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EFFECT OF FRICTION ON A RECEDING CONTACT BETWEEN A PERFECT-FIT
PIN, BUSHING AND PLATE
Rončević B., D.Sc.
Faculty of Engineering – University of Rijeka, Croatia
E-mail: branimir.roncevic@riteh.hr
Abstract: This paper presents the results of a finite element analysis of a receding frictional contact between a perfect-fit pin inside a bushing,
which is in perfect fit with a hole in a plate. The elasticity of all three bodies is taken into account, and the bodies are considered as isotropic.
The problem is analysed within the frame of linear theory of elasticity and under the assumption of plane strain conditions. The fact that the
presence of friction affects contact pressure distributions is well known, and the results obtained for the structural problem presented here are
a novelty in this field of study. In addition, the results are analysed for several different geometries, which gives an insight into the influence
of the ratio between the pin radius and bushing thickness.
KEYWORDS: RECEDING CONTACT PROBLEM, FRICTIONAL CONTACT, LOADED PLATE, PERFECT-FIT PIN AND BUSHING

2. Numerical model

1. Introduction
The defining property of receding contacts is the occurrence of partial separation of two contacting bodies upon the application of load.
The contact area in the loaded (deformed) configuration is always
contained within the contact area of the unloaded (i.e. undeformed)
configuration [1]. Without exception, these problems fall into the
category of conforming contact problems and two primary classes
of receding contacts are the case of an unbonded layer indented into
a substrate and the case of a perfect-fit or interference-fit pin in a
plate. The pin-plate contact is mainly studied as the model problem
for a variety of joints in mechanical assemblies, with a particularly
strong interest coming from the aviation industry, because of the
prevalent use of rivets and bolts in the assembly of the outer skin of
an aircraft. Given the fact that structural failures usually take place
at the joints or in their immediate vicinity, all such mechanical links
and joints must be considered as regions of particular interest for the
designer. The contact problem of pin and plate can be studied for
three possible cases: (i) the case of a loaded plate, (ii) the case of a
loaded pin and (iii) a combination of the first two cases.
The pin-plate problem, which is very similar to the subject of
investigation in this paper, received much attention in scientific literature. For a good insight into earlier works the reader is referred to
[2-4], with [4] also containing a reference to a comprehensive series
of photoelastic studies, and a special experimental method for the
measurement of the separation of contacting surfaces is given in [5].
In [6] a very detailed set of results is presented, for the cases of loaded pin, biaxially loaded plate and the combination of the two. On
the other hand, newer significant results that employ more sophisticated analytical models can be found in [6-10], and a very comprehensive FEM study by Iyer is given in [11]. Ciavarella et al. in [12]
investigated the behaviour of contact parameters for the case of loaded pin in a conrod-bushing-gudgeon pin assembly (in internal
combustion engines) in correlation to the fit between the elements.
This paper deals with the structural problem of a cylindrical
pin in perfect fit with a bushing, which is in perfect fit with a hole in
a loaded plate. This corresponds to the problem investigated in [12],
which to the best of the author's knowledge received practically no
attention in scientific literature in the context of receding contacts.
The problem is modelled under the assumption of plane strain and
within the framework of linear elasticity. Friction is also taken into
account, which means that in addition to compressive tractions both
contact surfaces (i.e. plate-bushing, bushing-pin) transmit tractions
in the tangential direction as well. All bodies in contact (plate, bushing and pin) are assumed to be isotropic. The analysis is carried out
primarily as a qualitative assessment of the influence of friction on
the contact parameters (contact pressures, contact angles) in comparison to the frictionless case. In Chapter 2 a brief description of the
problem and of the numerical model is outlined and analysis results
are presented and discussed in Chapter 3. Finally, chapter 4 gives
concluding remarks, complemented by a critical analysis of the results and an outlook to future research.

2.1. Description of the problem
The analysed problem is shown in Fig. 1. In the unloaded state the
contact between the plate and the bushing is realized over the entire
circumference, so the total contact angle equals θ 1 = 2π. The same
applies to the contact between the bushing and the pin, with θ 2 = 2π
in the unloaded state. Since the plate is uniaxially loaded in tension,
in the deformed configuration it separates from the bushing in a biaxially symmetric manner (θ 1 < 2π), making one quarter of the total
contact angle ϕ 1 a sufficient quantity for the calculation of the total
contact angle. The ensued contact pressures at the plate-bushing interface deform the bushing, which then leads to separation between
the bushing and the pin as well (θ 2 < 2π).
y

σ
1 – plate
2 – bushing
3 – pin

R
D
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Fig. 1. Geometry of the problem: (1) plate, (2) bushing, (3) pin
The primary unknowns are the contact angles on the two contact surfaces, ϕ 1 at the plate-bushing interface and ϕ 2 at the bushingpin interface, contact pressure distributions (normal pn and tangential
pt) on both contact surfaces, and the extent of stick and slip zones.

