination temperature, in particular
Gs, Ge. It was shown that the decreasing of NPs size led to rise of
surface free energy of investigated systems. Analyses of dynamics
of changing of surface free energy (Gs) from NPs size (D) shows
that two regions with different behavior of Gs(D) can be marked for
investigated NPs size diapason. For diapason of small NPs sizes up
to 15 nm the quick growth of GS was observed when the NPs size
decreases and for diapason of sizes bigger than 15 nm the GS shows
more slow growth at decreasing of NPs sizes.

Fig. 3 The dependence GS+GE on calcination temperature

What are reasons of these deviations? The answer may be
connected with the processes which take place at forming NPs in
these conditions. The nucleation of crystals take place at
crystallization in temperatures range of 400-500oC, the growth of
crystals takes place at heat treatment above 500oC. Mechanism of
NPs formation is oriental connection [14]. It was known that
together with growth of NPs the water loss from NPs surface was
observed at heat treatment at 500-700oC. For example, for ZrO2-3
мол. % Y2O3 a water loss is about 33% at heat treatment up to
500oC, and at next temperature rise on 100oC the system lose
additionally 3% and 8% water component. The water loss above
700oC practically has not observed.

a

When water are removed from NPs surface the forming of
oxygen vacancies takes place it is possible reason for appearance of
elastic deformation on NPs surface. Therefore a rise of NPs size
happens slowly at heat treatment in range 500-600oC and
contribution of GS + GE sum in Gibbs free energy of such systems is
a bigger. In this temperature range NPs surface has a big amount of
oxygen vacancies but at heat treatment under more high
temperatures the oxygen vacancies disappear during the annealing
under air. Another reason of such deviation may be dehydration
process which also occurs in this temperature range and which led
to creation of non-relaxing or non-reconstruction surface. These
facts may be connected with the decreasing of NPs growth in this
temperature range because the processes of surface rebuilding
carried out. In the range of more high temperatures of 800-1000oC
the deviation of GS + GE sum from monotonic characters may be
connected with rebuilding of surface structure of NPs which
appearance due to remove of occluded chloride ions or atoms on
NPs surface.

B
Fig.2 The dependence of ZrO2-Y2O3 crystal energies on calcination
temperature a)GS, b) GE

Analyses of data (tabl.2, fig.2 and fig.1) shows that the
difference of dynamics of changing of Gs(D) between systems with
different concentration of Y2O3 for NPs sizes of 15-30 nm was
caused by some factors. It is size factor (at rise of Y2O3
concentration the growth of NPs is slowly at high temperature
range) and factor of decreasing of aggregation of nanoparticles to
each other. The inflection point on Gs(D) curve corresponds to NPs
which were synthesized by heat treatment at 700oC. According to
principles of size and structural states at forming crystal under heat
treatment the phase must be formed such that sum of surface and
elastic energy is minimized.

Such complex behavior of surface thermodynamical functions
may be reasons of complex behavior of NPs with different
calcination temperatures under pressure [15]. Fig.4 shows the
surface of GS(T) from external pressure changing. It was shown that
the systems have a complex relief of surface of surface free energy.
The presence of local minimums and maximums on surface of
surface free energy shows on minimization of system energy due to
reorganization of its surface state.

Fig 3 shows the dependence of GS+ GE from changing of Y2O3
amount and calcination temperature. Analyses of calculations of GS
and GE values show a bigger change in energetic characteristics of
NPs systems at forming of NPs in temperature diapason up to
700oC. At the same time the dynamics of change of sum GS+GE
shows to dependence on Y2O3 concentration for systems which
were synthesized at different temperatures. The reduction of GE
with temperature increases is monotonic but for systems with Y2O3
concentrations of 3-4 mol. % curves GE-T has a step in the

It was noted that the increasing of dopant amount in zirconia led
to rise of terminal OH groups. It is promoted the creation of oxygen
vacancies at removing of these kinds of hydroxyl under heat
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treatments of NPs. The NPs surface state can be change by their
reconstruction or relaxing as results of removing of OH groups,
residual chloral, oxygen vacancies creation and their annealing by
oxygen at NPs synthesis.

Conclusion
Thus influence of Y2O3 dopant concentration up to 2 mol. % on
surface state and crystal energy is monotonic and point about 700oC
on curve GS+GE versus T is inflection point. The increasing of
dopant up to 4 mol. % led to realize of complex dependence on
crystal energy from calcination temperature. It is also influence on
complex behavior that these NPs show under pressure [15].
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b

Fig. 4 Surface of GS(T) from external pressure changing
a) ZrO2- 3 mol. %Y2O3, b) ZrO2-4 mol. %Y2O3

Non stechiometric of surface which was creations under doping
and temperatures actions led to form different defective plans of
tetragonal plane and more developed energetic relief of surface of
such NPs. Pressure action on these systems changes the phase
composition [15] and as results the system energies due to its
reorganization. For doped zirconia at increasing of dopant more
developed relief of surface of surface free energy GS(P,T) was
observed. It may be evidence about more big labilities for systems
with bigger dopant amount which can restrain T-M martensitic T-M
transition
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Abstract: The catalytic activity of material was tested by ESR spectroscopy and investigation of the formation of the super-anion radicals
of oxygen on surface zirconia particles in dependence on dopant amount, pressure. UV-visible spectroscopy was used for estimation of
optical properties of these materials. It was found the introduction of Y2O3 allows to creation of structure defects in partially stabilized
zirconia, and its influence for tetragonal crystals is not monotonic in range 2-4 mol. %. It is connected with boundary of stable tetragonal
phase at Y2O3 adding. The pressure is active factor of changing of surface state due to tetragonal – monoclinic transformation and may be
used for improvements of catalytic properties of zirconia NPs.
Keywords: ZIRCONIA NANOPARTICLES, SUPEROXIDE ANION RADICAL, HIGH PRESSURE, PHOTOSENSITIVE

The creation of these productions is inseparably connected with the
developing of a new direction of modern materials science –
nanodimensional materials [2]. It is the base for creation of
principal new technologies which have methods and methodologies
for controlling of properties and structures of nanomaterials.

1. Introduction
The modern world industry the moves to side of application of
hightechnological or another words “high-tech” products which are
oriented on properties of finished products. For zirconia materials
this is a wide spectrum of applications, fig. 1.

However, in present time the technologies of obtaining
nanopowdwers which are oriented direct on finished productions, in
particular, ceramic, functional nanopowders or composite, is not
much. Perspective technologies of obtaining of oxide nanopwders
are technologies which are based on methods of “wet chemistry”, in
particular, hydrothermal, hydrolysis and chemical precipitations
methods. The method of chemical precipitation is a simple method
in hardware [3]. This method can easy adapt to syntheses of surface
and bulk modified systems [4]. Another feature of this method in
contrast of other methods is carried out of syntheses of oxide
nanoparticles (NPs) as sequential separate stages: zirconia hydrogel
obtaining - zirconia amorphous xerogel – crystalline zirconia NPs
[5]. It is obtained as amorphous product of zirconia which is used as
sorbent of water cleaning and as crystalline zirconia NPs as product
for using in ceramic technologies. Also the presence of several
stages of this process of NPs obtaining allows introducing the
separate stage of modifications for changing of cationic and anionic
sublattice or surface state. The modifications methods may be as
physical and chemical nature or their complex [6].

Fig.1 - The world market of zirconia applications.

The knowledges about mechanisms of processes which take
place at syntheses of zirconia nanopowders and under physical and
chemical modifications of these systems allow creation effective
methods of task-oriented controlling of properties and structures of
finished product. Thus the complex technology which is based on
chemical precipitation methods with introducing of different
methods of physical and chemical modifications allows creating
high-tech oxide nanopowders with properties aims on finished
operation tasks.

Distribution of oxide nanopowders using in same industry on
main industry world regions, fig. 2.

In this work the complex technology of complex oxide
obtaining is developed and the questions of modification of oxide
nanoparticles for photocatalytic tasks are studied.

2. Preconditions and means for resolving problems
2.1 Technology of zirconia NPs obtaining
Fig.3 shows the schemes of technology of Y-doped zirconia
NPs obtaining. As we can see the technology of obtaining of
complex oxides contains several stages and can be divided on two
technological cycles in which two independence products are made.
These products are amorphous xerogel and crystalline zirconia.

Fig. 2 Distribution of oxide nanopowders using in same industry on
main industry world regions

In this case the questions about developing of technologies
which are directed on creation of nanopowders and other production
based on nanopowders are significantly in materials science [1].
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concentration of initial salts (considering of complex structure of
colloid solutions of zirconium salts [7]) may significantly influence
on amount of unwanted additions and as results led to change of
dehydration and crystallization of sediment and aggregation of
amorphous xerogel NPs. The last fact influences on zirconia NPs
morphology and dispersity. Thus the residual amount of ammonium
chlorine in amorphous xerogel may significantly influence on
behavior of crystalline zirconia NPs at their sintering [8], because
the properties of zirconia NPs are formed due to water and additions
removing, dehydration, dehydroxylation, dehydrogenization,
destruction and crystallization of amorphous xerogel. Realization of
these processes takes place under heat treatment of amorphous NPs
in temperature diapason of 400-1000oC, fig. 4.

Fig.3 The schemes of technology of Y-doped zirconia NPs obtaining
Amorphous xerogel
а

The realization of this scheme is based on chemical
precipitation method. It allows obtaining a complex oxide when the
different salts co-precipitate simultaneously, for our case yttrium
and zirconium salts are base. The physical actions may be used on
any stage of process. Thus for decreasing of drying time of hydrogel
microwave irradiation is used and heat treatment of amorphous
xerogel with variation of rate of non-isothermal and time of
isothermal stages is used for variation of structure, size and surface
state of NPs. The detail scheme of first stage of technology is
shown on Fig.4.

300-400оС
b

400-900оС
c

>1000oC
d

Fig 4 Scheme of oxide NPs forming a) amorphouse xerogel structure, b)
partially dehydrated and broken solution domens, c) NPs forming, d)
oriental sintering of NPs.

2.2 NPs surface state and their activity to producing of O2-

Photocatalytic activity of materials connected with ability to
produce of super-oxide radical O2- and OH radicals under UVvisible irradiations. The forming of these oxidative particles on
zirconia surface may be investigated by ESR spectroscopy [9, 10].
Thus the paramagnetic sites correspond to the pseudoaxial (nonbridging) oxygen O-. This center has isotropic line in ESR spectrum
with g-value is 2,05 for dispersed material or anisotropic line with с
g⊥= 2,045-2,055 or g=2,040-2,047 for bulk material. The adsorbed
O2- on oxide surface has anisotropic signal with three peaks with
g1=2,033, g2=2,008 и g3=2,003 according to data [10] or g1=2,027,
g2=2,0085 и g3=2,0042 according to data [11]. The g1 value of this
signal is sensitive to change of environment of adsorbed oxygen
molecule [12] and the g1 factor value may be using for estimation of
connectivity extent of oxygen with metal ions of oxide surface [13].
For Y-doped zirconia with different Y2O3 amount and calcination
temperature the possibility of generation of O2- under UV
irradiation was studied [14]. It was shown that the increasing of
calcination temperature above 700oC led to decreasing of intensity
of O2- generation [15].
The Y-doped zirconia is a wide band oxide. Fig. 5 shows the
UV-visible spectrum of Y-doped zirconia NPs (Y2O3 amount of 2,
3, 4 mol. %) with calcination temperature 700oC. It was shown
investigated systems absorbed irradiation with photon energy above
5 eV. The values of the fundamental absorption edge are 5.3, 5.3
and 5.48 for systems with Y2O3 amount of 2, 3, 4 mol. %,
accordingly. The change of values of the fundamental absorption
edge has non-monotonic behavior which possible corresponded to
presence a very small amount of monoclinic phase for ZrO2-2 mol.
% Y2O3 and of cubic phases for ZrO2-4 mol. % Y2O3. Spectrum of
each system demonstrates the presence of tail bellow the
fundamental absorption edge. It is determined by defects of
crystalline structure which give the additional levels in forbidden
band. It makes the zirconia photosensitive materials, especially for
systems with Y2O3 amount of 2 or 4 mol. % in zirconia.

Fig. 4 –Detail scheme of first technology stage

It is noted that amorphous xerogel is genetically inherence of
feature of hydrogel structures which depend from many parameters
of syntheses, in particular, salt concentrations, salt and agentprecipitated type, dopant nature and amount et al.
It is determined the dehydration rate, hydrate shell state, porous
of xerogel, specific surface area, morphology and surface state. It
may influence on distribution of dopant between phases and led to
synthesized inhomogeneity product. The increasing of
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Table 1. Phase composition and size of Y-doped zirconia NPs
(Tcal=700oC)

% Monoclinic phase
Y2O3,
%

Pressure, MPa
100

300

400

600

700

1000

2

8

10

13

15

18

19

3

17

28

28

31

41

50

4

45

68

83

83

88

90

As we can see the accumulation of amount of monoclinic phase
in systems under pressure takes place at increasing of pressure and
for Y-doped zirconia (2 and 4 mol. %) it is practically constant.
Comparison the phase composition data and response of systems on
UV-visible irradiation allows marking systems which will be
perspective for investigations. Two systems (dopant amount of 2
and 4 mol. %) which were modified by pressure at 600 MPa was
choose for testing of O2- forming.

Fig. 5 UV-visible spectrum of Y-doped zirconia NPs (Y2O3 amount of 2,
3, 4 mol. %) with calcination temperature 700oC

According [14] the anion radical superoxide is a very good
formed on surface of investigated Y-doped zirconia with calcination
temperature up to 600oC. At calcination of zirconia above these
temperatures the forming of O2- is very weakly. It may be connected
with change of surface state of NPs at heat treatment, in particular
with disappearance of the places of specific absorption of oxygen
molecules.

Fig. 7 shows the ESR spectra of initial and modified systems
(dopant amount of 2 or 4 mol %, calcination temperature is 700oC).

According [15] the pressure is active factor for controlling of
NPs phase composition, surface state etc, but influence of pressure
action on NPs structural characteristics can depend on dopant
amount. Fig. 6 shows the change of NPs dispersity at pressure
action on NPs with different amount of dopant.

a

Fig. 6 Dependence of specific surface of NPs dispersity on pressure
action on NPs with different amount of dopant (calcination temperature is
700oC)

b

The dispersity of NPs after pressure action and milling are
increased, and dependence of dispersity from pressure values has
non-monotonic characters. The position of extremum on these
dependences is determined by amount of Y2O3 in zirconia. It may
be connections with tetragonal-monoclinic transformation which
takes place in Y-doped zirconia under pressure [15]

Fig. 7 ESR spectra of initial (without pressure action) and modified
systems (600 MPa pressure action) for systems with calcination temperature
is 700oC and Y2O3 amount a) 2 mol. %, b) 4 mol %.

According to presented data the ESR spectrum of investigated
pressure modified powders has anisotropic signal with three peaks
and g-tensors of which have the values close on g1=2,03, g2=2,01,
g3=2,009. This signal corresponds to the triplet state of the adsorbed
О2- on oxide surface. Isotropic signal with the g-value close on
2.003 appears in the ESR spectrum also. This signal evidences
about generation F+-centers on zirconia surface under UV
irradiation.

In table 1 the structure parameters (size, phase composition) are
given for initial systems with calcination temperature of 700oC. As
we can see size and phase composition are changed from dopant
amount and values of pressure. The increasing of dopant amount led
to stabilization of NPs to tetragonal-monoclinic transformation
which is initialized by pressure.
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15. Gorban O. Surface influence on the behavior of stabilized
zirconia nanoparticles under pressure. - High Pressure Research,
2012, 32, [1], 72-80 (Gorban O., S.Synyakina, G.Volkova, Y.Kulik,
T.Konstantinova).

Conclusion
It was shown that the technology of co-precipitation is a
perspective technology for creation of complex oxide. The
developing of this technology by including of physical and
chemical actions in their process, in particular pressure or
concentration actions, allows the variated of characteristics of NPs
and their properties. It was found the introduction of Y2O3 allows to
creation of structure defects in partially stabilized zirconia, and its
influence for tetragonal crystals is not monotonic in range 2-4 mol.
%. It is connected with boundary of stable tetragonal phase at Y2O3
adding. The pressure is active factor of changing of surface state
due to tetragonal – monoclinic transformation and may be used for
improvements of catalytic properties of zirconia NPs.
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EFFECT OF THE PARTICLE SURFACE ACTIVATION ON THE SINTERING KINETICS OF
ZIRCONIA BASED NANOPOWDERS.
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Abstract. In the present study authors examined the sintering behavior on the initial sintering stage of ﬁne tetragonal zirconia nanopowders
(containing 3 mol % Y2O3) with and without mechanical activation in a ball mill. The initial sintering behavior was examined by constant
rate of heating method (CRH) at different heating rates. We defined a role of the particles surface mechanical activation and its influence on
the sintering mechanisms during the sintering of yttrium-stabilized zirconia nanopowders. We found that even a small mechanical action
causes change initial characteristics of nanopowdres which can accelerate sintering processes. Increases of milling time causes change of
sintering mechanism from volume (VD) to the grain-boundary (GBD).
KEYWORDS: TETRAGONAL ZIRCONIA NANOPOWDER, SINTERING MECHANISM, CONSTANT RATE OF HEATING METHOD
(CRH), MECHANICAL ACTIVATION.

1.

The second kind of nanopowder is TZ-3Y (Tosoh, Tokyo,
Japan) containing 3 mol % Y2O3 manufactured by hydrolysis
method and 3Y-TZP containing 3 mol%Y2O3 (DIPE of the NASU,
Ukraine) produced by co-precipitation method.
The preparation TZ-3Y (Tosoh) technique according to the
manufactures data consists of several stages: ZrOCl2*8H2O, YCl3
→ technical hydrolysis process → drying → calcinations →
mechanical milling (48 hours) → spray-drying (hot gas) →
nanopowder TZ-3Y (Tosoh).
All used chemicals have of chemical purity chemical
purity. At first appropriate amounts of Y2O3 were dissolved in nitric
acid; then, the zirconium and yttrium salts were mixed via a
propeller stirrer for 30 min and were subsequently added to an
aqueous solution of the precipitant (25% NH4OH) with constant
stirring. Sediments were mixed for 1 h at room temperature at a pH
of 9. Sediments were then repeatedly washed and filtered with
distilled water. For chloride salts, washing was carried out until a
negative test for C1- ions obtaining with use a silver nitrate solution.
After washing and filtration, the hydrogel was dried in a microwave
furnace. The calcination of dried zirconia hydroxides was carried
out in resistive furnaces at temperature 1000 0C for 2 h. After that
two powders were processed in a vibration mill. Powder 02M-3YTZP was milled for 2 minutes and powder 8M-3Y-TZP was milled
for 8 hours.
The powders obtained after calcination were characterized
by X-ray diffraction (XRD) employing a Dron-3 diffractometer
with Cu-K α radiation. Fitting and analysis of the XRD curves were
made by Powder Cell software for Windows version 2.4. The
powders were also studied by TEM (Jem 200A, JEOL, Japan) and
the observed average particle size was compared with the value
obtained by XRD. Reliable data were obtained by analyzing data
from 30 TEM fields for both powders.
Further, all powders were uniaxial pressured in metallic
die, and obtained the samples with dimensions of 62 mm x 6 mm.
There after the powder compacts were treated by a high hydrostatic
pressure 300 MPa. For dilatometric investigations were prepared
samples with next dimensions: diameter 6 mm, height 15-17 mm.
The shrinkage data of the sintering powder compacts was
obtained using a dilatometer (NETZSCH DIL 402 PC). The
dilatometer was calibrated using a standard sample of Al2O3.
Measurements of shrinkage by the constant rate of heating method
were carried out in the range from room temperature to 1500 0C
with different heating rates of 2.50, 50, 100, 20 0C/min. Upon
reaching the temperature of 1500 0C, the samples were cooled at a
constant rate. Determination method of sintering mechanisms with
using a constant rate of heating technique (CRH) is applicable to the
initial sintering stage. The initial sintering stage is not more than
4% of relative shrinkage. In this temperatures range begin to form
and grow interparticle contacts, and grain growth else insignificant.
Thermal expansion of each sample was corrected with the cooling
curve by the method described in [3]. It was confirmed that the

Introduction

Yttria-stabilized tetragonal zirconia (Y-TZP) ceramic is one of
the most famous ceramic materials. It is especially applied in
biomedical area, in machine and aerospace industry because of
higher fracture toughness and strength. Presently actual problems at
manufacturing products of zirconia nanopowders are the
optimization of the conditions and methods for obtaining
nanopowders and their consolidation during sintering. Also of
interest are research on extending shelf life of raw materials and
improving the quality of ceramics produced from it.
Sintering is one of the most important stages of the formation
of nanopowdes microstructure. The mechanical properties strongly
depend on the microstructure of zirconia based nanoceramics,
which can be controlled by applying the sintering-acceleration
effect of the mechanical activation, various dopants additives,
ultrasonic action, particle surface modificftion and etc.
Optimization of production processes (lowering the sintering
temperature and reducing the isothermal hold) nanopowders based
on zirconia will increase the production on an industrial scale and to
reduce the cost of zirconia ceramics.
In the present study we investigated sintering kinetic of
zirconia based nanopowders on the initial sintering stage with and
without mechanical activation in a planetary mill.
The main goal of this paper is to investigate the influence of
different nanopowders obtaining conditions and on peculiarities of
sintering process of ceramics nanocomposites based on yttriastabilized zirconia. It is especially important to clarify the effect of
mechanical milling on sintering process that give able to control the
sintering rate of yttria-stabilized zirconia ceramics for producing
new ceramic nanocomposites. Mechanical methods of the activation
of materials are currently widely used for manufacturing ceramic
nanopowders. Intensive milling of ultra-fine and nanometer-sized
powders is considered to be a way of applying mechanical
activation that involves dispersion of solids, generation and
migration of defects in the bulk and plastic deformation of particles
[1]. Mechanical activation in ball mill causes decrease grain size
and agglomeration degree and this leads to improving forming
nanopowders and the acceleration of sintering zirconia based
ceramics.

2. Experimental procedure
In this paper we use two kinds nanopowders: the nanopowders
3Y-TZP (DIPE) preparation technique consists from next stages:
ZrOCl2*8H2O, YCl3 → co-precipitation method → drying →
calcinations → wet mechanical milling (2 min; 8 hours) → we
have obtained three kinds of powder: 3Y-TZP (without milling);
02M-3Y-TZP (with milling 2 min); 8M-3Y-TZP (with milling 8
hours).
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shrinkage proceeded isotopically. The density of sintered samples
was measured using the Archimedes method.

4. Results and Discussion
Agglomeration degree differs according to the conditions for
producing nanopowders. The dependence of the agglomerate size
against the time of milling was used to optimize the sintering
process. It is known that mills used to optimize the preparation
process of powders and allows obtaining nanopowders of very high
quality with very low levels nanopowders agglomeration [1].
In this paper we investigate two times (2 min and 8
hours) grinding in the mill to select the best option for accelerating
the sintering process on the initial sintering stage.

3.
Analytical method for the determination of the
diffusion mechanism on the initial sintering stage
applicable for a constant rate of heating data.
The diffusion mechanism and activation energy of
diffusion at the initial sintering stage were determined by the same
analytical method as that in the papers [2-3, 4, 5, 10]. Assuming
isotropic shrinkage to samples, the density ρ (T) at a given
temperature T is given by the following equation:
𝜌(𝑇) = �

𝐿𝑓

3

� 𝜌𝑓

𝐿(𝑇)

(1)

Where Lf is the final length, L (T) is the length of the sample at a
temperature T, ρf is the final density of the sample measured by
hydrostatic method. For investigations the relative shrinkage no
greater than 4% was selected.
The diffusion mechanism and activation energies were
determined by the analytical method described in [5]. Sintering rate
on the initial stage of sintering is expressed by the equation which
was derived by Frankel and Johnson:
1
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ΔL=(L0-L) is the change in length of the specimen; K is the
numerical constant; Ω is the atomic volume; D is the diffusion
coefficient; γ is the surface energy; t is the time; T is the
temperature; k is the Boltzmann constant; a is the particle radius;
parameters n and p the order depending on diffusion.
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Fig. 1 Transmission electron microscopy (TEM) images of
nanopowders structure (a) 3Y-TZP (b); (b) 02M-3Y-TZP; (c) 8M-3Y-TZP;
(d) 3Y-TZP TZ-3Y (Tosoh).

As it can be seen from figure 1 the powder (a) 3Y-TZP
has a maximum degree of agglomeration in comparison with
nanopowders (b) 02M-3Y-TZP and (c) 8M-3Y-TZP and (d) TZ-3Y
(Tosoh), which was milling 48 hours. This can be explained by the
different duration of milling nanopowders in the mill. It should be
noted that agglomerate in 3Y-TZP nanopowder are soft and easily
destroyed in under mechanic and high hydrostatic pressure effects
("soft" agglomerates is groups of particles, under the combined
action of Van der Waals and easily collapsing under load [1,9]). At
eight hours milling in nanopowders (c) 8M-3Y-TZP achieved most
homogeneous particle size distribution. Figure 2 shows the TEM
images of nanopowders structure: (a) 3Y-TZP; (b) 02M-3Y-TZP;
(c) 8M-3Y-TZP and (d) TZ-3Y (Tosoh).
According to the TEM and X-ray diffraction (XRD) data
the particle sizes of powders 3Y-TZP and 02M-3Y-TZP are
identical 31.5±1.5 nm. The grain size of powder 8M-3Y-TZP is
25.5±1.5 nm which is less than in the powders 3Y-TZP and 02M3Y-TZP. XRD analysis of powders 3Y-TZP and 02M-3Y-TZP
showed the presence of two zirconia crystal lattices: 94% of
tetragonal phase and 6% of monoclinic. After 8 hours milling in
powder 8M-3Y-TZP, according XRD, the phase composition of the
powder was slightly changed: the monoclinic phase percentage was
increased up to 18.5%. The grain size of powder TZ-3Y (Tosoh) is
27.2±1.4 nm and the presence of two zirconia crystal lattices: 82%
of tetragonal phase and 18% of monoclinic.

(3)

From kinetic equation (3) derived by Wang and Raj [3-4]
we found activation energy using the slope S1 of the Arrhenius-type
plot of ln[T (dT/dt)(dρ/dT)] against 1/T at the same density, the Q is
expressed as:

Q= -RS1

(4)

To define sintering mechanism at the initial stage we used the
equations derived by Young and Cutler [5] which is based on the
kinetics principles formulated by Frenkel and Johnson [5]. After
simplification [6], the model chosen has the form:
∆𝐿/𝐿0
𝑇

−𝑛𝑄

= 𝑐𝑜𝑛𝑠𝑡 ∙ 𝑒 𝑅𝑇

(5)

Here, ΔL/L0 is the relative shrinkage, T is the temperature, Q is
the activation energy, R is the gas constant, n is the constant in
range of 0.31–0.50. According to two-sphere shrinkage models
proposed by several researchers, the n value ranges of grainboundary diffusion (GBD) and volume diffusion (VD) are 0.31–
0.33 and 0.40–0.50, respectively [6]. Using the slope S2 of
Arrhenius-type plot of ln [T2-n d (ΔL/L0)/dT] against 1/T we found:

nQ= -RS2

(6)

n=S2/S1

(7)

From (4) and (6) we found the order of diffusion mechanism:
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Fig. 2 Temperature dependence of shrinkage and the shrinkage
rate for the samples 3Y-TZP, TZ-3Y (Tosoh) at heating rate 10 0C / min.

Figure 2 shows the temperature dependence of the relative
shrinkage (dL/L0) and shrinkage rate (△ L / dt) for the samples 3YTZP (DIPE), and TZ-3Y (Tosoh) at a heating rate of 10 0C / min
from room temperature to 1500 0C. As can be seen, the onset
sintering temperature in samples is different. In the samples TZ-3Y
(Tosoh) shrinkage begins earlier at a temperature of 960 0C, and in
the sample 3Y-TZP (DIPE) shrinkage begins at 1010 0C. The
highest rate of shrinkage is achieved at temperatures of 1171 0C and
1219 0C for 3Y-TZP (DIPE) and TZ-3Y (Tosoh), respectively. It
can be seen that the shrinkage of the sample 3Y-TZP (DIPE) is
more intense than in the sample TZ-3Y (Tosoh).

Fig. 4 Arrhenius-type plots of samples (a) 3Y-TZP; (b) 02M-3Y-TZP; (c)
8M-3Y-TZP and (d) TZ-3Y (Tosoh).

The diffusion mechanism of all sintering samples was
determined by the method described in articles [2, 4-5] and
Arrhenius-type plots presented on figure 4.

Table1. Activation energy and the order of diffusion mechanisms for the
samples 3Y-TZP; 02M-3Y-TZP; 8M-3Y-TZP; 3Y-TZP TZ-3Y (Tosoh).

№

Powders

n

Q, kJ/mol

1
2
3
4

3Y-TZP
02M-3Y-TZP
8M-3Y-TZP
TZ-3Y (Tosoh)

1/2
1/2
1/3
1/3

667±40
615±40
804±40
840±40

Sintering
mechanis
m
VD
VD
GBD
GBD

The obtained activation energy and the order of diffusion
mechanisms (n=0.33-0.51) for the samples shown in Table 1. Table
1 show that milling in 2 minutes, does not change the predominate
sintering mechanism (mechanism volume diffusion) and milling
duration of 8 hours leads to a change the predominant sintering
mechanism from volume (VD) to the grain boundary
diffusion(GBD). Such change predominant sintering mechanism on
the initial sintering stage increases the activation energy of the
sintering.

Fig. 3 Temperature dependence of shrinkage and the shrinkage
rate for the samples 3Y-TZP, 02M-3Y-TZP, 8M-3Y-TZP at heating rate 2.5
0
C / min.

5. Conclusions

Figure 3 shows the temperature dependence of the relative
shrinkage (dL/L0) and shrinkage rate (∆L/dt) of the samples 3YTZP; 02M-3Y-TZP; 8M-3Y-TZP at a heating rate of 2.5 0C / min
from room temperature to 1500 0C. As it can be seen, the onset
sintering temperatures of shrinkage of these samples is slightly
different and shrinkage rate of the sample 3Y- TZP (DIPE) is more
intensive than of the other samples.
We think that this difference different of shrinkage rate
due to nanopowders obtaining conditions and mechanical
activation. As was noted above, nanopowder TZ-3Y (Tosoh) milled
in the mill for 48 hours, and nanopowder 3Y-TZP has not been
subjected to any mechanical action. This is confirmed by the low
agglomeration degree, homogeneous particle size distribution and
small grain size of the TZ-3Y (Tosoh) nanopowder, as shown in
Figure 1. It should be noted that the mechanical milling in a mill for
8 h gave almost the same effect on the powder 8M-3Y-TZP (Fig.1
(c)), as in TZ-3Y (Tosoh) (Fig.1 (d)).

The present study examined the sintering behavior on the
initial sintering stage of tetragonal zirconia nanopowders with and
without mechanical activation in a ball mill. The following
conclusions were obtained:
1) Milling in a ball mill significant effect on the initial
characteristics of powders (agglomeration degree, grain size) and
accordingly influence on the kinetics of the initial sintering stage of
ceramics. Improving sintering due to milling occurs, apparently,
not only by increasing the density of the compacts, but also due
increasing defects of the powder particles caused by deformation
during densification, which is confirmed by the changing of
diffusion mechanism of sintering from volume (VD) in case for
nanopowder 3Y-TZP to grain boundary (GBD) in case for 8M-3YTZP.
2) We found that even a small milling time (2 min for
02M-3Y-TZP nanopowder), reduces the agglomeration degree and
decreases activation energy of sintering at the same time it not
change the predominant sintering mechanism.
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ZIRCONIA NANOPARTICLES AND CERAMICS:
KINETIC OF ISOTHERMAL GROWTH
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Abstract: It is known that the formation of oxide nanopowders takes place in the complex process including as non-isothermal and
isothermal stages. In case of powders isothermal heat treatment led to realization of sequential process at transition from amorphous state to
crystalline state, in particular, dehydration, crystallization, disintegration of linked nanoparticles in amorphous matrix and ensuing growth
of crystals. In this work the questions of forming of particles and ceramic based on these nanoparticles are discussed. The influence of
particles characteristics which synthesized at different temperatures on kinetics of isothermal sintering is estimated. It was shown that
particles size and surface characteristics influence on kind of diffusion which is realized at ceramic sintering. The possible mechanisms of
isothermal stage of nanoparticles and ceramics forming are discussed.
Keywords: OXIDE NANOPOWDERS, SYNTHESIS METHODS, ISOTHERMAL GROWS, DIFFUSION, SINTERING.

than 1100oC. Durability of ceramic materials can be increased by
varying the type or amount of dopants [14-15]. At the same time,
the increasing of ceramics durability due to the structure of
ceramics and ability to structure changing [16], which can be varied
as type of dopant [17], structural features of powders [18] or
sintering regimes [19].

1. Introduction
Modern industry actively uses ceramic nanomaterials in the
biomedical area, including prosthetics, implantation, as well as
technical direction [1-3]. Modernization of metallurgical,
engineering and chemical industries require replacement of major
metal parts of devices to parts made from ceramic materials,
including nozzles, pistons, bearings that are more effective in terms
of corrosion resistance [4]. Improving the quality of life lead to the
introduction of new standards in medicine, in particular, the
development of new ceramic materials, in particular for dentistry,
bones recovering, etc., which are biologically inert relative to the
human body [5]. Oxide nanomaterials based on zirconium dioxide
are the most attractive for these applications [6], however, the
nanosized state of the oxide materials is blocked the rapid
advancement of such materials on the market. The main reasons for
this are the difficulty of working with nanopowders, both during the
synthesis of fine-powder and in their further consolidation.
Therefore, understanding the processes of nanoparticles synthesis
and consolidation are very useful for the successful implementation
powders and ceramic products in modern industry.

Thus, the potential consumers are forming the requirements to
zirconia nanopowders and products thereof. However, no single
criterion by which you can choose the best powder, because in order
to adapt the functional properties of nanoparticles for specific
experimental tasks necessary to understanding the fundamental
processes of nucleation and growth of nanoparticles.

2. Experimental
2.1. Material preparation
ZrO2-3mol% Y2O3 (3Y-TZP) nanopowders were synthesized
with a co-precipitation technique using ZrOCl2⋅nH2O,
Y(NO3)3⋅nH2O. All used chemicals were of chemical purity. The
technological aspects of the precipitation process were described in
[20, 21]. After washing and filtration, the hydrogel was dried in a
microwave furnace with an output power of 700 W and at a
frequency of 2.45 GHz. The dried zirconium hydroxides and
composites were calcined in a resistive furnace at temperatures 500,
700 and 1000oC with a dwelling time of 1, 2 and 3h for producing
nanopowders with different particle sizes.

The most common industrial method of synthesis of
nanopowders is precipitation method because it allows synthesized
as single, double and multicomponent oxide powders. However, it
should be noted that the synthesis of nanoparticles obtained by
coprecipitation technology, runs in conditions of temperature
processing. Formation of nanoparticles undergo to a set of processes
- dehydration, dehydrogenation, degradation and crystallization
under the influence of temperature. During the increasing of
temperature the processes of nanoparticles growth, surface
formation, creation and annealing of anionic and cationic vacancies,
a transition from amorphous to crystalline state are occurred [7].
Usually the temperature range of heat treatment is in the range from
crystallization temperature to 1200oC.

2.2. Materials characterization
The powders obtained after calcination were characterized by
X-ray diffraction (XRD) employing a Dron-3 diffractometer with
Cu-Ka radiation. The region of 26–33o was studied in order to
determine the volume fraction of the monoclinic phase by a proven
method [22]. Data in the angular region of 71o–77o were used to
identify the splitting of the (400)t and (004)t peaks of the tetragonal
phase. Fitting and analysis of the XRD curves was done by Powder
Cell software for Windows version 2.4. Coarse α-Al2O3 powder
was used to measure the instrumental broadening in order to correct
the value of line broadening. The Scherer equation was used to
determine the average size of the coherent scattering area. The
powders were also studied by TEM (Jem 200 A JEOL) and the
observed average particle size was compared with the value
obtained from XRD. Reliable data were obtained by analysing data
from 30 TEM fields for both powders. When a match for XRD data
with the results of electron microscopy was found, the size of the
primary crystallites could be determined. Our previous work [23]
shows non-conformity in particle size determined by X-ray analysis
and TEM for certain special modes of heat treatment, but in this
work such features will not be considered. Speciﬁc surface area of
nanopowders was measured using BET method on SORBI-2
instrument [24].