2.2. Features of the finite element model
The problem is analysed for the case of material similarity, with material properties: E = 200 GPa, ν = 0.3. Four different geometries are
analysed, with the ratio D/R (see Figure 1) as the varying parameter
over the set of values D/R = 0.1 ; 0.2 ; 0.5 and 1. All other dimensions and relations are kept constant in all models: H/B = 2, B/R =
10 and R = 1. Tension load acting on the plate is a uniformly distributed stress in the y-direction σ = 2·108 N/mm.
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The coefficient of friction on both contacting surfaces is taken
as µ = 0.2, and the transition from the state of stick to the state of slip
is modelled in accordance with Coulomb's static friction model. This
means that the slip state between the points of the two bodies takes
place when the local tangential traction pt reaches the value equal to
µ pn, with pn being the local normal contact pressure.
The model is meshed with plane strain finite elements and the
material of all three contacting bodies is defined as isotropic and linearly elastic and the model is solved by using the nonlinear static
analysis in the Femap software package. Only the left half of the
structure in Fig. 1 is modelled and a detail of the mesh is shown in
Fig. 2. The plate and the pin are divided into regions for the purpose
of uniform structuring of the mesh and better accuracy of the result.

Table 1. Results for the frictionless contact (approximate values)
D/R
0.2
0.5
1

ϕ1
22°
21°
21°

pn1,max/σ
0.591
0.607
0.667

ϕ2

pn2,max/σ
0.682
0.67
0.667

27°
33°
37.5°

The contact pressure distributions obtained for the frictional
contact are shown in Figures 4-7. The dashed line in these figures represents the distribution of static friction force, i.e. the threshold for
the occurrence of slip state at any observed point of the contact area
when the local tangential force reaches this value.
p1 /σ
0,7

(1) – plate
(2) – bushing
(3) – pin

pn1

0,6

pt1
Ft

0,5

(1)

0,4

(1)

a)

(2)

0,3

(3)

(3)
0,2

(1)

0,1
0
0

5

10

15

p2 /σ

Fig. 2. Mesh detail around the hole and bushing for D/R =0.1
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The modelling considerations in connection to the implementtation of contact constraints are the same as those briefly described
in the author's paper Effect of friction on a receding contact between
cylindrical indenter, layer and substrate, published in the previous
issue (8/2016) of this periodical.
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pt2
0,5

Ft

0,4

b)

3. Analysis results

0,3

In order to quantify the influence of friction on the resulting contact
pressure distributions, they must be compared to the already obtained
results for the frictionless case, which are to appear in a forthcoming
publication by the author. For geometry D/R = 0.1 contact pressure
distributions are shown in Fig. 3 in dimensionless form. Hereafter, it
will be understood that index 1 designates the plate-bushing interface, and index 2 designates the bushing-pin interface.
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Fig. 4. Contact pressure distributions for D/R = 0.1:
a) at the plate-bushing interface ϕ 1 ≈ 23°, pn1,max /σ ≈ 0.622 ;
b) at the bushing-pin interface ϕ 2 ≈ 26°, pn2,max /σ ≈ 0.590
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Fig. 3. Contact pressure distributions for the frictionless case and
geometry D/R = 0.1: a) at the plate-bushing interface ϕ 1 ≈ 22° and
pn1,max /σ ≈ 0.61 ; b) at the bushing-pin interface ϕ 2 ≈ 23.4° and
pn2,max /σ ≈ 0.666