Increasing temperature leads to an increasing of nanoparticles
size and increase their bulk weight, which is important for powders
compaction. The formation of tetragonal phase in zinconia
nanopparticles is more attractive to the ceramic technology.
Obtaining of tetragonal phase in zirconia at room temperature is
possible by reducing the size of nanoparticles [8] or by creating the
surface defects [9], or mesoporous materials [10]. However, these
factors do not to stabilize of zirconium dioxide during change of
thermodynamic conditions (temperature, pressure, environment
conditions) in time their exploitation. At the same time, the most
common method of stabilization of zirconium dioxide nanoparticles
in the tetragonal phase is the doping of zirconia lattice by two- or
trivalent ions [11-13]. This process allows to stabilize the tetragonal
state, make the surface of nanoparticles more active to sintering and
to reduce the probability of martensitic tetragonal-monoclinic
transition during cooling powders from higher temperatures higher
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The 3Y-TZP nanopowders with different particles sizes were
pressed uniaxially under 50 MPa. The specimen’s sizes were 8 mm
x15 mm. The shrinkage of the green compacts with sintering was
measured using a dilatometer (DIL 402 PC, Netzch, Germany). The
shrinkage was measured as a function of time at the constant
temperature from 950 to 1400oC. The regimes of sintering at 1300
and 1400oC were chosen because these temperatures often used in
large industrial furnaces, for example JSC “KDZ”, Ukraine. The
dilatometer was calibrated using Al2O3 as a standard specimen.
Using the thermal expansion coefficient of Y-TZP thermal
expansions of the specimens were corrected from the observed
shrinkages.

b

a

1µm

1µm

d
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3. Results and discussion
The TEM images of calcined zirconia powder are shown in
Figure 1. The XRD analysis shown that the main crystalline phase
was a tetragonal - P4m2 type (cards 17–923, 14–534). The XRD
and TEM data found that primary 3Y-TZP particles size increased
with increasing calcining temperature. The average particle sizes
are 13, 19 and 32nm for temperatures of 500, 700 and 1000◦C,
respectively (Fig.1, Table 1) and decreased slowly with increasing
of dwelling time. This process is linked with decreasing of specific
surface area.

1µm

1µm

Fig.2 TEM images of 3Y-TZP nanopowders, calcined at 700 a), b) and
900oC – c), d) with dwelling time 1h – a), c) and 3 h – b), d).

The behavior of nanopowders under isothermcal heating was
studied on nanopowders with different mean particle sizes during
heating at 950, 1000, 1050, 1100, 1300 and 1400oC. Figure 3 shows
the typical change of fractional shrinkage with heating time at a
constant temperature of 1300 and 1400oC.

Fig.1 XRD data of 3Y-TZP nanopowders calcined at 500 – 1, 700 – 2 and
1000oC – 3.

Table 1 Dependences of specific surface area and particles size (XRD)
from calcination regimes
Ssa, m2/g

T0C
1h

2h

D, nm
3h

1h

2h

3h

500

92,4±1,8 87,1±1,1 79,8±1,7 13±0.4

13±0.4

14±0.5

700

50,3±0,6 48,5±0.7 47,9±0,5 19±0.6

20±0.7

21±0.7

1000

21,5±0,3 17,7±0,2 16,2±0,2 32±0.9

35±0.9

37±1.0

Fig. 3 Change of shrinkage with heating time of 3Y-TZP nanopowders
with 13, 19 and 32 nm mean particles size at 1300 and 1400oC.

When the heating time increased, the fractional shrinkage of 32
nm nanopowders was greater than that of 13 and 19 nm
nanopowders. It should be noted that the shrinkage of 19 nm
nanopowder is least of all, so dependence of powders shrinkage is
nonmonotonic with particle size. The sintering-rate equation of
isothermal shrinkage at the initial sintering step is as follows [25]:

In case of nanopowders, calcined at 500 and 1000oC, the strong
agglomeration of nanoparticles was observed by TEM, instead of
separated nanoparticles, which was observed after calcination at
700oC. The agglomeration processes in nanopowders calcined at
500 and 1000oC due to the different reasons. The Van der Waals
forces in first case and starting the sintering processes in second
case are the reasons for agglomeration of nanoparticles. But the
increasing of dwelling time did not lead to particle agglomeration
(Fig. 2).

∆L
= kt n
L0

(1)

 ∆L 
 = n log t + log k ,
log
 L0 

(2)

where k is a numerical constant, which depend on temperature
and powder characteristics, n is the order depending on the
diffusion mechanism.
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To apply Eq. (2) to the above results, the isothermal shrinkage
curves converted to log–log plots, and the n values of powders
shrinkage were determined from the slopes of the straight lines. The
n values of 3Y-TZP powders were shown in Table 2.
Table 2 Parameters that determine the rate of sintering at different
temperatures.
T, °С

1400°С

1300°С

k

n

k

n

500 (13 нм)

0,0013

0,53

0,0015

0,41

700 (19 нм)

0,0015

0,47

0,0029

0,43

1000 (32 нм)

0,0021

0,49

0,0028

0,4

According to two-sphere shrinkage models proposed by several
researchers, it has been reported that the n value ranges of grain
boundary diffusion (GBD) and volume diffusion (VD) were of n
0.31–0.33 and 0.40–0.50, respectively [25]. Compared with the
above n values determined experimentally, it was conﬁrmed that the
diffusion mechanisms of studied nanopowders are determined by
VD.
However, the powders (for example with an annealing
temperature 500 and 700oC) with different powders morphology,
having the near n values. This is an interesting question and can be
explained by the heterogeneity of the structure of compacted
powders. During sintering of inhomogeneous structures in the
agglomerates can already be realized mode of volume diffusion
between particles, whereas in the rest of the system can be sintered
in the regime of grain boundary diffusion. In some time the grain
grows also occurred and the determination of n is not true. For the
description of the mechanism of sintering in this case, the sintering
with constant heating rate should be use.

Conclusion
It was shown the grain growth takes place at heat-treatment of
NPs and their compacts. For case in ceramic creation (high
temperatures, in our work 1300-1400oC) the process of grain
growth takes place due to volume diffusion. For NPs growth this
process is complex and is depending on temperature region in
which NPs heats. At low temperatures up to 700oC process can
include stages of destruction of initial hydroxide matrix at
crystallization, creation and annealing of oxygen vacancies,
removing of residual ions, hydroxyls and water and other diffusion
processes. The growth of NPs in this temperature region is slowly.
In temperatures above 700oC the diffusion as anionic and cationic
processes begin and growth of NPs is accelerated.
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Abstract: A comprehensive study of the structure and electrical properties of nanopowder system based ZrO2 + Y2O3 3mol% was conducted.
The presence of electrically continuous ion atmosphere, which consist from hydrogen-containing functional groups with different spin-spin
relaxation times of hydrogen nuclei 1H was revealed. An original method of investigation of electrical properties of nanoparticles and
surrounding ionic atmosphere based on electrochemical impedance spectroscopy was suggested.
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based
on ZrO2 by electron microscopy, electrochemical
impedance spectroscopy (EIS), spin echo of wide lines based on
nuclear magnetic resonance(NMR).

1. Introduction
Nanomaterials based on zirconia present a great interest for
modern science and technology due to their special properties
associated with size effects [1, 2, 3, 4 ]. ZrO2 nanopowders are
excellent sorbents [5], have unique spectral characteristics [6]
and promising as a material for the creation of a new generation
of phosphors, devices for photovoltaics, electronics [7, 8] and
energy [9,10].Reducing of grain size leads to stabilization of
tetragonal phase during hardening transformation of ZrO2 ceramic [11] and to significant increasing of physical and
mechanical and performance characteristics of ceramic products.
Recently, global problem of creating of new alternative
power sources became topical [12].Zirconia is a wide-gap
insulator (bandgap = 3,5 ÷ 6eV) and differs from other oxides by
relatively high value of dielectric constant (ε = 25) and high
chemical activity of the surface. Therefore, on high heterophase
boundary of nanostructured media based on ZrO2 a high density
of energy can be expected. This is caused interest for their
application as functional materials for devices for electronics,
energy, and other fields of science and technology [13, 14 ].
However, due to lack of knowledge about nanopowder
systems, dimensional effects caused by excess surface energy in
nanopowder systems are the source of most serious technological
problems. In particular, inability to overcome the effects of
adhesion of nanoparticles causing the problem for obtaining
products with complex forms from nanostructured ceramic based
on ZrO2 [15, 16, 17]. Problem of tunnel leakage current at
scaling in low-dimensional range of devices for electronics held
back the development of microsystems technology and modern
electronics as a whole [18].
The spatial structure of nanosized dispersed system,
electrical properties, mechanisms of formation and retention of
adsorption equilibrium has not been fully explored due to
complexity of the object of research and lack of research
methods. Topical is not only the study of nanopowder systems,
but the development of appropriate methodology for such
investigations.
The aim of this study was a comprehensive study of the
structure and electrical properties of the nanopowder system

2. Experimental Procedure
As the object of investigation compact sets in the form of
tablets (hight - 2mm, diameter - 18mm), obtained by influence of
high hydrostatic pressure (HHP, 500 MPa) of ZrO2-3mol.% Y2O3
nanopowder. These nanopowders were prepared by coprecipitation method from salts of zirconia and yttria with
ammonia, followed by dehydration of sludge in specialized
microwave oven and heat treatment at T = 700°C for 2h.
Spatial structural organization of samples were investigated
by scanning (SEM) and transmission (TEM) electron microscopy
[19] using JSM640LV and JEM 200A devices respectively.
Electrochemical impedance spectra of samples were
obtained using a virtual analyzer of impedance parameters such
as impedance Z-1500J, with a computer-controlled process of
measurement and recording of experiment results. The amplitude
of the signal voltage was 50 mV, the measurement time of each
point 5 seconds, automatic switching of measuring range,
frequency range from 500 Hz to 1 MHz. The measurements were
carried out at temperature of +20°C and atmospheric pressure.
Spectra modeling was performed using the computer program
published in [20]. Carbon contacts received by mechanical
application of graphite to the ends of the samples - tablets.
Analysis of adsorption layer was performed using NMR
spectrometer by spin-echo of broad lines technique, operates at
20 MHz (resonant frequency of hydrogen nuclei 1H). Sample for
this method amounted to 0.9 g.

3. Results and discussion
3.1. Investigation of nanoparticles morphology and
microstructure of the samples – compact sets
Investigation of composition of the powder ZrO2+3mol%
Y2O3, (700°C, 2h) by TEM methods are shown on Figure 1. It
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ZCPE (iω) = A-1(iω)-n, where A - the coefficient of proportionality,
and the n - exponent that characterizes the phase shift [21].
Calculated values of elements shown in Table 1 below.
Circuit R1-CPE1 appropriate to located in high frequency
part of the spectrum semicircle α (Figure 3, a) with an offset to
the center of negative values. It reflects the total conductivity of
structural elements with short relaxation times τhf. Circuit R2CPE2 corresponds to the straight region γ in the low frequency
range. It reflects the total conductivity of the structural elements
with large relaxation times τlf.

can be seen that the powder is relatively well distributed spatially
with individualized particles (Figure 1, b). The volume of the
sample contains only solid nanoparticles with diameter 20 nm,
and the gas phase. Shells around the particles are visible on
Figure 1, b. It is formed as a result of contamination of the
surface of nanoparticles of pairs of vacuum oil. This item directly
indicates high chemical activity of nanoparticles and can
indirectly indicate the presence on surface of nanoparticles of
adsorption atmosphere, which probably does not create an
electronic contrast and not visible in TEM images. The
diffraction pattern (Figure 1, c) corresponds to tetragonal
zirconia.
Homogeneous microstructure can be seen on SEM images
with magnification x500 (Figure 2, a). It is indicates a relatively
homogeneous distribution of the material in the volume of
samples. At higher magnification pores which are occupied on
average half of the sample volume and facilitate easy penetration
of moisture are visible. Image with magnification x10 000 shows
that microstructure of sample is loose and flake. Aggregates are
irregular in shape; their size is 1 - 3mkm.

Table 1. Estimated values of elements of equivalent circuit of the
hodograph.
R1, Ohm
R2, Ohm
P1
n1
P2
n2
L1, Hn

If it is assumed that elements with different own relaxation
times τhf τlf spatially separated, the system can be represented in
the form of spatial domains / layers ordered by frequency / time
response τ (principle partial linear approximation [20]).
Assuming the spatial symmetry towards to electrical properties,
the system under study can be represented schematically as on
Figure 2, a, and their electrical properties can be characterized
from the shape of corresponding elements of the hodograph. The
shape of the spectrum in the form of a semicircle indicates
capacitive conductivity of corresponding spatial region, the shape
of
the
beam
–
diffusion
conductivity.

c

a

1μm

b

150nm

Figure 1. TEM images of the powder ZrO2 + 3 mol.% Y2O3,
(700°C, 2h) with magnification of 10 000 (a) 70 000 (b) and the
characteristic pattern of the electron diffraction (c).
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Figure 2. SEM images of fracture of compact sets (500 MPa) of
the powder ZrO2 + 3mol.% Y2O3 (700°C, 2h) with magnification
of 500 (a) and 10 000 (b).

Figure 3. Hodograph of impedance of sample composition ZrO23 % Y2O3 (700 oC, 2h)

3.2. Investigation of electrical properties of samples

3.3. Spatial configuration of the system

Hodograpf obtained by mathematical processing of
frequency dependence of capacitance, conductivity, and loss
tangent of samples is shown on Figure 3. It is contains
information about electrical structure of the object.
Presence of several geometric shapes on the hodograph (Figure 3,
a) indicates that the sample space is heterogeneous towards to
electrical properties.
Figure 3, b shows simulated equivalent circuit diagram of
measured sample. It is seen that a typical hodograph can be
approximated in the form of two series-connected parallel RC circuits.
For a more accurate approximation capacitive element C in
both circuits is replaced by a so-called constant phase element
(CPE). The impedance of this element is given by the formula:

Area with capacitive conductivity, which for some value τs
goes to the diffusion conductivity [22, 23, 24] γ, located at the
beginning of the reaction coordinate axis, is shown as a circle on
Figure 4, a. Based on electron microscopy data, it is possible to
assume that part of the spectrum α (Figure 4, b) with capacitive
conductivity and typical for diffusion-free (polarization
processes), low own relaxation times τhf characterizes volume of
dielectric nanoparticles of ZrO2.
In this case a straight beam γ (Figure 3, a, Figure 4, b) with
the own time τlf must match the spatial region between the
particles and transitional area between the semi-circle and the
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line - heterophase boundary. Other components, as shown by
TEM- method, are absent in the system.
Thus, the spatial structure of the sample represented in the
form of Figure 4, c. Such representation is typical for systems
with a liquid electrolyte, for example, cell lithium-ion batteries
[22, 23]. Thus, the geometric image of the system under study,
obtained from EIS spectra corresponds to the simplest spatial of
dispersed system in a packed (concentrated) form, which is
confirmed by electron microscopy. Note that the semicircle α is
asymmetric. In fact, the low-frequency region is planned plateau
of direct current conductivity - frequency independent region that
is associated with the formation of the space charge on
heterophase boundary [24]. Thus, it can be assumed that the
surface of nanoparticles is charged.
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Figure 5. The experimental dependence of the damping of
the spin-echo signal (a) and the values of the relaxation times of
the magnetic moments of the hydrogen nuclei 1 H (b)

3.4. Schematic structure of adsorption layer on the surface
of nanoparticles based on ZrO2

V=f(ω)

r

Modern theory of structure of electrical double layer (EDL)
suggests that EDL consist from two parts (Figure 6,a) [27, 28,
29, 30]. One part is located directly at the interface (Helmholtz
layer or an adsorption layer), another - in the diffuse part with
thickness χ, which depend from the properties of dispersion
medium and ions of inner layer. Value of the potential in the
Helmholtz layer at a distance from the potential formed ions
decreases linearly from φo to potential of diffusion layer φδ, and
then changed exponentially (Figure 6, b).
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Results of the study of the spin-echo method are shown on
Figure 5. NMR spectroscopy technique used two-pulse method,
which envisages changes in the pulse frequency υ [25, 26]. For
calculation of time T2 relaxation curves of the magnetic moment
of the hydrogen nuclei by transformation τ = 1/υ were transferred
from frequency to time domain.
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3.4. The structure of the hydrate layer
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Figure 4. Geometric representation of nanopowder system
with respect to the electrical properties (a); the spatial
relationship (r) and time (τ) coordinate with the shape of the
hodograph (b); model representation in accordance with the
actual spatial distribution of the phase (c), where
1 - the volume of the dielectric nanoparticles;
2 - ion-conductive dispersion medium;
3 – electrode;
r - radius vector;
τ - typical response time (time constant) of the structural
elements).

OH-groups

b

Experimental dependence of signal amplitude of spin -eho time is
shown in Figure 5, a. It can be approximated by the equation:

Figure 6. The electric double layer of ZrO2 particles (a) and
change of its potential (b).

A(τ ) = a ⋅ exp(−2τ / T2,c ) + b ⋅ exp(−2τ / T2, f ) , (1)

where 2τ - latency spin echo signal relative to the first RF pulse,
a, b - coefficients, T2,c, T2,f - characteristic spin-spin relaxation
times of hydrogen nuclei 1H.
The presence of two characteristic times of spin-spin
relaxation T2,c = 84.4mks and T2,f = 332mks indicates the
presence of two states of water with different mobility in a
sample. Thus, the results of the spin-echo - studies indicate that
the atmosphere surrounding the nanoparticle is composed of two
parts.

Thus, in this case, two states of water molecules, with
different degree of mobility, obviously, are related to chemically
and physically adsorbed water. Chemically bounded with the
surface of nanoparticles molecules of water with relatively low
spin-spin relaxation times T2,S are located in the interior part of
ion shell of particles - in the adsorption layer, they form a
charged potential formed layer. Molecules with long times T2,f
match to physically bounded water. They located in the outer
space of particle - in diffusion layer. Ions of diffuse layer,
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according to the EIS- analysis, provide continuity of electrical
properties of nanopowder dispersed system.

13 N.V. Keltsev / Fundamentals of adsorption technology // M .:
Chemistry, 1976., 512 p.
14 N.F. Uvarov / Ionic of nanoheterogeneous materials // Russian
Chemical Reviews, Vol.76, No 5, 2007, P.454-473.
15 O.L. Khasanov / Problems of compacting nanopowders and
methods of their solutions // Physical chemistry of ultrafine
systems. Collection of scientific works of VI All-Russian
(International) Conference. 19 -23 August 2002 Tomsk. M .:
MIFI, 2003, P.180 - 183.
16 Weertman J.R. et al. / Structure and Mechanical Behavior of
Bulk Nanocrystalline Materials // MRS Bulletin, No 2, 1999,
P.44-50.
17 A.D. Zimon, E.I. Andrianov / Autohesion of bulk materials //
Moscow, 1978.
18 A.L. Despotuli, A.V. Andreeva / High-capacity capacitors for
0.5-volt future nanoelectronics // Modern electronics, No7, 2007,
P. 24-29
19 A.S. Doroshkevich, I.A. Danilenko, T.E. Konstantinova, V.A.
Glazunova, S.A. Sinyakina / Diagnosis of nanopowder systems
based on zirconia by transmission electron microscopy //
"Electron microscopy and strength of materials." Vol. 13, 2006,
P.151-159.
20 http://www.abc.chemistry.bsu.by/vi/analyser/.
21 E.V. Buyanova, Y. Emelyanov / Impedance spectroscopy of
electrolytic materials / // Ural Ekaterinburg .: State university.
2008, 70p.
22 R.D. Apostolova, O.V. Kolomoets, V.P Tysyachnyy, E.M.
Shembel / Discharge capacity of lithium battery layout and
impedance of electrodes based on electrolytic iron sulfide
depending on size of particles // Questions of chemistry and
chemical technology, No2, 2009. P. 137 - 143.
23 M.E. Kompan, V.P. Kuznetsov, V.G. Malishkin / Non-linear
impedance of solid-state energy storage capacitors,
supercapacitors // Technical Physics, Vol. 80, No. 5. 2010, P. 100
- 106.
24 S.V. Gnedenkov, S.L. Sinebryukhov, V.I. Sergienko /
Modeling of electrochemical impedance phase boundary of metal
oxide heterostructure / electrolyte // Electrochemistry, Vol 42, No
3, 2006, P. 235-250.
25 A.A. Vashman, I. S. Pronin / Nuclear magnetic relaxation
spectroscopy // M .: Energoatomizdat, 1986, 232 pp.
26 T. Farrar, E. Becker / Pulsed anf Fourier spectroscopy of
NMR // Moscow, 1973, 300p.
27 S.S. Voyutsky / Course of Colloid Chemistry // M .:
Chemistry, 1976, 512 p..
28 D.A. Fridrihsberg / Course of Colloid Chemistry // L .:
Chemistry, 1995. - 400 p. (1984. - 368 p.)
29 Y.G. Frolov / Course of Colloid Chemistry // M .: Chemistry,
1988. - 464 p. (1982 - 400)p.
30 E.D. Shchukin, A.V. Pertsov, E.A. Amelina / Colloidal
chemistry // M .: Izd. University Press, 2004. - 445 p. (1982. 348 pp.)

Conclusion
Comprehensive investigation of nanopowder system ZrO23mol% Y2O3 (700 ° C, 2h) was carried out. Presence of a
dispersion medium (ionic atmosphere) in the space between the
particles was established. Presence of two forms of the existence
of water in the dispersion medium, characterized by the spin-spin
relaxation times of hydrogen nuclei 1H., Respectively, T2, c =
84.4mks and T2, f = 332mks was observed . Based on modern
theory of structure of EDL, it concluded that presented in system
forms of water corresponds to molecular and chemically forms of
bounded with nanoparticles surface. It was found that dispersion
medium has electrical conductivity, which has a diffusion
character It value is 1.03•10-4 (Ohm•m)-1 and conductivity of the
material nanoparticles is 6.5•10-6 (Om•m)-1.
Revealed continuity of electrical properties of dispersion
medium has practical value. It is confirms the possibility of
technical implementation of managed energy exchange between
heterophase bonder of dispersed system and external
environment.
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INFLUENCE OF CHEMICAL COMPOSITION OF TOOL STEEL ON PERMANENT
PLASTICITY DURING HEAT TREATMENT TRANSFORMATIONS
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Abstract: The work presents the research of permanent strain occurred when metallurgical transformations take place even under small
stress applied externally lower than the yield stress of weaker phase. Four tool steel grades were tested: THG2000 (Uddeholm, Sweden),
20X13, 40X13 and 95X18 (GOST). All steel grades differ in carbon content and amount of alloying elements and behave differently when
transformation plasticity occurs. This phenomenon was observed during bending test when bending stress was 100MPa and was less than
10 % of yield strength of the steel. The steel specimens were heated to 950-1050 °C temperature and then bent during air quenching. Plastic
deflections were observed though all cooling process that involved martensitic transformation as well. Different effect of compression and
tensile stresses on microstructure evolution during martensitic transformation was determined as both type of stresses formed in bent
specimens.
Keywords: STEEL, TRANSFORMATION PLASTICITY, MICROSTRUCTURE, HEAT TREATMENT, STRESS

1. Introduction

2. Methodology

Phase transformations in metals have a major inﬂuence on the
material behavior in several common engineering applications.
Steels exhibiting enhanced response to transformation-induced
plasticity (high strength TRIP-steels for automotive production) are
examples of the important role martensite formation can play [1, 2].

The steel used for the investigation was THG2000 steel
(Uddeholm, Sweden) alloyed with chromium, molybdenum and
vanadium. The mentioned steel has a wide range of applications in
indexable drills, milling cutters and transmission parts for
automobiles due to its high resistance to abrasion at both high and
low temperatures and resistance to thermal fatigue as well. For the
investigation of influence of alloying elements differently alloyed
steels 20X13, 40X13 and 95X18 (GOST 5632-72) were chosen for
experiments for having effective comparison. Chemical
composition of steel is presented in Table 1.

At temperatures above the martensite start temperature (Ms),
austenite-to-martensite transformation can occur when the
summation of the mechanical energy due to the externally applied
stress and the chemical driving force exceeds a critical value. This
transformation is known to be induced via stress-assisted nucleation
at the same nucleation sites as those responsible for the athermal
martensitic transformation that occurs during cooling [3]. An
externally stressed specimen in the process of a phase
transformation may show a significant nonlinear behavior, which is
known as transformation plasticity [4-8]. Even under an externally
applied load stress with the corresponding equivalent stress being
small in relation to the “normal” yield stress of the material, plastic
deformation occurs.

Table 1: Chemical composition of steel (% wt)
Steel grade
C
Si
Mn
Cr
THG2000
0,39 1,00 0,40 5,30
20X13
0,19 0,23 0,29 12,71
40X13
0,35 0,35 0,40 13,02
95X18
0,97 0,60 0,59 17,64

Ni
0,15
0,15
0,30
0,39

Mo
1,30
0,10

V
0,90
-

Fe
Bal.
Bal.
Bal.
Bal.

The specimens with rectangular cross-section were made with
the dimensions 6 mm × 8 mm × 100 mm from hot rolled rod ∅
11,2-14,0 mm. The specimens were austenized in a protective
environment (N2+CO+CO2) at 900 °C, 940 °C, 980 °C and 1020 °C
for air quenching. The specimens were hardened choosing the
different quenching temperature that allowed getting different
solubility of carbides and thus the different composition of the solid
solution of steel.

The austenite-to-martensite transformation and transformation
plasticity as well directly depends on the amount of carbon level in
the steel and it also depends on the yield strength of the material
(initial phase – austenite). The steel with higher carbon content
possess more stable retained austenite comparing to the low carbon
steel and this can be due to the phenomenon that the transformation
of this austenite is not obtained immediately [9].

For the investigation of transformation plasticity, the
austenized specimen was placed at the special bending device [17]
and air cooled. At the set temperature the specimen is loaded in
bending load generated bending stress of 100 MPa and not
exceeded 15 % of steel yield strength Rp0.2 at the certain
temperature – yield strength of THG2000 is Rp0.2 = 730 MPa, at
T = 550 °C [18]. The martensitic start temperature of the steel
depends on austenizing temperature and for steel with the similar
chemical composition is 270-370 °C [19], so, the mentioned
temperature 550 °C was very approximate start of bending and it
ensured that the martensitic transformation would start later and the
very beginning of bending would be registered. The plastic
deflection of specimen was measured in accuracy of 0.01 mm until
the temperature of specimen reached room temperature.

Most alloying elements that enter into solid solution in austenite
at high temperatures lower the martensite start temperature Ms
during cooling with the exception of cobalt and aluminum [10]. It is
also evident that the strong carbide forming elements like
chromium, vanadium and molybdenum have an impact on
martensitic transformation start temperature and on transformation
plasticity as well [11, 12].
The aim of the work was to determine the influence of
compression and tension stress on the transformation plasticity and
evolution of microstructure of alloyed steel during quenching as
recent scientific works do not show a general opinion [13-15].
Because of severe service conditions (high temperature, stress,
corrosion, irradiation, etc.), alloy steels for the various utility
industries must be sufficiently resistant to microstructural
degradation. Therefore, the stability of the microstructure is one of
the fundamental requirements concerning the industrial applicability
of alloy steels [16]. The microstructural stability of martensitic high
chromium steels is achieved by heat treatment consisting of
austenizing, hardening and high-temperature tempering.

It was also investigated the microstructure of the samples by
monitoring with the laser analyzer LMA Carl Zeiss using a video
camera YCH15 and with optical microscope Nikon with objective
Nikon TU Plan Fluor 100x/0.90 and video camera Nikon DS-R:2
16 MP. Following thermal or thermal-mechanical treatment, the
samples for optical analysis were ground, polished, and etched in
3% Nital solution.
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The temperature of specimen during heat treatment was
measured by welded chromel-alumel thermocouple of 0.3 mm wire
diameter.

content of retained austenite as increasing the temperature of
heating raised its amount. Retained austenite remaining from
heating till room temperature did not undergo any transformation
thus decreased the plasticity of steel specimen during
transformation.

3. Results and Discussion

Optical analysis of steel THG2000 showed the heterogeneous
phase composition of steel composed of laths of martensite, hardly
visible small carbides and probably retained austenite (further
analysis will be provided for more precise phase composition)
(Fig. 3).

Investigation of transformation plasticity of steel during air
quenching from different austenizing temperatures
The soft annealed microstructure of THG2000 steel is
composed of a ferritic matrix and a big quantity of small disperse
carbides of alloyed elements (Fig. 1). Distantly visible primary
grain boundaries can be seen as well.

Fig. 3 Microstructure of steel THG2000 at air quenched state. Austenizing
temperature 1020°C
Fig. 1 Microstructure of steel THG2000 at annealed state

Investigation of dependence between chemical composition of
steel and transformation plasticity during air quenching

During air quenching of specimens of steel THG2000 after
heating at austenizing temperature the martensite transformation did
not start immediately. Increasing temperature of austenizing
allowed solid solution to become more satiated with alloying
elements (Cr, Mo), thus obtaining different Ms temperature and
different value of plasticity occurred during martensitic
transformation (Fig. 2). The martensitic transformation started
(circled part of the curves in Fig. 2) at about 370 °C for lower
austenizing temperature (900-940 °C) and decreased approximately
to 310 °C for higher heating temperatures (980-1020 °C) as
austenite became enriched with carbon and alloying elements after
dissolution of small carbides at high temperature.

Less plasticity was obtained for THG2000 steel when compared
with steels with different chemical composition: 20X13, 40X13 and
95X18 (GOST) that varied in carbon and chromium content
(Fig. 4). This could be explained by the presence of vanadium
content in THG2000 steel. As vanadium is strong carbide former
(stronger than chromium [12]) the carbides remain stable up to very
high heating temperatures almost melting ones. These carbides
block plastic deformation during transformation of steel.

The total plastic deflection obtained after martensitic
transformation had stopped fully and the specimen cooled down
was the biggest for the lowest austenizing temperature (Fig. 2).

Fig. 4 Influence of chemical composition on plastic behavior of alloyed steel
specimens during air quenching

For better understanding of plastic behaviour of steel during air
quenching from austenizing temperature it is necessary to know the
phase composition of each steel grade and their critical
temperatures. Such data is presented in Table 2.

Fig. 2 Plastic behavior of steel THG2000 specimens during air quenching
from different austenizing temperatures. T – temperature of specimen

Further investigations showed [11, 17], that transformation
plasticity is very affected by amount of carbon in steel: the higher
content of carbon was, the higher transformation plasticity was
obtained. So, the data from Table 2 shows that during heating at
austenizing temperature only steel 20X13 had fully dissolved
carbides, as it means, solid solution (austenite) saturated with
approximately 0,2% carbon and 13% chromium. Other steels at the

The different amount of total plastic deflection after air
quenching from different austenizing temperatures showed the
influence of different alloying degree of steel solid solution. The
higher austenizing temperatures were applied to steel specimens,
the less the plastic deflections were obtained. Not only alloying of
solid solution had influence on plastic deflection but also the

27

same temperature contained also not dissolved carbides, that is,
solid solution had less carbon and alloying elements. The steel
specimens with smaller plastic deflection (Fig. 4) also contained
retained austenite that did not transform during air quenching. As
the transformation plasticity is related with transforming of
austenite to martensite, less volume of formed martensite presented
lower transformation plasticity.

without retained austenite. Such behavior presented steels 20X13
and 40X13. The highest changing of deflection was determined for
steels 95X13 and THG2000 at temperatures higher than 500 °C
when transformation of retained austenite to martensite happened.
In the website of the manufacture, the steel THG2000 is
presented like stable steel at high temperatures [18]. However after
air quenching it contains retained austenite, too. The content of
retained austenite increases together with austenizing temperature.
Steel THG2000 showed the highest auto-deformation during
tempering after heating at 980-1020 °C temperatures (Fig. 6). The
clear change in curvature of steel was obtained after austenizing at
980-1020 °C and tempering at temperatures higher than 500 °C. It
also could be related with the highest content of retained austenite
and its transformation to martensite during tempering.

Table 2: Phase composition and critical temperatures of steel [19-22]
Phase
Phase
composition
Austenizing
Ac1, Ac3, Ms,
composition
Steel grade
at
T, °C
°C
°C
°C
after air
austenizing
quenching
T
Martensite + 8%
Austenite +
270retained
THG2000
1020
840 870
300
carbides
austenite +
carbides
900Martensite +
20X13
1050
Austenite 820
320
950
carbides
Martensite +
carbides + low
Austenite +
860- 145content of
40X13
1050
820
880 270
carbides
retained
austenite
Martensite (with
11% Cr and
Austenite +
9250,25% C) + 17%
95X18
1050
830
~260
1100
carbides
retained
austenite +
carbides

Fig. 6 Change of plastic deflection of curved air quenched specimens of
THG2000 steel after tempering at different temperatures for 2 hours.
Austenizing temperature 1020 °C

Investigation of transformation plasticity of alloyed steel
during tempering
The phenomenon of transformation plasticity can be observed
not only during quenching of steel when martensitic transformation
proceeds but also during tempering when quenched steel contains
retained austenite and transformation of retained austenite to
martensite happens. It could be explained like auto-deformation of
steels parts that were affected by stress.

4. Conclusions
Analyzing the results of experiments and sources of scientific
literature, such conclusions were made:

For determination of transformation plasticity of alloyed steel,
the air quenched specimens were tempered at 200, 300, 400, 500
and 600 °C temperatures for 2 hours. As the specimens were curved
after air quenching + bending, the difference in plastic deflection
was measured after tempering at each temperature. The results are
presented in Fig. 5.

Fig. 5 Change of plastic deflection of curved air quenched specimens of
alloyed steels after tempering. Austenizing temperature: 1020 °C for steel
THG2000; 1050 °C for steels 20X13, 40X13 and 95X18

•

Transformation plasticity of steel THG2000 increased
from 25% to 35% when austenizing temperature decreased
from 1020 °C to 900 °C. The difference in plasticity is
related with dissolution of carbon and alloying elements
in solid solution at higher temperatures.

•

Chemical composition of steel had influence on
transformation plasticity of steel. The steel with solid
solution saturated with the biggest content of dissolved
carbon and alloying elements presented the highest
transformation plasticity.

•

Steel with fully transformed austenite to martensitic
structure presented the highest transformation plasticity.
Steels THG2000 and 95X18 showed the lowest
transformation plasticity because of significant content of
retained austenite comparing to the steel grades 20X13
and 40X18.

•

Auto-deformation of curved steel specimens was
determined for the ones austenized at higher temperatures
(980°C and higher) and for steels contained more retained
austenite. The change of plastic deflection after air
quenching and tempering at 700 °C was 3-7 %.
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Abstract: This paper presents the results of the computer and experimental study of a promising technique of severe plastic deformation
(SPD) – Multi-ECAP-Conform (M-ECAP-C) for the fabrication of long-length nanostructured billets (wire rods) with an enhanced strength
and electrical conductivity from the aluminum alloy EN-AW 6101 in a single processing cycle. On the basis of the obtained results, a new
rational geometry of the pressing channel for the M-ECAP-C technique has been developed. The stress-strained state, structure and
mechanical properties of pilot samples of wire rods have been studied. It has been established that processing by the new technique leads
produces enhanced mechanical and physical properties.
KEYWORDS: SEVERE PLASTIC DEFORMATION PROCESSING, STRESS-STRAINED STATE, MATHEMATICAL MODELING,
ALUMINUM ALLOYS.

Introduction
It is known that equal-channel angular pressing (ECAP) is
one of the efficient techniques for producing ultrafine-grained
(UFG) and nanostructured (NS) states in metallic materials.
Promising for industrial use are the techniques of ECAP-Conform
[1] and ECAP with parallel channels [2]. However, these methods
have a disadvantage related to the multi-cyclicity of processing,
since to produce a high set of properties, 3-8 cycles are required [35], which noticeably raises production costs. In order to solve this
problem, a new promising technique of M-ECAP-C was developed
[6,7]. The main feature of M-ECAP-C is the combination of three
successive shears in a single processing cycle. Also, the true
accumulated strain per one processing cycle is е=3 and more, which
normally ensures the formation of UFG structures and enhanced
properties in finished items. However, due to the multi-stage
character of the process, the value of accumulated strain may differ
strongly in the billet's volume after deformation, as demonstrated in
[6,7]. Therefore, in this work we have performed a deeper study
into the effect of the channel's geometry on the strained state of the
billets produced by M-ECAP-C, and have investigated the structure
and properties of the experimental samples.
The study was performed using mathematical modeling in
Deform 3D software, as well as modern analytical tools for analysis
of the mechanical and physical properties and the features of the
formed structure.

а)
b)
Figure 1 – а) Scheme of the M-ECAP-C process:
1 – billet, 2 – working wheel; 3 – shape-forming die-set;
b) Scheme of the location of surfaces: 1 –surface 1, 2 – surface 2, 3
– surface 3, 4 –surface 4
Mathematical method of study. Modeling of the metal flow
according to the proposed scheme was performed using the
Deform-3D software [8], intended for analysis of three-dimensional
metal flow, analysis of the stress-strained state and the force
conditions of metal working processes.
Edge (initial and boundary) conditions.
− The material of the initial billet is the aluminum alloy EN-AW
6101 [9];
−
The dimensions of the initial billet are 12 х 12 х 300 mm;
− The conditions of the volume compensation of the billet's
model are included;
− The quantity of final elements is 30 000. The minimum
element size is 0.45 mm, the maximum size is 0.9 mm;
− The deformation temperature is 20°С;
− The friction coefficient µ = 0.3;
− • The number of modeling steps – 220..270, with a step of 0.05
s.
− • The roll speed is 20 turns per minute.
Experimental techniques. It is known that during ECAP
on the homogeneity of the strained state blanks pressing channel
geometry affects, in particular, angles and fillet radius at the
intersection of mass parts channel [10-12]. To reduce the multiplechoice experiments ranged pairing radii R on the output part of the
channel (fig. 1), the rest of the radii of the match most rational
values for the ECAP process [10-12].
Received and investigated the distribution pattern
intensity: deformation in the cross section of the workpiece for the
assessment of homogeneity of the deformation field; picture of
main stress distributions for evaluation of implemented schemes
(compression-tensile); picture of values warp speeds in hotbeds of
shift to assessing the homogeneity of structure and mechanical
properties, as well as graphics torques on the wheel to determine the
strength of the process parameters. In the analysis that took into
account the higher tensile stress values give rise to mechanical
defects (cracks) in the ECAP samples [13], and the increased
heterogeneity of strain velocity field affects the degree of isotropy
structure and mechanical properties in the blanks [14].