Ft

0,4
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0,3
0,2

For the remaining geometries in case with no friction the results are
qualitatively similar to those given in Fig. 3, and the values of contact angles and maximal contact pressures are given in Table 1. It
must be emphasized that the results given in Table 1 exist only for
the normal contact pressures, since no friction is taken into account.
The results obtained for the case of frictional contact can then
be compared to the results from Fig. 1 and Table 1.
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Fig. 5. Contact pressure distributions for D/R = 0.2:
a) at the plate-bushing interface ϕ 1 ≈ 23°, pn1,max /σ ≈ 0.598 ;
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Fig. 5. (continued) Contact pressure distributions for D/R = 0.2;
b) at the bushing-pin interface ϕ 2 ≈ 29.5°, pn2,max /σ ≈ 0.587
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Based on the results presented in Figures 4-7 and comparing
them to the results presented in Fig. 3 and Table 1, it can generally
be concluded that the presence of friction modifies the normal pressure distribution by shifting the maximal point away from the centre.
This phenomenon is in agreement with the results in the available
literature. The influence of friction at the plate-bushing interface
does not seem to be very pronounced, making the contact angles only
marginally larger and decreasing the values of pn by a small amount.
An exception to this pattern for pn is the geometry with D/R = 0.1,
which is likely caused by numerical error and should be further investigated. The influence of friction at the bushing-pin interface is
somewhat more pronounced, also making the contact angles larger
and decreasing the maximal contact pressures pn2 much more significantly than the contact pressures pn1.
The dislocation of maximal normal contact pressures exhibits
a very interesting behaviour. At the plate bushing-interface the angular shift α 1,max gradually increases as the ratio D/R increases. At
the same time, at the bushing-pin interface the value of this angular
shift α 2,max gradually decreases as D/R increases. The results seem
to suggest that these two values converge to approximately the same
value, which is evident from the data in Table 2.

0,7
0,6

10

Fig. 7. Contact pressure distributions for D/R = 1;
a) at the plate-bushing interface ϕ 1 ≈ 23.3°, pn1,max /σ ≈ 0.636 ;
b) at the bushing-pin interface ϕ 2 ≈ 40°, pn2,max /σ ≈ 0.587

0
0

5

40

Fig. 6. Contact pressure distributions for D/R = 0.5;
a) at the plate-bushing interface ϕ 1 ≈ 23.5°, pn1,max /σ ≈ 0.592 ;
b) at the bushing-pin interface ϕ 2 ≈ 36°, pn2,max /σ ≈ 0.584
The distribution of tangential contact tractions pt (the red line)
in Figs 4-7 goes in some places above the line of the static friction,
which is in contradiction with the assumptions of Coulomb's static
friction model. This inaccuracy must be attributed to numerical error,
most likely due to the basic property of the penalty method, which
always produces a certain amount of violation of the enforced constraints – in this case of contact modelling it can be considered as a
penetration. However, the value of this error is not very significant
and for the purpose of this study the accuracy of the obtained result
can be considered as satisfactory.

Table 2. Angular shifts of the maximal normal pressures
D/R

α 1,max
α 2,max

0.1
1.2°
5.4°

0.2
1.8°
3.6°

0.5
2.4°
2.4°

1
2.4°
2.4°

Analysing the extent of stick and slip zones, it is evident that
the tangential contact tractions pt on both contact surfaces follow a
consistent pattern for all geometries. Points in the central part of the
contact surface remain in a state of stick, while points toward the

5

edges of the contact surface enter a state of slip. This is in qualitative
agreement with the results in the available literature. Estimating the
size of the stick zones is a somewhat sensitive task, since the values
of the tangential contact tractions contain a small error that is still
significant enough to strongly influence the results. This is because
the distributions of pt and Ft are practically tangent to each other in
a wide range, thus making the problem poorly conditioned from the
mathematical standpoint. The extents of the stick zone relative to the
size of the entire contact area ϕ st,1 /ϕ 1 for plate-bushing and ϕ st,2/ϕ 2
for bushing-pin are summarized in Table 3 for all geometries. These
values are approximate, since the extent of the stick zone could deviate from the estimated values by as much as ±1°.
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Table 3. Relative size of the stick zones for all values of D/R
D/R

ϕ st,1 /ϕ 1
ϕ st,2 /ϕ 2

0.1
0.57

0.2
0.58

0.5
0.53

1
0.47

0.46

0.42

0.39

0.40

It is evident from Table 3 that the extent of the stick zone relative to
the entire contact surface is greater at the plate-bushing interface and
that on both contact surfaces this extent shows a declining tendency
as D/R increases.