Method, techniques and boundary conditions of the experiment
Distinctive features of the M-ECAP-C technique. Unlike the
traditional ECAP technique, M-ECAP-C enables accumulating true
strain е≥3, while the flow direction of the billet's material changes 3
times during one processing cycle. Such conditions are provided
due to the creation of a step-like shape of the pressing channel
(fig.1а).
The process is implemented as follows (fig.1а): a billet 1 is
fed to the input of a working channel formed between the rotating
roll 2 with a U-shaped groove and a fixed limiting base 3. The
working channel is located in the limiting base. Due to the rotation
of the roll 2 and active friction forces initiated between the groove
of the roll 2 and the billet 1, pressing force is provided that leads to
the movement of the billet 1 through the working channel. As it
passes through the working channel, the billet 1 is successively
subjected to shear in three deformation sites in the conditions of
continuous processing.
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The homogeneity of the strained state investigated by
scanning the cross-sectional sample - extreme and central areas and evaluate the resulting difference of accumulated strain.

Results and discussion of experimental studies
Computer modeling.
Research process examined three variants of geometric execution of
pressing channel. The first variant with R1 = R2 = 0.2d; the second
with R1 = 0.2 • d, R2 = 0.5d and third with R1 = 0.5d, R2 = 0.5d,
i.e. the radii of channel tends to increase. Increasing the fillet radius
pressing channel usually leads to some reduction in the intensity of
impact deformation in fillet radius of the contact area of the
workpiece while ECAP [15]. Figure 2 presents the results of
rational geometry working channel of method of Multi-ECAP-C
with radiuses working channel R1 = R2 = 0.5d

а)

b)

с)
а)
d)
Figure 3- Parts of die-set forming (a,b) and pilot samples (c,d)
Investigation of the structure, mechanical and physical properties.
Research of microstructure obtained samples revealed that after
processing by Multi-ECAP-Conform formed structure with average
grain size 920 ± 40 nm, which is presented in Figure 4

b)

с)

Figure 2 - Picture fields main stresses (a) intensity of strain
distribution pattern in cross-section (b), field strain rate (c) for the
variant with the fillet radii R1 = R2 = 0.5d
The estimation of the maximum torque ensures force conditions
Multi-ECAP-C method
carried out by simulation. Results of investigation are presented in
the table 1.
Тable 1
Results of the study of force parameters in the Multi-ECAPConform
R1 = R2 = 0,2·d
R1= R2= 0,5·d
Maximum torque on
7
4,36 ·10
2,38 ·107
wheel, N• mm

Figure 4 – The typical microstructure (a,b) formed in the pilot
samples obtained by the method of Multi-ECAP-Conform, and
secondary particle phase Mg2Si (c,d).
The results of the study of mechanical properties samples of
aluminum alloy the TN-AW6101 showed that strength is
approximately 280 MPA and electric resistance values no more than
0.03211 Ohm mm2/m (53.7% IACS conductivity). Subsequent heat
treatment allows to increase the conductivity of up to 57% IACS,
without losing strength.

Analysis of results shows that increasing the fillet radii channels
leads to reduction of torque on wheel, and the difference between
var.1 and var. 3 is almost double.
Experiment.
In the process of practical studies were developed and manufactured
parts of die-set and experimental samples of aluminum rod. Figure
3 lists the parts of die-set and sample the rod after processing
method of Multi-ECAP-Conform.

Conclusions
1. It was established that the rational geometry of the shape-forming
die-set by the implementation method Multi-ECAP-Conform allows
to reduce the heterogeneity of accumulated strain three times, the
torque on the wheel almost in 2 times, and the level of tensile
stresses in critical areas from 130 up to 10-20 MPa.
2. After processing method of Multi-ECAP-Conform samples with
the UFG structure with the uniform grain size of 920 ± 40 nm,
while conductivity may reach 57% IACS, strength ~ 280 MPa.
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Determine the fatigue lifetime for aluminium alloy EN AW 2007.T3 during cyclic bending –
torsion loading under in-and-out of phase shift φ = 0° and φ = 90° using selected fatigue
criteria
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Abstract: The article deals with determining of fatigue lifetime of aluminium alloy EN AW 2007.T3 during by multiaxial cyclic loading. The
theoretical part deals with the fatigue and with the criteria for evaluation of multiaxial fatigue lifetime, in region low-cycle and high-cycle
fatigue. The experimental part deals with modeling of combined bending - torsion loading and determining the number of cycles to fracture
in region low-cycle and high-cycle fatigue and also during of loading with the sinusoidal wave form under in phase φ = 0° and out phase φ
= 90°.
KEYWORDS: ALUMINIUM ALLOY, FATIGUE CRITERIA, SINUSOIDAL CYCLIC LOADING, MULTIAXIAL FATIGUE, STRESS
were chosen some fatigue criteria: Fatemi-Socie, SWT, BrownMiller, Liu, Goodman, Sines, Findley and MCE fatigue criterion.
Fatemi and Socie [9] observed that the Brown and Miller’s
idea could be successfully employed even by using the maximum
stress normal to the critical plane, because the growth rate mainly
depends on the stress component normal to the fatigue crack.
Starting from this assumption, he proposed two different
formulations according to the crack growth mechanism: when the
crack propagation is mainly MODE I dominated, then the critical
plane is the one that experiences the maximum normal stress
amplitude and the fatigue lifetime can be calculated by means of the
uniaxial Manson-Coffin curve; on the other hand, when the growth
is mainly MODE II governed, the critical plane is that of maximum
shear stress amplitude and the fatigue life can be estimated by using
the torsion Manson-Coffin curve. Criterion has the following form:

1. Introduction
In the Earth's crust, aluminium is the most abundant (8.3% by
mass) metallic element and the third most abundant of all elements
(after oxygen and silicon). Aluminium is a relatively soft, durable,
lightweight, ductile and malleable metal with appearance ranging
from silvery to dull gray, depending on the surface roughness. It is
nonmagnetic and does not easily ignite. Aluminium is one of the
lightest engineering metals, having strength to weight ratio superior
to steel. By utilising various combinations of its advantageous
properties such as strength, lightness, corrosion resistance,
recyclability and formability, aluminium is being employed in an
ever-increasing number of applications. This array of products
ranges from structural materials through to thin packaging foils [1,
2].
Multiaxial states of stress are very common in structures and
components. Fatigue is usually a surface phenomina so that the state
of stress is biaxial because the stress normal to a free surface is
zero. Another relatively simple combination of different loads is
offered by an axle loaded under combined bending and torsion. This
loading combination was tested in our and also in many others
experiments [3,4]. In spite of this fact, fatigue mechanisms are still
not fully understood. This is partly due to the complex geometrical
shapes and also complex loadings of engineering components and
structures which result in multiaxial cyclic stress-strain states rather
than uniaxial.
Multiaxial loading includes states of stress where the
individual components of stress and strain can be either in-phase or
out-of-phase, sometimes called proportional and nonproportional
loading [5,6].

𝜏𝑓´
∆𝛾
𝜎𝑛,𝑚𝑎𝑥
𝑏𝛾
𝑐𝛾
× (1 + 𝑘 ×
) = × (2 × 𝑁𝑓 ) + 𝛾𝑓´ × (2 × 𝑁𝑓 )
2
𝜎𝑦
𝐺

(1)

Smith, Watson and Topper (SWT) created a parameter for
multiaxial load, which is based on the main deformation range ∆ε1
and maximum stress σn,max to the main plane. Criterion has the
following form:
𝜎𝑛,𝑚𝑎𝑥 ×

∆𝜀1 𝜎𝑓´2
2𝑏
𝑏+𝑐
=
× (2 × 𝑁𝑓 ) + 𝜎𝑓´ × 𝜀𝑓´ × (2 × 𝑁𝑓 )
2
𝐸

(2)

Brown and Miller [10] observed that the fatigue life
prediction could be performed by considering the strain components
normal and tangential to the crack initiation plane. Moreover, the
multiaxial fatigue damage depends on the crack growth direction.
Different criteria are required if the crack grows on the component
surface or inside the material. In the first case they proposed a
relationship based on a combined use of a critical plane approach
and a modified Manson-Coffin equation, where the critical plane is
the one of maximum shear strain amplitude. Criterion, which was
created, has the following form:

2. Fatigue criteria
Criteria valid for the fatigue lifetime calculation can be
classified in three different categories: strain based methods, strainstress based methods and energy based approaches. There are plenty
of hypotheses used for evaluating a degree of damage caused by
variable load [7, 8]. Life prediction methods which presume
homogeneous material (free from cracks, inclusions or defects) at
the outset of the investigation can be divided into strain-based (lowcycle fatigue) and stress-based (high-cycle fatigue) methods. There

𝜎𝑓 − 2 × 𝜎𝑛,𝑚𝑒𝑎𝑛
∆𝛾𝑚𝑎𝑥
𝑏
+ 𝑆 × ∆𝜀𝑛 = 𝐴 ×
× (2 × 𝑁𝑓 ) + 𝐵 × 𝜀𝑓´ ×
2
𝐸𝑐
× (2 × 𝑁𝑓 )

33

(3)

Liu created a virtual model of the deformation energy, which
is a generalization of the axial energy on the basis of prediction of
fatigue life. Criterion has the following form:
𝑏+𝑐

∆𝑊 = 4 × 𝜎𝑓´ × 𝜀𝑓´ × (2 × 𝑁𝑓 )

+

4 × 𝜎𝑓´2
2𝑏
× (2 × 𝑁𝑓 )
𝐸

factor of safety applicable the fatigue; E is the elasticity modulus in
tension; G is the elasticity modulus in torsion; RA is the major axis of the
ellipse; RB is the maximum distance of stress point; b is the fatigue
strength exponent; bγ is the fatigue strength exponent in torsion; c is the
fatigue ductility exponent; cγ is the fatigue ductility exponent in torsion;
A, B, S, k, α are material parameters.

(4)

Goodman used main stresses for evaluating the fatigue under
multiaxial loading. Normal stresses are calculated for each plane
and their ranges are used for calculation of fatigue lifetime. If the
point of the combined stress is below the relevant Goodman line
then the component will not fail. This is a less conservative
criteria based on the material ultimate strength yield point Sut. To
establish the factor of safety relative to the Goodman´s criteria can
be written as:
𝐾𝑓 × 𝜎𝑎𝑚𝑝 𝜎𝑚𝑒𝑎𝑛 1
+
=
𝑆𝑒
𝑆𝑢𝑡
𝑓𝑓

3. Numerical calculations and results
In ANSYS software was created the model of the test bar. The
real geometry of this component is shown in Fig.1. The rod bar had
a circular shape with a defined section, in which was expected an
increased concentration of stress and creation a fatigue fracture.

(5)

Sines published his works throughout the fifties of the last
century. His criteria are very much alike, utilizing the amplitude of
second invariant of stress tensor deviator (which corresponds to the
von Mises stress) as the basis. Another term is added to the equation
in order to cope with the mean stress effect – while Sines prefers the
mean value of first invariant of stress tensor (i.e. hydrostatic stress
σh). His resulting failure criterion can be expressed as:
∆𝜏𝑜𝑐𝑡
𝑏
+ 𝛼 × (3 × 𝜎ℎ𝑚𝑒𝑎𝑛 ) = 𝜏𝑓´ × (𝑁𝑓 )
2

(6)
Fig.1 Geometry of the test bar

Findley criterion is the first critical plane criterion. He
suggested that the normal stress σn, acting on a shear plane might
have a different linear influence on the allowable alternating shear
stress, Δτ/2. Criterion has the following form:
∆𝜏
𝑏
+ 𝑘 × 𝜎𝑛 = 𝜏𝑓´ × (𝑁𝑓 )
2

The ends of this model were loaded by reversed bending
moment on the one side and by reversed torsion moment on the
opposite site. The values of presented stresses and strains in the
middle of the rod radius were taken from computational analysis
using finite element method. We used the following parameters in
finite element model: used material was aluminum alloy EN AW
2007.T3 (AlCu4PbMg) with Young's modulus E = 0.817x1011 Pa,
Poisson number  = 0.3 and with the strength limit Rm = 491 MPa.
From computational analysis can be seen that the area with greatest
concentration of stresses or eventually the place with the higher
deformation was localized in the middle of the rod radius (see
Fig.2).

(7)

Minimum circumscribed ellipse (MCE) – The origin of this
method goes out from minimum circumscribed circle method
(MCCM) [11]. This method was first presented by Papadopoulos.
Its major feature is its explicitness in determination of mean shear
stress. Papadopoulos later shows that such minimum circumscribed
circle can be obtained by a search through all pairs and triads of
points in the shear stress path, but such an approach can be very
lengthy. The contrast in comparison with MCCM is clear – it should
offer a better solution of phase shift effect problems. Nevertheless,
as regards the definition of mean shear stress, it does not offer any
new approach. For proportional loading this will always be a
straight line and for non-proportional loading histories will have
some complex shape .
𝜏𝑎 = √𝑅𝐴2 + 𝑅𝐵2

(8)

Where: γf´ is the fatigue ductility coefficient in torsion; εf´ is the fatigue
ductility coefficient; σf´ is the fatigue strength coefficient; σhmean is the
mean hydrostatic stress; σn is the normal stress; σn,max is the maximum
stress; σn,mean is the mean stress; σy is the stress in the direction of the
axis y; τa is the equivalent shear stress; τf´ is the fatigue strength
coefficient in torsion; ∆ymax is the maximum shear strain range; ∆ε1 is
the principal strain range; ∆εn is the normal strain range; ∆τ/2 is the
alternating shear stress; ∆τoct is the octahedral shear stress; ∆W is the
virtual strain energy; Nf is the number of cycles to fracture; Se is the
modified fatigue strength; Sut is the ultimate tensile strength; ff is the

Fig.2 Result of FEM analysis in ANSYS software
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Obtained values of the stresses from finite element analysis
were next computational analyzed using Fatigue Calculator
software. This is a program which can quickly calculate fatigue
lifetime of selected material. After starting the calculation, Fatigue
Calculator displayed the number of cycles to failure for different
models of damage. In our calculation we considered with all
multiaxial criteria described above which can be applied to lowcycle and also to high-cycle fatigue region. All the tests were
performed under controlled bending and torsion moments.
Frequency of each analysis was equal to 30 Hz. It was first detected
the number of cycles to fracture for multiaxial low-cycle fatigue
with amplitudes in the phase shift 0° and then out of the phase shift
90° for stress. The same was done for multiaxial high-cycle fatigue.
The obtained numbers of cycles are processed into Wöhler curves
σxx – log Nf for multiaxial cyclic combined bending - torsion
loading. For multiaxial low-cycle fatigue with phase shift 0°,
Wöhler curves are shown in Fig.3. For multiaxial low-cycle fatigue
with phase shift 90°, Wöhler curves are shown in Fig.4.

Fig.5 Wöhler curves for multiaxial high-cycle fatigue with phase
shift 0°

Fig.6 Wöhler curves for multiaxial high-cycle fatigue with phase
shift 90°

Fig.3 Wöhler curves for multiaxial low-cycle fatigue with phase
shift 0°

4. Conclusion
All multiaxial models applied to fatigue lifetime calculation
of aluminum alloy EN AW 2007.T3 increases with decreasing
stress amplitude continuously in the cycles of number region.
Comparing Wöhler curves for low-cycle fatigue (see Fig.7), for
amplitudes of the load with phase shift 0° (solid lines) and for
amplitudes of the load with phase shift of 90° (blank lines), it can be
seen that some models (such as Fatemi-Socie and SWT) give higher
resistance to fatigue damage in the phase shift than the
synchronized load amplitudes. This may be caused by, that the
bending loading and neither torsion loading not active with the
maximum value on the sample at the same time during the phase
shift, but alternately. In this way, as if the sample was loaded by
lower value of stress or deformation in a given time (phase shift of
90°). For other models, this shift of amplitudes did not cause any
significant changes and the differences are minimal.

Fig.4 Wöhler curves for multiaxial low-cycle fatigue with phase
shift 90°
For multiaxial high-cycle fatigue with phase shift 0° and with phase
shift 90°, Wöhler curves are shown in Fig.5 and in Fig.6.

35

Fig.7 Comparison of Wöhler curves for multiaxial low-cycle fatigue
Comparing Wöhler curves for high-cycle fatigue (see Fig.8),
for amplitudes of the load with phase shift 0° (solid lines) and for
amplitudes of the load with phase shift of 90° (blank lines), it can be
seen that all models (except for Sines) gives a higher resistance
against fatigue damage in the phase shift than in the synchronized
amplitudes of loading. Probably the reason will be same as for lowcycle fatigue.
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INCREASE OF WEAR RESISTANCE OF METASTABLE AUSTENITE Cr-Mn-N
STEEL DIFFUSION BORIDE COATINGS IN CONDITIONS OF ACTION THE
EXTERNAL MAGNETIC FIELD
УВЕЛИЧАВАНЕ НА ИЗНОСОУСТОЙЧИВОСТ МЕТАСТАБИЛНИ АУСТЕНИТ Cr-Mn-N СТОМАНЕНА
ДИФУЗИЯ БОРИДНИ ПОКРИТИЯ ПО УСЛОВИЯ НА ДЕЙСТВИЕ ВЪНШНОТО МАГНИТНО ПОЛЕ
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Abstract: In this paper it was investigated the formation of complex boriding diffusion layers on metastable austenite Cr-Mn-N steel
powder method. Defined phase and chemical composition, thickness, microhardness and wear resistance obtained by layers of metastable
austenite Cr-Mn-N steel. It is established that the application of an external magnetic field (EMF) leads to a redistribution of the proportion
boride phases in the surface layers of the crystal lattice period changes. EMF allows in 1.5 – 2 times to reduce the period of saturation
details, microhardness diffusion boride coatings increase to 20,5 – 21 GPa and increase their wear resistance in 2.4 – 3 times compared to
steel without protective coating. Boriding a magnetic field will increase the microhardness boride coatings 6 – 7 GPa compared to the
boriding without application of a magnetic field.
KEYWORDS: BORIDING, BORIDE LAYER, COPPER, STRUCTURE, DIFFUSION, FRICTION, MICROSTRUCTURE,
MICROHARDNESS, WEAR RESISTANCE, AUSTENITE Cr-Mn-N STEEL
in air. Thermal etching, which is based on the chemical activity
phases depending on their composition, led to the emergence of
color painting phases, and allowed to determine their location in
the structure of coatings. It should be noted that the sensitivity to
thermal etching phase nucleation centers is much higher than a
conventional chemical etching [6].
Microhardness measurements were carried out on the
equipment PMT – 3 no less than 15 – 20 fields of view at a load of
0.49 – 0.98 N. Measuring accuracy microhardness was – ±300 MPa.
Research of the chemical composition of coatings performed
microrengenospectral analysis on electronic scanning microscope –
SEM 106 with increasing in 2000 time, accuracy – 0.01% by
weight. Determination of the chemical composition performed by
EDS, calculation of quantitative chemical composition - the
method of ZAF
Phase composition, quantitative analysis phase, the periods of
the crystal lattice, volume of elementary lattice phase, regions of
coherent scattering in boride coatings were analyzed for X-ray
diffractometer Ultima-IV of Rigaku (Japan), in the copper Kα
monochromatic radiation.
Testing of coatings on the wear resistance performed on
friction machine [7].

1. Introduction
Austenite Cr-Mn-N steel refers to wear resistant steel in which
metastable austenite during operation undergoes a phase change to
create ε - martensite [1]. However, in the demanding conditions of
intense loading at hydroabrasive wear in different corrosive
environments, such as hydraulic gate fittings parts with Cr-Mn-N
steel, a problem improvement operational characteristics [2]. An
effective method is the use of chemical heat treatment (CHT) using
boron and other saturation elements. CHT allows creating on the
surface of the material structure, which is composed of highly rigid
boride phases [3 – 4]. However, diffusive multicomponent boriding
quite energy consuming process, therefore to reduce energy
consumption necessary to use methods for intensification the
process saturation. One of these methods is the application of an
external magnetic field (EMF), the so-called magnetic thermo
chemical treatment [5].
To solve this problem, we used a complex diffusive saturation
of the surface layer of Cr-Mn-N steel boron or boron and copper at
simultaneous action of EMF.
The aim of this work was to study diffusive boride coatings
and coatings obtained after saturation with boron and copper on
Cr-Mn-N steel, obtained in different physical - chemical conditions,
namely: conducting saturation without the use of an external
magnetic field (EMF), and at simultaneous application.

3. Results and discussion
Microstructural analysis established that after diffusion
saturation Cr-Mn-N steel in boriding mixture during 5 hours formed
diffusion layer with thickness up to 50 microns (Fig. 1, a), while the
complex saturation with boron and copper during 5 hours diffusion
saturation – up to 75 microns (Fig. 1, c). Overlay EMF at boriding
during 2 hours leads to increases diffusion boride layer in 1.8 times
(up to 90 microns) (Fig. 1, b), and in 1.3 times at the complex
saturated with boron and copper (up to 100 micron) (Fig. 1, d).
Microstructure boride layer, shown in Fig. 1 (a) and Fig. 1 (b)
has a layered structure and uniform distribution of phases over the
cross section of a separate layer via presence inclusions of other
phases, which are local dark zones in the structure layer. Coating
consists of different phases with a grain size of 1 – 2 microns,
multifaceted or droplike forms slightly elongated in the direction of
the front diffusion of saturating elements. Typical for boride
coating is presence the diffusion micropores, which oriented along
the subsurface (Fig. 1, b). Boride layer structure formed at complex
saturation with boron and copper in conditions of action EMF, has
more pronounced layered nature with greater uniformity within a
separate layer and a less quantity micropores (Fig. 1, d).

2. Materials and experiment
Processes boriding and complex saturation with boron and
copper performed powder method in a special at a temperature of
975 °C during 2, 4, 5 and 6 hours using fusible valves. Saturation
steels boron or boron and copper performed in powder mixtures on
the basis of technical boron carbide B4C with the addition of
powders Cu2O, Cu3P, as a source of copper and fluoroplast as
activating additions.
To create a magnetic field coil (solenoid) used, which
consisted of 635 windings tires aluminum alloy, the size of
10x20 mm; the current strength – 60 A; the magnetic induction –
35 mT. For magnetic thermochemical treatment in coil placed high
temperature furnace with crucible and packed in them saturated
mixture for boriding with samples of Cr-Mn-N steel.
Investigation of the structure of boride coatings on Cr-Mn-N
steel performed on microsections subjected a high temperature
etching at 400°C at excerpt 30 minutes in the furnace
HSOL – 1,6.2,5.1/11 with followed by cooling to room temperature
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to 6 % weight (Fig. 3, a; Table. 1). For boride layer thickness
85 – 90 microns obtained in conditions of action EMF, the main
part of the chromium with content from 17 % weight up to
24 % weight focuses on the depth of 30 – 65 microns boride layer
(Fig. 3, b; Table. 2).

а

b

Fig.2. Change microhardness by thickness diffusion boride
coatings on Cr-Mn-N steel obtained in different physical - chemical
conditions: 1 – boriding without EMF; 2 – complex saturation with
boron and copper without EMF; 3 – boriding at the simultaneous
action EMF; 4 – complex saturation with boron and copper with
simultaneous action EMF

c
d
Fig.1. Microstructures complex boride coatings on Cr-Mn-N steel
obtained in different physical - chemical conditions: a – boriding
without action EMF, the duration of saturation 5 hours, x200;
b – boriding in EMF, the duration of saturation 2 hours, x200;
c – complex saturation with boron and copper without action EMF,
the duration of saturation 5 hours, x200; d – complex saturation
with boron and copper with simultaneous action EMF, the duration
of saturation 2 hours, x200, (thermal etching)
Investigation of the distribution microhardness by section
boride diffusion layer on Cr-Mn-N steel shown in Fig. 2. It is
shown that boriding allows to get diffusion coating with
microhardness of surface substratum up to 14.5 GPa, and formation
boride layers in conditions of action EMF promotes improves
microhardness of surface substratum up to 20.5 – 21 GPa.
Microhardness surface layers obtained after complete saturation
with boron and copper on Cr-Mn-N steel was 13.0 GPa, and these
layers obtained in conditions of action EMF – 18.0 GPa (Fig. 2). So
after boriding with simultaneous action EMF on surface Cr-Mn-N
steel get boride layers, microhardness which was in 1.5 times
higher than microhardness boride coating obtained without action
EMF and in 7 times higher than the microhardness base
(2.5 – 3 GPa). At the complex saturation Cr-Mn-N steel boron and
copper with simultaneous action EMF, observe formation more
plastic boride diffusion layers with less microhardness in 1.2 times
compared with boriding in conditions of action EMF (Fig. 2).
Along with this application the complete saturation with boron and
copper with simultaneous action EMF leads to increases the
microhardness in 1.4 times compared with the complete saturation
with boron and copper without action EMF and in 6 times
compared with the material base. Application EMF can increase
microhardness boride coatings on 6 – 7 GPa, compared with boride
coatings obtained without action ZMP. Microhardness distribution
in the coating depending on the distance from the surface has
stepped character and indicates on different phase composition by
section boride diffusion layer (Fig. 2). At this the maximum
hardness is formed in the surface layer FeB phases, thickness 10 –
15 microns.
Investigation of the distribution of elements over the cross
section diffusion layer on samples of Cr-Mn-N steel after boriding
and complete saturation with boron and copper in different physical
- chemical conditions shown on Table 1 – 4 and Fig. 3 – 4. The
point X-ray spectral analysis boride coating established that
chromium, which is the main alloying element in Cr-Mn-N steel
with containing up to 15% weight, unevenly distributed over the
cross section of the diffusion layer. The main concentration of
chromium is concentrated in the central and near-boundary up to
matrix part boride coating. Since the thickness boride coating
dependent on the conditions of saturation and composition of
saturating environment, then in boride layers at the general
thickness of the coating 45 – 50 microns maximum chromium
content of 18 – 20 % weight detected at a depth of 15 – 30 microns.
Outside boride layer of the chromium content decreases sharply up

а
b
Fig. 3. The structure of cross section with boride layers on
Cr-Mn-N steel: a – boriding without EMF, the duration of
saturation 5 hours; b – boriding at the simultaneous action EMF,
the duration of saturation 2 hours (chemical analysis determined in
the points +1, +2, +3, +4, +5, +6, +7, +8, +9)
Table 1. Chemical composition diffusion layer on Cr-Mn-N
steel obtained after boriding without action EMF
Table 2. Chemical composition diffusion layer on Cr-Mn-N
steel obtained after boriding при накладанні ЗМП
Elements

+1

+2

Position
+4
% weight

+3

+5

+7

Position
+4
+5 +6 +7 +8
+9
% weight
0,00 0,00 1,91 0,00 0,07 0,20

Elements

+1

+2

+3

Si (K)

0,00

0,14

0,66

V (K)
Ti (K)
Сr (K)
Mn (K)
Fe (K)
Si (K)

0,00 0,08 0,37 0,00 0,08 0,67
0,08 0,16 0,35 0,14 0,12 1,27
0,70 0,68 7,82 17,63 18,70 19,25
0,12 0,12 1,25 1,61 1,78 2,30
99,10 98,82 89,55 80,58 79,32 82,63
0,00
0,00
0,00
0,00
0,04

V (K)
Ti (K)
Сr (K)
Mn (K)
Fe (K)

0,23
0,96
9,87
8,88
80,06

0,18
1,36
6,23
7,84
84,36

+6

0,43
0,71
16,91
4,02
77,93

0,47
0,17
17,80
6,65
74,91

0,28
0,00
18,91
7,00
76,77

0,00 0,00 0,00
0,06 0,11 0,00
19,80 14,65 5,91
1,69 1,73 1,85
78,45 83,44 92,04
0,02
0,89
0,39
0,00
23,78
7,70
68,11

0,08
0,47
1,71
4,33
92,51

At the complete saturation with boron and copper distribution
of chromium over the cross section diffusion layer is more evenly
and has a higher concentration of 12 – 14% weight with maximum
chromium content up to 20% weight in the boundary zone boride
layer with matrix. Outside the diffusion layer in the matrix alloy
chromium content decreases sharply up to 1.6% weight. This
distribution of chromium well correlates with X-ray phase analysis
because high chromium content corresponds to the location phase
(Fe, Cr)B, and the maximum chromium content corresponds the
phase CrB.
X-ray spectral analysis established the discrete distribution of
copper over the cross section boride coating and concentration
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separate inclusions of copper in the surface areas boride phases
(Fig. 4, Table 3, 4). The concentration of copper in separate areas
of the surface substratum thickness up to 15 microns
reaches 96 % weight, because on the X-ray diffraction fixed phase
copper. Mostly copper located in the surface phase FeB. Outside
inclusions of copper found gradual decrease its concentration over
the cross section boride layer from 1.64% weight in the surface
area up to 0.18% weight on the border with basis, and in the basis
of copper were not found.

а
b
Fig. 5. X-ray diffraction picture taken from the surface of the
Cr-Mn-N steel with boride coatings obtained after: a – boriding,
the duration of saturation 5 hours; b – boriding with simultaneous
action EMF, the duration of saturation 2 hours

а
b
Fig. 4. The structure of cross section boride layers on Cr-Mn-N
steel: a – complex saturation with boron and copper without action
EMF, the duration of saturation 5 hours; b – complex saturation
with boron and copper with simultaneous action EMF, the duration
of saturation 2 hours (chemical analysis determined in the points
+1, +2, +3, +4, +5, +6, +7, +8)
Table 3. Chemical composition of the diffusion layer on
Cr-Mn-N steel obtained after complex saturation with boron and
copper without action EMF
+6

+7

+8

0,03

Position
+4
+5
% weight
0,08
0,00

0,03

0,00

0,70

0,37
0,00
11,49
3,32
83,25
1,54

0,26
0,00
11,58
1,16
86,64
0,28

0,28
0,00
19,41
5,35
74,55
0,37

0,30
0,00
20,09
5,44
74,00
0,18

0,12
0,00
1,61
3,37
94,19
0,00

Elements

+1

+2

+3

Si (K)

0,04

0,06

V (K)
Ti (K)
Сr (K)
Mn (K)
Fe (K)
Cu (K)

0,37
0,00
14,99
1,38
81,59
1,64

0,54
0,00
12,69
3,86
81,90
0,96

0,32
0,00
11,96
5,34
81,80
0,58

а
b
Fig. 6. X-ray diffraction picture taken from the surface of the
Cr-Mn-N steel with boride coatings obtained after: a – complex
saturation with boron and copper without action EMF, the duration
of saturation 5 hours; b – complex saturation with boron and
copper with simultaneous action EMF, the duration of saturation
2 hours. Diffraction peaks Cu correspond crystallographic planes:
(111) (200) (220) (311) (222)
Table 5. Parameters of crystalline lattice phase and quantity
phase analysis of the surface Cr-Mn-N steel after boriding and
complex saturation with boron and copper in different physical chemical conditions
Process
saturation

Table 4. Chemical composition of the diffusion layer on
Cr-Mn-N steel obtained after complex saturation with boron and
copper with simultaneous action EMF
Elements

+1

+2

+3

Si (K)

0,03

0,64

0,43

V (K)
Ti (K)
Сr (K)
Mn (K)
Fe (K)
Cu (K)

0,00
0,07
0,54
0,84
2,63
95,89

0,00 0,16
0,00 0,22
0,39 3,28
0,84 3,32
2,17 56,60
95,96 35,99

Position
+4
+5
% weight
0,08 0,03

+6

+7

+8

0,00

2,53

0,21

0,18 0,22 0,25
0,06 0,08 0,04
12,92 13,10 25,77
13,53 6,46 5,44
70,64 79,71 68,05
2,59 0,40 0,45

0,39
0,10
26,57
13,42
54,76
2,23

0,67
0,07
50,62
4,40
44,03
0,00

Boriding
without EMF
Boriding with
simultaneous
action EMF
Complex
saturation with
boron and
copper without
action EMF
Complex
saturation with
boron and
copper with
simultaneous
action EMF

X-ray phase analysis of Cr-Mn-N steel with a diffusion
coating established that at boriding without action EMF in the
surface layer of 15 – 20 um formed phases FeB, (Fe, Cr)B and CrB
(Fig. 5, a), and at the complex saturation with boron and copper
without action EMF – phase FeB, (Fe, Cr)B and Cu (Fig. 6, a).
At the application EMF observed an increase a thickness of
the boride coating and particular interlayer phase FeB. As a result,
on the X-ray diffractograms surface layers boride coatings obtained
after boriding in conditions of action EMF fixed the presence of
phases FeB and (Fe, Cr)B (Fig. 5, b). After complex saturation with
boron and copper with simultaneous action EMF, since formed
coating of greater thickness than the boridin, then on the X-ray
diffractograms fixed the presence of phases FeB and Cu (Fig. 6, b).
Overlay EMF leads to increases the separate layers boride
phases and redistribution of quantitative correlation boride phases in
the surface layers and changes of crystal lattice periods (Table 5). At
the complex saturation with boron and copper volume share of
copper in the surface layer, to the results of X-ray structural
investigations was 2%, and at the CHT with simultaneous action
EMF quantity of copper component in the surface phase FeB
increased to 53.7%.

Name
phase

Parameters of crystal Volume Contents
lattice, Å
(A3)
phases
(%)
а
b
c
FeB
4,106 5,558 2,947 67,26
24
FeCrB 14,537 7,316 4,211 447,90
20
CrB
2,959 7,664 2,951 66,93
56
FeB
4,105 5,540 2,950 67,09
97
FeCrB 14,520

7,370

4,142

443,00

3

4,105

5,540

2,950

67,09

76

FeCrB 14,520

7,370

4,142

443

22

FeB

Cu

3,615

3,615

3,615

47,24

2

FeB

4,086

5,504

2,950

66,35

46,3

Cu

3,614

3,614

3,614

47,20

53,7

Boriding and complex saturation with boron and copper
allows to increase the wear resistance of Cr-Mn-N steel as at the
simultaneous action EMF, and without its influence (Fig. 7). Thus,
the rate of wear Cr-Mn-N steel without coating for the first hour
was 2,15 ∙ 10-6 kg/m2 ∙ sec., while at the boriding without action
EMF wear rate was 1,67 ∙ 10-6 kg/m2 ∙ sec., and at the complex
saturation with boron and copper without action EMF –
1,39 ∙ 10-6 kg/m2 ∙ sec. Application boriding with the simultaneous
action EMF leads to decrease the rate of wear for the first hour to
0,86 ∙ 10-6 kg/m2 ∙ sec., and at the complex saturation with boron
and copper with simultaneous action EMF to 0,65 ∙ 10-6 kg/m2 ∙ sec.
The results show that the lowest rate of wear by the end of period
burnishing inherent boride coating obtained at complex saturation
with boron and copper with simultaneous action EMF. At this the
rate of wear layers saturation copper obtained with simultaneous
action EMF in 4 times less than without coating. Continue the wear
up to 2 hours showed that the rate of wear of the surface layers
during this period was: Cr-Mn-N steel without saturation
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1,53 ∙ 10-6 kg/m2 ∙ sec., boriding without action EMF –
1,39 ∙ 10-6 kg/m2 ∙ sec., complex saturation with boron and copper
without action EMF – 0,97 ∙ 10-6 kg/m2 ∙ sec., boriding with the
simultaneous action EMF – 0,78 ∙ 10-6 kg/m2 ∙ sec., complex
saturation with boron and copper with simultaneous action EMF –
0,59 ∙ 10-6 kg/m2 ∙ sec. On step 5 hour the wear rate diffusion layers
was respectively of Cr-Mn-N steel without saturation
1,47 ∙ 10-6 kg/m2 ∙ sec., boriding without action EMF –
0,92 ∙ 10-6 kg/m2 ∙ sec., complex saturation with boron and copper
without action EMF – 0,67 ∙ 10-6 kg/m2 ∙ sec., boriding with the
simultaneous action EMF – 0,61 ∙ 10-6 kg/m2 ∙ sec., complex
saturation with boron and copper with simultaneous action EMF –
0,51 ∙ 10-6 kg/m2 ∙ sec.

The application boriding with simultaneous action EMF
Cr-Mn-N steel leads to diffusion redistribution Cr in the coating with a
maximum concentration Cr of 24% weight on the depth 65 microns,
and at the complex saturation with boron and copper with simultaneous
action EMF – 50.5% weight Cr on the depth 60 microns.
It is shown that the microhardness of the surface layers
Cr-Mn-N steel after boriding was 14.5 GPa, and at the boriding
with simultaneous action EMF increased to 21.0 GPa.
Microhardness surface layers obtained after complete saturation
with boron and copper on Cr-Mn-N steel was 13.0 GPa, and layers
obtained at the complex saturation with boron and copper with
simultaneous action EMF – 18.0 GPa. In this way boriding and
complex saturation with boron and copper with simultaneous action
EMF allows increase the microhardness of the surface boride layers
in 1.5 and 1.4 times respectively.
Wear resistance of Cr-Mn-N steel after boriding increase in 1.6
times, at this the coefficient of friction is 0.53, and at the boriding
with simultaneous action EMF wear resistance Cr-Mn-N steel
increase in 2.4 times, at this the coefficient of friction is 0.48. The
complex saturation with boron and copper leads to increases the wear
resistance Cr-Mn-N steel in 2.2 times, at this the coefficient of
friction is 0.42, and at the complex saturation with boron and copper
Cr-Mn-N steel with simultaneous action EMF wear resistance
increase in 3 times, at this the coefficient of friction is 0.41.
The best wear resistance in conditions of dry friction have
boride phases formed on Cr-Mn-N steel at complex saturation with
boron and copper with simultaneous action EMF. It is explained of
the change phase composition, morphology, increase a
microhardness the diffusion coating and the presence separate
accumulations of copper in surface zones boride layers, which
performing the role of solid oils.