4. Conclusion and outlook
The influence of friction was analysed on a receding contact between
a perfect-fit pin in a bushing that is in perfect fit with a plate loaded
in tension. In this analysis four geometries were investigated, with
the ratio of bushing thickness and pin radius D/R = 0.1 ; 0.2 ; 0.5
and 1. The problem was modelled within the framework of linear
theory of elasticity and under the assumption of plane strain, and all
three bodies were considered as elastic. This kind of investigation
of the described structure has not been performed previously in the
available literature and thus presents a novelty in the field of study
dealing with receding contacts.
The obtained results show that the presence of friction reduces
the values of the normal component of maximal contact pressures on
both contact surfaces, at the same time increasing the contact angles.
This effect is more pronounced at the bushing-pin interface. Since
Coulomb's friction model was used for the implementation of frictional effects, the criterion for the calculation of stick and slip zones
was the equality of the local tangential contact traction and the local
static friction force. On both contact interfaces points in the central
part of the contact surface remain in a state of stick, while points located away from the centre enter a state of slip. The size of the stick
zone relative to the extent of the contact surface is greater at the
plate-bushing interface. As D/R increases the relative size of the
stick zone is shown to gradually decrease on both contact surfaces.
Furthermore, the points of maximal normal contact pressures exhibit
an angular shift away from the central point of contact on both contact surfaces. This angular shift seems to converge to the value of
2.4° on both contact surfaces as D/R increases, while for smaller
values of D/R the shift is several times greater at the bushing-pin
interface in comparison to that of the plate-bushing contact.
Potential extensions and improvements of the presented study
are various. Firstly, the problem should be investigated for a larger
set of several different values of the coefficient of friction. Keeping
in mind the nature of this problem, the analysis could also be extended to alternative cases of loading, primarily the case of a pin loaded
in its centre, but the cases of a biaxially loaded plate and a combination of pin and plate loading are also viable subjects of interest. In
addition, an analysis of the load-dependent aspects of the problem,
which would quantify the variable nature of the stick and slip zones
for every geometry through a larger set of coefficients of friction,
would be a very significant generalization and extension of the presented results. Finally, the presence, influence and magnitude of numerical errors should be put under additional scrutiny in order to
possibly improve the presented results and observations, since the
values of contact angles and stick zones are quite sensitive to errors,
even if they are small.
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Abstract: This paper describes the design and practical implementation of AC/DC/DC converter in mode of arc welding. An analysis of the
operation of AC/DC/DC converter and its input/output characteristics are determined with computer simulations. The practical part is consisted of AC/DC/DC converter prototype for arc welding with output power of 3 kW and switching frequency of 64 kHz. The operation of
AC/DC/DC converter is validated with experimental measurements.
Keywords: DC/DC CONVERTER, COMPUTER SIMULATIONS, EXPERIMENTAL MEASUREMENTS, WELDING, EFFICIENCY

1. Introduction
In power converters such as switches generally are used IGBT
and MOSFET transistors. The decision which of them will be chosen depends on the specific application.
The IGBT transistors are preferred to MOSFETs in high power
range applications due to its ability to higher power density conversion. IGBT transistors are designed for higher rated voltages and
currents and have lower conduction losses compared to MOSFETs.
However, the IGBTs are slower than MOSFETs because of higher
switching losses which come from the tail current at turn-off.
Hence, if the IGBT transistor is used for higher switching frequencies the turn- off losses should be minimized. A solution may be
either zero voltage switching (ZVS), which is effected by adding an
external snubber capacitor or zero current switching (ZCS). Zero
current switching seems to be more efficient that zero voltage
switching since the tail current problem can be minimized by removing the minority carriers before turning off [1], [2], [3], [4].
Most of full-bridge AC/DC/DC converters are controlled by PhaseShifted PWM scheme [5], [6], [7], [8]. In this paper, for full-bridge
DC/DC converter with defined output load, are made computer
simulations for estimation of switching losses of IGBT transistors.
Practically AC/DC/DC converter is designed and implemented for
arc welding and input/output characteristics are obtained.
In this paper in Section II an overview of operating principle of
full-bridge DC/AC convertor will be represented. Section III is
given design of AC/DC/DC convertor with computer simulations.
Input/Output characteristics of the convertor are obtained experimentally and are represented in Section IV. Section V concludes
this paper.

Fig. 1. Full–bridge DC/AC converter topology and the steady-state current
paths in all four time intervals during one period.

During one switching period T = 1/fsw there are four time intervals determined with the switching on and off of the IGBTs and
anti-parallel diodes. So, output converter voltage changes during
operation in the four time intervals: t0 ─ t1, t1 ─ t2, t2 ─ t3, t3 ─ t4.
Analysis of the Converter Operation
Depending on switches on/off-state, output converter current has
different paths for each of the four intervals shown in the Fig. 1.
1. Time interval t0 ─ t1. In this interval the diodes D1, D2 are
turned-on. The output current direction is shown with the line 1 in
the Fig. 1. The output converter current is returning power to the
DC link voltage source. The transistors T1, T2, T3, T4 are turned
off.
2. Time interval t1 ─ t2. Now the transistors T1 and T2 are
turned on. The output current direction is now shown with line 2.
The current is supplied from the DC link voltage, through the output load to ground. The transistors T1 and T2 turn-on at zerovoltage (ZVS), since until the moment t1 the diodes D1 and D2 are
turned-on.
3. Time interval t2 ─ t3. At the moment t2 the transistors T1 and
T2 turn-off, and the transistors T3 and T4 are not yet turned-on.
Now, the output converter current is flowing through the diodes D3
and D4returning power to the DC link voltage. The output current
direction is shown with the line 3 in the Fig. 1.
4. Time interval t3 ─ t4. In this time interval the transistors T3 and
T4 are turned-on. The converter output current is supplied from the
DC link voltage through the output load to the ground. The output
current direction is shown with line 4 in Fig. 1.

2. Operating Principle on Full-Bridge DC/AC Power
Converter
The conventional DC/DC converter operates with PS-PWM control at constant switching frequency. The output current is controlled by change of the phase shift between (transistors T1, T4) and
lagging leg (transistors T2, T3), as given in the Fig. 1. Basically, the
full-bridge DC/DC converter is based on the operation of the
DC/AC converter.
In this part it is analyzed state when the DC/AC converter operates in conditions of inclusion of switches with ZVS [8]. In Fig. 1 is
shown the electrical scheme of this full-bridge DC/AC converter.
The converter DClink voltage is Vdc = 300 V DC and the switching frequency is fs = 64 kHz. The used switches are insulated gate
bipolar transistor module (IGBT) type IRGP50B60PD1-E with antiparallel ultrafast recovery diode. Their on-state voltages are Vcesat =
2 V and VD = 1.3 V for the IGBT and anti-parallel diode.
The output current is lagging in respect with the output voltage.
This analyze presents converter operation only in the steady-state,
that is, all converter currents and voltages have the same values at
the end of each period as at its beginning.
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3. Design of Full-Bridge AC/DC/AC Power Converter
with Computer Simulations
In this section, computer simulations in PowerSim [9] program
are performed in order to estimate the switching losses of IGBT
transistors in full-Bridge DC/AC converter. With the simulations
the input power, harmonic distortion of voltage and current, input
effective current and converter output power are determined. Also,
calculation are made for efficiency of the converter for different
widths on the pulse at the gates of the IGBT transistors in the
bridge.

Fig. 3. Waveforms of iC(t), vCE(t) and pTz(t) of one IGBT transistors module
in bridge.

Estimate the Switching Losses of IGBT Transistors in Full-Bridge
AC/DC/DC Power Converter
In the Fig. 2 is shown circuit of a full-bridge DC/DC converter
used for computer simulations in PowerSim program. The parameters of the elements are shown in the Fig. 2. With this parameters
and switching frequency f = 64 kHz the converter output power is
Po = 3.091 kW.
In the Fig. 3 are shown waveforms of the current iC(t), voltage
collector-emitter uCE(t) and power losses pTz(t) of one IGBT transistors module (transistor with anti-parallel diode) in bridge.
In the Fig. 3 also is shown the size of switching losses. The
switching losses during turn-on period are less than switching losses
during turn-off period. Turn-on of transistor is soft, i.e. the transistor is switched by ZVS, and turn-off transistors is hard, i.e. current
flows through it at the moment of this switching period.
In the Table I are given maximum and average value of the collector-emitter voltage when the IGBT transistor is turn-off, maximum and average value of its collector current and power losses of
one IGBT module.

TABLE I: VCE(T), IC(T) AND PTZ(T) OF IGBT MODULE
vCE [V]
iC [А]
PTz [W]
average
average
max
max
value
value
297.7

15.6

6.2

14.65

Determination of Input/ Output Characteristic on Full-Bridge
AC/ DC/DC Power Converter
Simulations circuit is the same as in Fig. 2, with that the source
of DC power supply is replaced with the mains voltage with an
effective value 220 V and frequency 50Hz and 30A single phase
bridge rectifier module (MDQ 30A). The power transformer VFTF
is with parameters: magnetizing inductance Lm = 2.85 mH, primary
leakage inductance LL = 3.4 μH, transformer turns ratio n = 9,
smoothing inductance: L0 = 12 μH. In the simulations is used resistor with value R0 = 0.2 Ω [10], [11], [12]. The output voltage of the
unloaded converter is 60 VDC.
In the Fig. 4 are shown waveforms of the input current iin(t), input voltage Vin(t) and input power Pin(t), and in Fig. 5 are shown
harmonic amplitude specter of the input current and input voltage.
This waveforms are obtained for maximal output power 3.091 kW.