Fig. 7. Histogram of wear boride coatings on Cr-Mn-N steel
obtained in different physical - chemical conditions: 1 – Cr-Mn-N
steel without coatings; 2 – boriding without action EMF;
3 – complete saturation with boron and copper without action
EMF; 4 – boriding with simultaneous action EMF; 5 – complex
saturation with boron and copper with simultaneous action EMF
Wear resistance Cr-Mn-N steel after boriding increases in
1.6 times, at this the coefficient of friction is 0.53 and boride
diffusion layers obtained with simultaneous action EMF increase
wear resistance Cr-Mn-N steel in 2.4 times, at this the coefficient
of friction is 0.48. Application the complex saturation with boron
and copper leads to increases the wear resistance Cr-Mn-N steel in
2.2 times, at this the coefficient of friction is 0.42. Boride layers
formed on Cr-Mn-N steel in conditions of action EMF at complex
saturation with boron and copper allow increase wear resistance
Cr-Mn-N steel in 3 times, at this the coefficient of friction is 0.41.
At all stages lowest wear rate was detected in boride layers
obtained at the complex saturation with boron and copper with
simultaneous action EMF (Fig. 7).
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Abstract
Intensive studies are being carried out in order to produce high-efficiency compact heat-exchanger devices to use energy more efficiently
and to look for new working fluids for the purpose of enhancing heat transfer. Channels with corrugated surfaces and traditional fluids
(water, oil ethylene glycol, etc.) ensuring heat transfer by convection are widely used in the industry. In this study, convection heat transfer
by using nanofluids (distilled water + nanomaterial) was investigated experimentally in order to investigate the effect on Al2O3
nanomaterials on heat transfer enhancement in a corrugated channel with a chevron geometry extensively used in plate heat exchanger.
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greater with this nanoﬂuid in comparison with the water at 4 %
concentration [8]. From the reviews cites earlier, it is clear that
experimental studies show a focusing on increase in heat transfer.
This research will contribute determining heat transfer performance
in an enhanced surface shown in Fig. 2 for Al2O3 nanomaterials
added water flowing.

1. Introduction
Nanofluids have recently been interesting in that they enhance the
heat transfer of traditional working fluids. Traditional fluids (water,
glycol ethylene, oil, etc.) that are used up until now affect the
dimension and heat efficiency of heat exchangers since they have
low heat transfer coefficients. Enhancements have occurred in heat
transfer as a result of the use of solid materials in nano-dimension
as a suspension with the base fluid. Hence, enhancements were
made in thermophysical properties of traditional fluids [1-4]. There
are experimental studies about the flow and heat transfer in
channels with corrugating surface with nanofluids in the literature.
For examples: Tiwari et al. have compared the ratio of heat transfer
coefficient and pressure drop of various nanoﬂuids in wide range of
concentrations and different ﬂow rates in plate heat exchanger. The
nanoﬂuids, studied in this study, are CeO2, Al2O3, TiO2 and SiO2 at
concentrations ranging from 0.5–3.0 (vol. %) with ﬂow rates
ranging from 1.0–4.0 lpm (liters per minute) while the ﬂowrate of
hot water was at 3 lpm. The experimental results showed that the
heat transfer coefficient ratio varied from 1.14 to 1.36 for the
aforementioned nanoﬂuids at a particular coolant ﬂow rate for its
respective optimum volumetric fraction [5].

2. Preparation of the Nanofluids
In this study, alpha Al2O3 (Grafen Chemical Industries Co.)
nanopowder materials with an average diameter of 40 nm, purity of
99.9 %, white in color and with a nearly spherically shape were
used. Agglomeration of nanomaterials was prevented by adding
nanopowder materials in required volume ratio into distilled water
and dispersion them homogenously in distilled water with a
mechanical stirrer and ultrasonic bath (model Cneumaw) for 30
minutes. No diluting agent and stabilizer were used during the
preparation of the nanofluids in order not to change its fluid
properties. Four different Al2O3/water nanofluid concentrations
(0.25 %, 0.5%, 0.75 %, and 1 %) were prepared in this study. The
amount of required nanomaterial to prepare 1 lt of nanofluid was
calculated as in Ref. [9].
𝑚𝑝 = ∅𝑛𝑝 𝑥1𝑥10−3 𝜌𝑝

Pantzali et al. studied the performance of 4 % CuO–water nanoﬂuid
in a herringbone-type plate heat exchanger. At the beginning of the
experimental, all the thermophysical properties were measured
systematically. From the experimentation data, it has been reported
that apart from the thermophysical properties, the ﬂow behaviours
inside the plate heat exchanger also have a signiﬁcant role in the
effectiveness of a nanoﬂuid. If the heat exchanger works in a
turbulent condition, the nanoﬂuids will be effective only if the
augmentation in thermal conductivity is accompanied by a nominal
increase in viscosity. However, in practical sense, this will be very
difﬁcult to achieve [6].

(1)

The density of the nanomaterial in calculations is 3700 𝑘𝑔/𝑚3 as
Referred in [10].

3. Determination of thermophysical properties of the
nanofluids
Extensively used expressions that are suggested for the calculation
of the thermophysical properties in the literature were used in order
to obtain reliable experimental results. The following expressions
were used in this study.

Khairul et al. studied the effects of CuO/water nanoﬂuids as
coolants on heat transfer coefficient, heat transfer rate, frictional
loss, pressure drop, and pumping power in the plate heat exchanger.
Their analysis revealed that the enhancement in heat transfer
coefficient were about 17.7 %, 21.8 % and 24.7 % for 0.5 %, 1.0%
and 1.5 % volume fraction of nanoﬂuids respectively [7].

𝜌𝑛𝑓 = �1 − ∅𝑛𝑝 �𝜌𝑠 + ∅𝑛𝑝 𝜌𝑝

(2)

𝜇𝑛𝑓 = �1 + 2.5∅𝑛𝑝 �𝜇𝑠

(3)

Pak and Cho and Ho et al. proved the validity of Equation (2) with
the experiments they conducted on the density of Al2O3-water
nanofluid at room temperature [11, 12].

Kabeel et al. investigated the inﬂuence of nano-particles on the
performance of corrugated plate heat exchanger. Their
investigations revealed that the heat transfer coefficient increased
up to 13 % for 4 (vol. %) of Al2O3/water nanoﬂuid in a laminar
ﬂow. The marginal rise in convective heat transfer coefficient was
further reduced at a constant volume ﬂow rate. The effectiveness of
plate heat exchanger decreases by increasing the Reynolds number.
The maximum rise in pressure drop of 45 % was reported to be

Equation (3) is Einstein equation and can be accepted for low
sphere particles at a volume concentration of 2 % [13].
𝑐𝑛𝑓 =

41

�1 − ∅𝑛𝑝 �𝜌𝑠 𝑐𝑠 + ∅𝑛𝑝 𝜌𝑝 𝑐𝑝
𝜌𝑛𝑓

(4)

Zhou and Ni showed the validity of equation (4) with the
experiments they conducted on the density of Al2O3-water
nanofluid at room temperature [14]. The specific temperature of the
nanomaterial is 880 𝐽/𝑘𝑔𝐾 and was taken from Ref [15].
Yu and Choi used the following equation in order to determine the
thermal conductivity of the nanofluids [16].
𝑘𝑛𝑝 +2𝑘𝑠 +2�𝑘𝑛𝑝 −𝑘𝑠 �(1+𝛽)3 ∅𝑛𝑝

𝑘𝑛𝑓 = �

𝑘𝑛𝑝 +2𝑘𝑠 −�𝑘𝑛𝑝 −𝑘𝑠 �(1+𝛽)3 ∅𝑛𝑝

� 𝑘𝑠

(5)

In equation (5), 𝛽 is the thickness of the nano-layer and it is
considered that the diameter of the nanomaterial in general is
between 19 % and 22 % [17]. In the calculation of thermal
conductivity, 𝛽 was taken as 0.2 and the thermal conductivity of
the nano-material was taken as 𝑘𝑛𝑝 = 35 𝑊/𝑚𝐾 from Ref. [15].
Furthermore, temperature-depended equations were obtained from
Ref. [18] as follows using the properties of the water between 0 ℃
and 100 ℃ for temperature-depended thermophysical properties of
distilled water.
For density,
𝜌𝑠 = 1001.07 − 0.0885789𝑥𝑇 − 0.00346617𝑥𝑇 2

(𝑅 2 = %99.94)

For dynamics viscosity,

(6)

𝜇𝑠 = 0.00175015 − 0.0000517503𝑥𝑇 + 8.65854𝑥10−7 𝑥𝑇 2

−7.53662𝑥10−9 𝑥𝑇 3
(𝑅2

= %99.99)
For specific heat,

+

2.58918𝑥10−11 𝑥𝑇 4

𝑐𝑝,𝑠 = 4217.25 − 3.01528𝑥𝑇 + 0.0780849𝑥𝑇 2 −

8.10854𝑥10−4 𝑥𝑇 3 + 3.32379𝑥10−6 𝑥𝑇 4
(𝑅2 = %99.61)

For thermal conductivity,
𝑘𝑠 = 0.559434 + 0.00215742𝑥𝑇 − 0.00000965824𝑥𝑇 2
(𝑅2 = %99.98)

4. Experimental Setup

Fig. 1. Schematic picture of the experimental setup
The main dimensions of the plate used in the experimental study are
shown in Fig. 2, and geometric details of the plate are shown in
Table
1.

(7)

(8)

(9)

The schematic picture of the experimental setup of the plate with
corrugating surface set up for the purpose of examining heat
transfer and pressure drop characteristics under different flow
conditions is shown in Fig. 1. The plate with corrugating surface is
a gasket plated heat exchanger and supplied from Alfa Laval (T2
model) company.

Fig. 2. Main dimensions of the plate heat exchanger
Table 1. Geometric details of the plate
Plate length (mm)
350
Plate width (mm)
102
Plate width inside gasket, Lw (mm)
70
Vertical distance between centers of ports, Lv (mm)
298
Horizontal distance between centers of ports, Lh (mm)
50
Port diameter Dpt, (mm)
20
Number of plates
3
Heat transfer area, A (m2)
0.02
Gap between two consecutive plate, (mm)
2.4
Plate thickness, t (mm)
0.5
Plate pitch, p (mm)
3.05
Corrugation pitch, Pc (mm)
11.57
Mean channel spacing, b (mm)
2.55
Chevron angle, β
30o
There are two cycles on the experimental setup as heat remove (hot
fluid) and heat absorption (cold fluid) as shown in Fig. 1. The hot
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fluid (hot water) is supplied from an insulated tank with a capacity
of 90 L and an immersing type heating resistance with the power of
2 kW. This tank regulates the heat required in the inlet to the plated
heat exchanger of a hot fluid with a heat controlled device. A
floating type rotameter was used in order to measure the flow rate
of the hot fluid.

viscosities at the wall temperature and average fluid temperature,
Reynolds number (Re), Prandtl number (Pr). The general
correlation expression for turbulent flow is as follows [19, 20]:
𝑁𝑢 = 0.348𝑅𝑒ℎ0.663 𝑃𝑟ℎ0.33 (𝜇𝑏 ⁄𝜇𝑤 )𝑑

(17)

𝑁𝑢 = ℎ𝐷ℎ ⁄𝑘

(18)

And the heat transfer coefficient ℎℎ of the hot fluid in plated heat
exchanger was obtained from equation (17) with the assumption of
𝜇𝑏 ≅ 𝜇𝑤 . Nusselt and Prandtl numbers are as follows:

On the other hand, the cold fluid (nanofluids) was stored in a 16 L
vessel mechanically throughout the experiments in order to ensure
the homogenous distribution of the nanomaterials. It is cooled with
a heat control chiller in order to ensure the stable temperature value
of the nanofluid prepared in its inlet to plated heat exchanger and its
flow rate was measured from a turbine type flow meter. A diagram
type difference pressure meter was placed between inlet and outlet
ports in order to measure the difference pressures of hot water and
nanofluids.

𝑃𝑟 = 𝜇𝑐𝑝 ⁄𝑘

(19)

Based on experimental data, the total heat transfer coefficient is;
𝑈 = 𝑄𝑎𝑣𝑒 ⁄𝐴∆𝑇𝑙𝑚
Where,

Pt-100 type thermo-element couple with high sensitivity was used
in order to measure the temperature of each fluid in their inlet and
outlet from the plated heat exchanger. The circulation of hot water
and nanofluids was ensured with centrifugal pumps that are
resistant to a temperature of 120 oC. Furthermore, the test section
and pipes were insulated in order to minimize heat losses. The
experiments were conducted at room temperature and steady state
conditions. The temperature and difference pressure values
measured during the experiments were recorded on the computer.
Throughout the experiments, the flow rate of hot water was 90 kg/h
and the inlet temperature into the plated heat exchanger is stable at
40 oC. While the flow rate of the nanofluids varies between 90 kg/h
and 300 kg/h, the inlet temperature of the cold fluid is 17.5 oC.

∆𝑇𝑙𝑚 =

�𝑇ℎ,𝑖 − 𝑇𝑛𝑓,𝑜 � − �𝑇ℎ,𝑜 − 𝑇𝑛𝑓,𝑖 �

𝐼𝑛��𝑇ℎ,𝑖 − 𝑇𝑛𝑓,𝑜 ���𝑇ℎ,𝑜 − 𝑇𝑛𝑓,𝑖 ��

(20)
(21)

The heat transfer coefficient of the nanofluids is found from the
following relation
1
1
𝑡
1
=
+ +
𝑈 ℎℎ 𝑘 ℎ𝑛𝑓

(22)

∆𝑃𝑝 = 1.4𝑁𝑝 (𝐺𝑝 ⁄2𝜌)

(23)

The friction factor is calculated from the following relation
depending on the pressure drop of the nanofluids and hot water. The
pressure drops in the ports in the heat exchanger:

4.1. Calculation of the convection heat transfer coefficient of
the nanofluids

𝐺𝑝 = (𝑚̇⁄(𝜋𝐷𝑝2 ⁄4))

(24)

∆𝑃 = ∆𝑃𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − ∆𝑃𝑝

(25)

Heat transfer and pressure drop characteristics in the plated heat
exchanger were calculated as follows with the help of the data
obtained from the experiments. Reynolds numbers of hot water and
nanofluids are as follows depending on the hydraulic diameter of
the plated heat exchanger and the mass flow rate of the channel.

Where; 𝐷𝑝 is the inlet diameter, 𝑁𝑝 is the passage number and 𝐺𝑝 is
the mass flow rate of the inlet port.

𝑅𝑒ℎ = 𝐺ℎ 𝐷ℎ ⁄𝜇ℎ

𝑓 = ∆𝑃⁄[(𝐿𝑒𝑓𝑓 ⁄𝐷ℎ )(2𝐺 2 ⁄𝜌)]

(10)

𝑅𝑒𝑛𝑓 = 𝐺𝑛𝑓 𝐷ℎ ⁄𝜇𝑛𝑓

(11)

𝐺ℎ = 𝑚̇ℎ ⁄𝑁𝑐𝑝 𝑏𝐿𝑤

(12)

Where 𝑓 is the friction factor and 𝐿𝑒𝑓𝑓 is the vertical distance inlet
and outlet from the heat exchanger and the increase factor of the
corrugating surface 𝜙 is taken into consideration as 𝐿𝑒𝑓𝑓 = 𝐿𝑣 .
Rheological and thermophysical properties of the nanofluids were
calculated using average temperature. Then, heat transfer
coefficient by convection and Nusselt number were obtained for
different volume concentrations.

Where 𝐷ℎ = 2𝑏/𝜙 is the hydraulic diameter, 𝐺𝑛𝑓 and 𝐺ℎ are the
mass flow rate of the channel for cold and hot fluid,
𝐺𝑛𝑓 = 𝑚̇𝑛𝑓 ⁄𝑁𝑐𝑝 𝑏𝐿𝑤

(13)

5. Experimental Result

The heat given by the hot water and absorbed by the nanofluids
using equation (14) with the use of specific temperature values were
calculated with the measured temperature and flow rate values. The
average heat transfer values were used in the calculations due to
heat losses in both fluids.
𝑄ℎ = 𝑚̇ℎ 𝑐𝑝,ℎ �𝑇ℎ,𝑖 − 𝑇ℎ,𝑜 �

𝑄𝑛𝑓 = 𝑚̇𝑛𝑓 𝑐𝑝,𝑛𝑓 �𝑇𝑛𝑓,𝑖 − 𝑇𝑛𝑓,𝑜 �

� 𝑄𝑎𝑣𝑒 = (𝑄ℎ + 𝑄𝑛𝑓 )⁄2

Heat transfer tests from hot water to cold water were performed in
order to assess the accuracy and reliability of the measurements
before calculating the heat transfer coefficient of the nanofluids.
After all measurements, total heat transfer coefficient was obtained
from equation (20), and the heat transfer coefficient of the hot fluid
was estimated from equation (17). And heat transfer coefficient of
the cold fluid was obtained from equation (22). Moreover, the
experimental total heat transfer coefficient calculated from equation
(20) for water and theoretically calculated total heat transfer
coefficient are comparison and the average error is 3 %. As seen in
Fig. 3, constant inlet temperatures and the mass flow rate that
increased at the fix volumetric concentration caused the high overall
heat transfer coefficient.

(14)

The thermodynamic properties of both fluids were calculated using
average temperature inlet and outlet from the plated heat exchanger.
𝑇𝑎𝑣𝑒,ℎ = (𝑇ℎ,𝑖 + 𝑇ℎ,𝑜 )⁄2

𝑇𝑎𝑣𝑒,𝑛𝑓 = (𝑇𝑛𝑓,𝑖 + 𝑇𝑛𝑓,𝑜 )⁄2

(26)

(15)

(16)

In many studies in the literature on plated heat exchanger, Nusselt
number (Nu) is specified as a function of the ratio of the dynamic
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The ratio of the Nusselt number of the nanofluids calculated to the
Nu number of water is shown in Fig. 5. This ratio increases with the
increase in Reynolds number and volume concentration. Pressure
drops of the nanofluids depending on the flow rate under different
experimental conditions are shown in Fig. 6. The pressure drop of
the nanofluids was calculated with the help of equation (26), and the
change of friction factor was obtained against Reynolds number.
Pressure drop increased with the increasing volume concentration in
constant Reynolds number.