.
Fig.4. Waveforms of iin(t), Vin(t) and Pin(t) when output power is maximal
3.091 kW obtained by simulations in PowerSim program.

Fig. 2. Circuit of full-bridge DC/DC power converter used for computer
simulations in the PowerSim program.

Fig. 5. Harmonic amplitude specter of the input current and input voltage
when output power is maximal 3.091 kW.

From Fig. 2 and Table I can be concluded that maximum collector-emitter voltage vCE(t) of IGBT transistors is 297.7 V. Maximum
collector current iC(t) is 15.6 A while maximum power losses of the
IGBT transistors module is 14.65 W.
The main conclusion from this simulations is that in application
of DC/DC converter with output power Po = 3.091 kW, currentvoltage load and power losses of IGBT modules in the bridge are
smaller and the proposed IGBT (IRGP50B60PD1-E) transistors
operates satisfactory.

From Fig. 4 and Fig. 5 can be seen that input voltage has sine
form without harmonic in the specter, as and that input current is
distortion with high order harmonics in the specter. In Table II are
given the values for the effective input current Iin, effective input
voltage Vin, total harmonics distortion of the input current THDC
and power factor PF obtained with simulations for maximal output
power 3.091 kW.
TABLE II: VALUES FOR IIN, VIN, THDC AND PF
Iin (A)
Vin (V)
THDC
PF
44.16
220
1.68
0.35
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From Fig. 4, Fig. 5 and Table II can be concluded that the input
current in the full-bridge AC/DC converter has greater total harmonic distortion and this converter operates with small power factor.
In Table III are given values for the input power Pin, output power Pout, output current Io, output voltage Vo and converter efficiency
η for different width of pulse of the gate in IGBT transistors.
In the Fig. 6 is shown diagram for converter efficiency obtained
from values given in Table III. From Table III and Fig. 6 can be
concluded that maximum converter output power is 3.091 kW and
maximum converter efficiency is 0.94 when the output power of the
converter is maximum.
TABLE III: VALUES FOR PIN, POUT, IO, VO AND Η
pulse gate
Pin
Pout
Io
Uo
width
(kW)
(kW)
(A)
(V)
0-180º
180 º -360
3.29
3.09
124.40
25.00
0-150
180-330
2.81
2.64
115.00
23.00
0-120
180-300
1.79
1.67
91.20
18.24
0-100
180-280
1.24
1.14
75.37
15.08
0-80
180-260
0.78
0.71
59.43
11.88
0-60
180-240
0.42
0.38
43.43
8.68
0-40
180-220
0.18
0.16
28.55
5.71
0-20
180-200
0.05
0.04
14.26
2.85
0-10
180-190
0.01
0.01
7.11
1.42
0-10

0.00

0.00

0.00

0.00

Fig. 7. Prototype of converter.
η
0.94
0.94
0.93
0.92
0.91
0.90
0.90
0.84
m vceT1
m icT1
mt
0 vceT1
0 icT1

0.71
0.00

= 50V/div
= 10A/div
= 2.5μs/div
= -3div
= -1div

Fig. 7. vceT1 and t icT1 of transistor T1.

The switch voltage vceT1 (channel 1) and switch current icT1
(channel2) of the transistor T1 in the converter are shown in Fig. 8.
The transistor is turned-on under zero-voltage switching. Because
of symmetry of the leg the transistor T4 works under the same operating conditions.
From Fig. 8 can be seen that the turn-on and turn-off losses are
considerably reduced. Only the tail current of the transistor causes
some turn-off losses. The detail of the turn-off transition is shown
in Fig. 9.
Fig. 10 shows the dynamic properties of transition from short
circuit to no- load of the converter.

Fig. 6. Converter efficiency at the full-bridge AC/DC/DC power converter
obtained by simulations.

4. Experimental Results
Based on the results obtained above practical prototype of the
full-bridge AC/DC/DC power converter for arc welding is realized.
The operation of the prototype is experimental tested and results are
given here. The experiments are made for input mains voltage
Vin = 220 V. The output no-load voltage is about 60 V, which is
enough for arc burning at normal operating conditions. The maximum output power of the converter is 3.09 kW at switching frequency of 64 kHz. The prototype of practically realized convertor is
shown on Fig. 7. The values of the converter elements are same as
those used in the simulation phase. The properties of the converter
were verified in arc welding application for full range of load current from no-load to short circuit.
Control circuit is realize by 8-bit microcontroller 16F877 Pic
[13] with embedded microcontroller CCP (Capture /Compare /
PWM) modules. Controller outputs generate pulse-width signals.