Fig. 3. Change in the overall heat transfer coefficient of water and
Al2O3 nanofluids depending on flow rate
In this study, Nusslet numbers and pressure drops of the nanofluids
were obtained for the flow rate of 90 kg/h of hot water, Reynolds
number varies between 600 and 1900 and the volume concentration
of Al2O3/water nanofluids in 0.25%, 0.5%, 0.75% and 1%. In Fig.
4, the Nusselt number change of the nanofluids against Reynolds
number is seen for the concentrations prepared. As seen in Fig. 4,
the Nusselt number increases with the increase in the concentration
of nanoparticles in constant Reynolds number, and the Nusselt
number of the nanofluids is higher than the Nusselt number of
Fig. 6. Change in friction factor of water and Al2O3 nanofluids
against Reynolds number
Consequently, it is seen that an enhancement took place in the
coefficient of heat transfer by convection as a result of the change in
the properties of the working fluid that ensures heat transfer using
nanofluids in plated heat exchanger. An increase takes in heat
transfer by convection takes place with the increasing volume
concentration and flow rate of Al2O3/water nanofluid in 90 kg/h hot
water flow rate. The use of nanofluids in plated heat exchangers
created an advantage in improving heat transfer and the
performance of the systems, and thus, increasing system efficiency.
An effective mechanism in this increase improved the heat transfer
of the nano material added to the fluid. Another effective
mechanism in enhancing the heat transfer is the thermal
conductivity that increases with the collision of water molecules
and nanomaterials on the wall surface of the plated heat exchanger.
The internal surface between liquid and nanomaterials is taken into
consideration in equation (5) that is used in the calculation of the
thermal conductivity of the nanofluids because the heat transfer
between the particles and liquid occurs on the internal surfaces of
the nanomaterial. Breaking occurs in heat boundary layer, and its
thickness decreases with the movement of the nanomaterial in areas
close to the surface, continuous change of the direction and velocity
of the nano-particles in the channel and the decrease of the viscosity
effect in areas close to the surface in plated heat exchanger. While
these interactions ensure an increase in heat transfer, it also
increased the friction between plated heat exchanger and nanofluid.
While the performance of the plated heat exchanger increased with
the use of nanofluids, this led to the increase in pressure drops.
Nanofluids may be a reasonable solution in increasing heat transfer,
but an opposite situation is in question in terms of the pressure drop
subject to chosen volume concentration. This potential of the
nanofluids is interesting in heat transfer.

water.
Fig. 4. Change in Nu number versus Reynolds number of water and
Al2O3 nanofluids
The increase in the mass flow rate of the nanofluids and the
collision effects of the nanoparticle on the surfaces of plated heat

6. Conclusion
exchanger lead to the increase of heat that passes through the
nanofluids.

It was concluded that Nusselt number increases depending on the
increasing Reynolds number and volume concentration of the
nanofluids. In the enhancement of heat transfer, the distribution of
nanomaterials in the fluid, irregular movement of the nanomaterial
and the transport of this material are factors that increase heat

Fig. 5. Increase in Nusselt number of Al2O3 nanofluids when
compared to water
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transfer, in addition to increasing the thermal conductivity of the
nanofluids.
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heat transfer area, m2
mean channel space , m
specific heat at constant pressure, J/kg K
hydraulic diameter, m
mass velocity, kg/m2 s
thermal conductivity, W/m K
logarithmic
mean
temperature
difference, K
effective flow length between inlet and
outlet port, m
effective channel width, m
mass flow rate, kg/s
mass, kg
number of channels per pass
heat transfer rate, W
Reynolds number
temperature, oC
thickness of plate, m
overall heat transfer coefficient, W/m2 K
total uncertainty in the measurement
chevron angle, degree
volume concentration,
factor
viscosity, Ns/m2
density, kg/m3
hot
inlet condition
nanofluid
nanomaterial
outlet condition
particle
water
wall
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Abstract: Ti and its alloys are mostly used for implant production. Their biocompatibility depends on the formation of thin TiO2 layer
on the surface. It can be improved by modification of oxide structure in tubular. For biomedical applications, the adhesion of the coating
layers is essential. The aim of the present paper is to investigate the adhesion of TiO2 nanocoatings on titanium surface.
Commercially pure Ti (CP Ti) and Ti-6Al-4V alloy samples were grinded, etched and anodized. The anodization was done in 0.5
wt.% HF electrolyte with duration of 7 hours for the CP Ti samples and 6 hours for Ti-6Al-4V alloy samples. The adhesion was investigated
by tape and scratch tests. The critical loads that generate the first failures during the scratch test are used for characterization of the
adhesion of the TiO2 nano-tubular coating. The critical loads were measured by CSEM-Revetest macroscratch tester under progressive
scratching mode. The samples were characterized by SEM and EDX analysis. The areas around the critical load were further observed by
optical and scanning electron microscopy for detail inspection of failure mechanism.
It was established that the higher micro-roughness of the surface of CP Ti sample after anodization is responsible for the
detachment only of small areas of the nano-tubular coating situated mainly on the top surface. The lower micro-roughness of the sample
made of titanium alloy and the presence of large flat areas lead to detachment of large coating’s portions. The scratch test reveals that the
TiO2 nano-tubular coating on the CP Ti fails at an early stage (Lc1 ~ 8 N; Lc2 ~ 26 N), while that on the Ti-6Al-4V sample undergoes cohesive
failure and completely fails at higher load values (Lc1 ~ 13 N and Lc2 ~ 40 N respectively). As titanium alloy is ductile material with higher
strength than the CP Ti, it provides better support for the coating and produces higher critical loads.
Keywords: TITANIUM, Ti-6Al-4V, TITANIUM OXIDE, NANOTUBES, COATING ADHESION
samples and that with coatings are attached to the cylindrical rods
with glue, adhesive tape or PMMA bone cements. Tensile loads are
applied normally to the samples with crosshead speed of 0,5 –
1mm/min until interfacial failure occurs. The mean tensile bonding
strength and standard deviation are calculated as well as the
interface morphology is examined. The scratch test gives estimation
of the adhesion strength of the coatings by determining the critical
load Lc, which is defined as the load where film flaking starts [14].

1. Introduction
Titanium and its alloys are mostly used for implant production.
Their biocompatibility depends on the formation of thin TiO2 layer
on the surface [1,2]. It can be improved by modification of oxide
structure in tubular, because the TiO2 nanotubes can mimic the
dimensions of the natural bone components. Many research groups
work on investigation of the biocompatibility of nano-tubular
coatings on titanium implants.

The aim of the present paper is to investigate the adhesion of
TiO2 nanocoatings on the surface of commercially pure titanium
and Ti-6Al-4V alloy using both tape and scratch tests.

It was established by S.Oh et al. [3] that the addition of
nanotubes to the microstructured surface enhances multiple
osteoblast behaviors, resulting in better in vivo osseointegration.
The presence of a vertically aligned TiO2 nanotube surface on Ti
foils improved the proliferation and mineralization of osteoblasts.
According to the same group [4] the cell response depends on the
nanotubes’ diameter, thus on small-diameter nanotubes, increased
cell adhesion and growth with minimal differentiation is prevalent,
while on larger-diameter nanotubes, mesenchymal stem cells are
forced to differentiate specifically into osteoblast cells. It was
established by N. Wang et al. [5] that 70 nm diameter is the
optimum size for TiO2 nanotubes implants to obtain favorable
osteoconductivity and osseointegration.

2. Experimental methods
Anodization
Round samples with dimensions 24 mm x 3 mm (diameter x
thickness) were made of commercially pure (CP) Ti Grade-2
(99,5%) and Ti-6Al-4V alloy with chemical composition: Al-5,7%;
Fe-0,13%; V-3,8%, O-0,089%; Ti-the rest (wt.%). The samples’
surface was grinded with sandpaper 300, 600 and 800. After
grinding they were ultrasonically cleaned consecutively in acetone,
ethanol and deionized water for 15 min in each media and dried
with compressed air. On the next stage the samples were etched for
30 min in 0.5 wt.% HF acid, immediately rinsed with deionized
water and dried. They were anodized in an electrolyte, containing
0.5 wt.% HF acid, at 25V for CP Ti and 30V for Ti-6Al-4V alloy.
DC power supply and a graphite electrode as cathode were used.
The process duration was 7 hours for CP Ti and 6 hours for Ti-6Al4V alloy. Immediately after anodization the samples were rinsed
several times with deionized water and dried with compressed air.

TiO2 nanotubes can be prepared by various techniques: sol-gel
method, electrochemical deposition and anodization [4,6]. But
anodization is preferred to the rest two processes because it
provides strongly adherent TiO2 layer. The process is rapid, simple
and inexpensive ensuring large array of titanium nanotubes [7-9].
For bio-medical applications, the adhesion and mechanical
integrity of the TiO2 layer are essential. The adhesive strength
between the anodic oxide films and the titanium substrate was
reported to be from 11,7 MPa [3] to 25 MPa [9]. The bond strength
between nanocoatings and titanium substrate is investigated mainly
by tape test, tensile test or scratch test. Y. Parcharoen et al. [10]
measured the adhesion of the hydroxyapatite coating to the
substrate using ASTM D 3359-02 cross-cut tape test (B). They used
3M Brand Scotch tape which was firmly placed in the area and was
pulled off at an angle as close to 180o as possible after 90 s. After
that the surface morphology was investigated and the coating
delamination was evaluated. During tensile test standard tensile
testing machine is used [3,11-13]. The surfaces of the control

Adhesion tests
Two types of adhesion tests were done. The first one was made
with Scotch Transparent Film Tape 640 of 3M with 12,7 mm width
and adhesion to steel 30 N/100 mm. As this test gives only relative
evaluation of the coatings adhesion we additionally did scratch test.
The scratch tests were performed on the top surface of the sample
with a CSM REVETEST Scratch Macrotester equipped with a
Rockwell C diamond indenter of 200 µm radius. Progressive load
scratching mode with normal force range of 1 N to 50 N was used
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50 µm

50 µm
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Fig. 1. Surface topography of samples of CP Ti – a), b) and Ti-6Al-4V alloy – c), d) investigated by optical microscopy (a and c) and SEM
with original magnification 600x (b and d).

in all experiments and at a speed of 10 N/mm. Critical load values
(Lc) at which the failure event occurred for each sample were
calculated as an average from at least five tests made in different
areas to verified the obtained results. Scratch width at the critical
loads was also measured using optical methods of localized regions
of poor adhesion and failure for each scratch.

3. Results and discussion
Anodization
The superficial morphology of both coated samples, shown in
Fig. 1a and Fig.1b, discloses that the anodization of CP Ti produces
step morphology with many small and deep craters that influences
the subsequent treatment. Irrespective of their size, all of the present
micro voids have defined boarders. The anodization of the alloy
(Fig. 1c and Fig. 1d) reveals the fully lamellar microstructure
between α and β lamellas. It can be stated that the surface microroughness of the CP Ti coated sample is higher compared to the
alloy coated system.

Samples characterization
The surface topography and morphology were observed with
optical and scanning electron microscopies. Two SEM were used:
high resolution field emission scanning electron microscope FEI
Quanta 400 ESEM FEG (ESEM2) and SEM JEOL 733 which was
subject to digitalization by a university project 2015 FMME 03. The
EDX analysis was made on FEI Quanta 400 ESEM FEG (ESEM2).

Our previous investigations [15] showed that after 7 hours

b)

a)

T

Fig. 2. EDX analysis of the surface of samples of CP Ti – a) and Ti-6Al-4V alloy – b).

47

anodization the surface of the CP Ti was covered with oxide layer
with nanotubular morphology in 70-80% of the area and nanorods
in the rest 30-20% (Fig.1b high magnification). The nanotubular
structure consisted of nanotubes (NTs) with irregular shape and
sizes with average internal diameter about 121 nm. After 6h
anodization 80% of the surface of Ti-6Al-4V alloy sample was

covered with comparatively well-shaped NTs (Fig.1d high
magnification) with average internal diameter about 109 nm. EDX
analysis on Fig. 2 shows that the NTs regions on the CP Ti surface
consist of TiO2. The presence of Al additionally to the Ti and O in
the NTs regions on the Ti-6Al-4V alloy sample are evidence that
the all elements take part in the anodization process.

c)

b)

a)

Tested area

Fig. 3 Surface morphology of anodized CP Ti sample after
tape test.

Non-tested area

Tested area

Non-tested area

Fig. 4 Surface morphology of anodized Ti-6Al-4V sample after tape test.
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a)

b)

c)

d)

Fig. 5. Morphology of the scratch areas on the CP Ti coated sample: a) initial area of the track (original magnification 400x); b) thin
conformal cracks in the track (400 x); c) lateral delamination of the material (400 x); d) damage at the end of the scratch (400 x).

higher surface roughness, at the beginning of the track of the CP Ti
coated sample, there is almost full contact between the stylus and
the surface (Fig. 5a). Large asperity contact because of the ductile
substrate provokes early spallation of the coating. Тhe TiO2 nanotubular coating on the CP Ti fails at an early stage during the
scratch test (Lc1 ~ 8 N; Lc2 ~ 26 N) and the indentor causes
progressive plastic deformation (Fig. 5b, Fig. 5c and Fig. 5d). The
higher degree of deformation at the edge of the track is clearly seen
in Fig. 5c. Тhe appearance of high lateral accumulations of material
and their size suggest that the coating has a low hardess. The
direction of material moving under the influence of the loaded
stylus is radial, which is clearly seen at the end of the test (Fig. 5d).

Adhesion (tape test)
Investigation of the coating’s adhesion by tape test shows that
only small spots of the nano-tubular layer are detached from the
surface of the CP Ti (Fig. 3). The detached areas are with round
shape and sizes between 5-20 microns. They are situated
preliminary on the top of the surfaces while in the grooves the
adhesive tapes residues can be seen, as in very deep craters the
adhesive cannot penetrate. After the tape test of the sample, made of
Ti-6Al-4V alloy, large areas of the nano-tubular coating are
detached mainly from the flat surfaces, while in the grooves the
coating is not detached (Fig. 4). The alloy’s surface under the
coating has high nano-roughness and morphology typical for basis
of nano-tubular layer. This is an evidence for the mechanism of
formation of TiO2 NTs, proposed in [16].

Going further, the acid ething of the metal prior the anodizing
increases the hydrogen content near the surface that could lead to a
decrease of the fatigue resistance and adheasion strenght. The
solubility limit of H in α-Ti at room temperature is ~0,04 at. % and
the excess hydrogen could form small hybrid TiHx phases or
microvoids that enhance localized plasicity [19].The observed
semicircular failures along the track in the substrate material area
(Fig. 5c and Fig. 5d) proove the reduction in the surface ductility of
CP Ti substrate. However the circumferential cracking otside the
skratch area is small and severe delamination or brittle failures are
not found.

So, in this experiment the micro-roughness plays important role
on the results obtained. As the micro-roughness of the CP Ti sample
is high, only the areas on the top surface can adhere well to the tape
and can be detached, while no adhesive can penetrate into the deep
grooves and craters, which prevents the coating’s detachment. The
lower micro-roughness of the sample made of titanium alloy and the
presence of large flat areas on its surface are preconditions for
better adhesion to the tape and detachment of large coating’s
portions.

The SEM examination of the Ti-6Al-4V coated sample reveals
that the TiO2 nano-tubular film undergoes cohesive failure at higher
load values (Lc1 ~ 13 N) which means that 62,8% higher initial stage
of failure than the other sample is measured. Although the higher
loading, the type of the scratch track at the initial stage shows a
small width (Fig. 6a) that is related to the higher hardness of the
coating/substrate system. As shown in Fig. 6c the TiO2 nano-tubular
coating on the alloy completely fails at a higher load (Lc2 ~ 40 N) or
53,8 % higher than the CP Ti coated sample. The ductile alloy
material with high strength provides better support for the coating
and produces higher critical loads.

Adhesion (scratch test)
Cohesion and adhesion of the coating is closely related to its
wear and abrasion resistance during sliding in an increasing load
mode because in both cases the failure originates in the coating.
This failure is caused by application of the external force via
wear/abrasive particles or sliding indenter during scratch test [17].
The experimental results of Chuan Ting Wang et al. [18] shows
that the Ti substrate has a relatively low strenght and poor wear
resistance when it is subject to sliding or wear. Nevertheless the
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a)

b)

Cohesive cracks

c)

d)

Fig. 6 Morphology of the scratch track area on Ti-6Al-4V coated alloy: a) initial area of the track (original magnification 400x); b)
thin conformal cracks in the track (400 x); c) lateral delamination of material (400 x); d) damage at the end of the scratch (200 x).

The dark lanes seen in Fig. 6a and Fig. 6b in the scratch path are
regions stripped of the coating that contains some cohesive cracks
(Fig. 6b). The increasing pulling force results in pushing aside some
detached portions (Fig. 6c) of the surface material parallel to the
scratch direction due to tensile cracking behind the stylus. These
portions are significantly less in size which is a characteristic
feature of harder materials or this fact could be related with the
initial surface etching. At the end of the groove (Fig. 6d) the plastic
push pad shows small semicircular cracks in front of the indenter.

The scratch test reveals that the TiO2 nano-tubular coating on
the CP Ti fails at an early stage (Lc1 ~ 8 N; Lc2 ~ 26 N), while that
on the Ti-6Al-4V sample undergoes cohesive failure and
completely fails at higher load values (Lc1 ~ 13 N and Lc2 ~ 40 N
respectively). As titanium alloy is ductile material with higher
strength than the CP Ti, it provides better support for the coating
and produces higher critical loads.

Since the rate of hydrogen diffusion is higher by several orders
of magnitude in β-phase than in α-phase [19], the absorbed
hydrogen could be dissolved in the ductile β-phase and below the
terminal solubility limit in β the hydrogen could diffuse in between
the phases and the embrittlement of the substrate/coating interface
should be less pronounced. In the place corresponding to the
substrate material no failures of the ductile alloy are observed. The
critical indentation widths of 0,112 mm and 0,147 mm (at Lc2) are
observed for CP Ti and Ti-6Al-4V coated systems, respectively. It
is obvious that the critical load increases with the increase of the
coating/substrate hardness. This finding does not conflict to the
results observed by the microstructural images.

The anodization and the tape test were done in the Prof.
Pulickel Ajayan’s laboratory in MEMS Department of Rice
University, Houston. The work was supported by Fulbright grant.
The scratch test and investigations were done in the University of
Ruse “Angel Kanchev”, Bulgaria with the support of the university
Project № 15-FMME-03 2015 “Improvement of the system of
electron microscopic analysis of the materials realized by
digitalization of the information received”.
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