m vceT1
m icT1
mt
0 vceT1
0 icT1

= 50V/div
= 10A/div
= 1μs/div
= -3div
= -1div

Fig. 8. vceT1 and icT1 of transistor T1.-detail.
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The measurement of the input variables of the converter is made
with power analyzer CIRCUTOR CVM-NRG96NZ. In Table IV
are given measured values on the effective input current Iin, input
pover Pin, total harmonic distortion of the input voltage THDV, total
harmonic distortion of the input current THDC and power factor Pin.
This measurements are made for six set points.
TABLE IV: MEASURED VALUES FOR IIN, PIN, THDV, THDC AND PF
No.
Iin (A)
Pin (kW)
THDU
THDC
PF
1
4.32
0.59
0.03
0.72
0.62
2
13.24
1.98
0.05
0.66
0.68
3
15.58
2.40
0.06
0.62
0.70
4
17,60
2.50
0.05
0.64
0.70
5
19,00
3.17
0.06
0.58
0.73
6
20,31
3.40
0.04
0.58
0.72

Fig. 10.Experimental obtained efficiency of the prototype of full-bridge
DC/DC power converter at arc welding.

4. Conclusion
AC/DC/DC converters by Phase-Shifted PWM control is design
and practical realize. Effect the tail current problem at turn-off the
IGBT and their impact on the power losses is estimated with computer simulations.
The turn-off loss is reduced by capacitors, acting as the nondissipative snubbers. Reduction of turn-on losses is achieved by
using the leakage inductance of transformer.
The realized prototype is tested and obtained its input/output
characteristics. The harmonics in input current and power factor, as
and efficiency of the converter are determined.
Operation on high frequency allows reduction of the volume and
weight of the converter.
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Fig.9. vo and io of the converter at short circuit, arc welding and no-load
conditions.

From Table IV can be concluded that the total harmonic distortion of the input voltage THDV is small and total harmonic distortion of the input current THDC is high. Input power factor is in
range from 0.62 to 0.73.
In Table V are given the measured values of the output current Io,
output voltage Vo and calculated values of the output power Po,
obtained together with measurements in Table IV. In Table V also
are given data for converter efficiency η = Pout/Pin, calculated from
values of the output and input power.
TABLE V: VALUES OF IO, VO, PO AND Η
No.
Io (A)
Uo (V)
Po (kW)
η
1
47.00
9.00
0.42
0.72
2
80.00
18.00
1.44
0.73
3
100.00
20.10
2.01
0.84
4
10.,00
21.10
2.15
0.86
5
116.00
23.90
2.77
0.87
6
123.00
26.00
3.20
0.94

In Fig. 10 is shown diagram for converter efficiency obtained
from values given in Table V.
From Fig. 10 can be seen that at nominal output power the efficiency of the converter is over 90 %. If the output power of the
convertor is one half of the maximum output power than the efficiency convertor is greater than 75 %. Also, at minimal output power (0.42 kW) the efficiency of the convertor is greater than 70 %.
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DESIGN OF A NEW FRANCIS TURBINE RUNNER FOR A REHABILITATION
PROJECT IN TURKEY
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Abstract: This study presents the rehabilitation project for the Francis turbine runner of Kepez 1 Hydroelectric Power Plant (HEPP) in
Antalya, Turkey. The aim of rehabilitation is to increase the power and efficiency of the plant and solve the existing problems such as
cavitation. Initially, the head and flow rate of the turbine are estimated. Within the scope of this study, the design parameters which are
necessary to obtain better cavitation characteristics and higher power and efficiency, are determined and computational fluid dynamics
(CFD) is utilized to design a new runner geometry for better performance. The results of the CFD simulations are compared to the
simulation results of the existing runner geometry which was obtained from the plant and scanned using laser scanning. The results show
that cavitation characteristics and the efficiency, as well as the power of the HEPP are improved.
Keywords: COMPUTATIONAL FLUID DYNAMICS (CFD), FRANCIS TURBINE, REHABILITATION

Blade angle and thickness of the runner, as well as the blade
design are changed in the new design. Maximum efficiency must be
obtained in the middle of the operation range of the turbine.
However, the most efficient area is outside of the operating range
for the existing turbine. Therefore, it is planned that the efficiency
area must be extended as much as possible and it must intersect
with the range of operation of the turbine. Friction losses can be
reduced and flow separation can be prevented with a smoother
blade thickness distribution. The length of the hub can also be
shortened for ease of manufacturing. The leading and trailing edges
also need to be thickened for the runner to last longer. Fig. 1 shows
the thickness distribution for the existing and newly designed
turbine runner blades. Fig. 2 shows the comparison of meridional
profiles for the two runners.

1. Introduction
Francis turbines are one of the most common types of hydraulic
turbines used in hydroelectric power plants. [1, 2, 3, 4]. Kepez 1
HEPP in Antalya has an existing Francis turbine and this turbine is
redesigned and will be implemented on site as a part of a
rehabilitation project.
Rehabilitation is commonly defined as increasing the efficiency
of the power plant and the energy generation. The latter in this
manner is the most economical way of increasing the capacity of
the system [5]. The problem about the Kepez 1 HEPP originates
from its having been built with the technology of 55 years ago and
hence, its being old today. Therefore, the techniques used to design
the runner decades ago are very old and of course, state of the art
has improved incredibly in time.
There are two choices for rehabilitation projects. First of these
is resetting the turbine to the original state and the second is
upgrading the turbine components with new components optimized
using state of the art technologies. The second choice that is used in
this study, is a better solution which can increase the turbine
capacity and efficiency and prevent cavitation erosion [6,7,8].
Guide vanes and runner can be replaced easily, but the modification
of other components such as spiral case, stay vanes or draft tube is
rare [8]. The purpose of runner rehabilitation is to enhance the
operating range of the runner, as well as to improve the cavitation
limits, power and efficiency.

Existing Blade

New Design

35

Thickness (mm)

30

The flow in the runner is three-dimensional and rotational; it
can be computed only by using numerical methods because of its
complicated nature [9]. Computational Fluid Dynamics (CFD) is
the most developed flow analysis technique today. Flow
characteristics of the main components of hydro turbines, their
efficiency, tendency for cavitation, rotor-stator interactions and
working performance can be examined with CFD [5].
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2. Methodology
Fig. 1 Thickness distribution of existing and new blade

Numerical studies for Kepez 1 HEPP are performed by using
ANSYS-CFX [10] software. The analyses are performed for threedimensional and steady-state flow. For blade profile, BladeGen [11]
software is used and automatic mesh generation is applied by using
Turbo Grid [12].
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Existing Blade

New Design
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Fig. 2 Comparison of meridional profile of existing and new blades

The pressure gradients reverse their direction on the leading
edge of the blade resulting in loss of performance. In order to
prevent this situation, X-blade design is preferred. Negative
pressure areas in the spans near the shroud are prevented in the new
design. This decreases the Thoma numbers and provides a
cavitation-free design. The angles in the leading and trailing edges
of the blade are also changed to improve the pressure distribution
on the blade and to obtain a uniform velocity distribution
(meridional and radial velocity).

Fig. 3 Hill chart of the new blade

Pressure contours and velocity vectors on the blade are shown
in Fig. 4-7. There is no separation or swirl in the flow field and the
velocity vectors follow the blade throughout the runner.

3. Results & Discussion
The design is first performed for a single runner blade and then
full turbine analyses are carried out by inserting spiral case, guide
vane and draft tube to the runner.
Analyses are performed for optimum design point (160m head,
6.1 m3/s flow rate and 16.5o flow angle) and power, efficiency,
cavitation limit for every modification are examined. A hill chart
study is also performed to examine the runner performance for
various guide vane openings and flow rates. The boundary
condition at the runner inlet is set as total pressure and at the outlet
as mass flow rate for single blade analyses. k-ϵ turbulence model is
used for all the analyses. Boundary conditions are set as total
pressure at inlet and atmospheric pressure at outlet for full turbine
computations.
Full turbine analysis is performed for the optimum point of the
designed runner and its results are compared with the existing
turbine results. Table 1 shows the comparison.
Table 1: General performance values of the existing turbine and the new
design (full turbine analysis)

Power
(kW)

Total
Efficiency (%)

Head (in-out)
(m)
Fig. 4 Pressure contours on the mid plane of the existing blade

Existing
Turbine

8012.4

82.2

151.2

New
Design

9022.9

94.1

156.5

The hill-chart of the designed blade, showing flow rate versus
head, is given in Fig. 3. As it is seen, the runner has a large
operational range with high efficiency.
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Thoma numbers are plotted from the analyses results to observe
the cavitation characteristics. As it is seen in Fig. 8, flow cavitates
when the existing blades are used, whereas, as Fig. 9 shows
cavitation is eliminated in the new design.

Fig. 5 Pressure contours on the mid plane of the new blade

Fig. 8 Thoma number of existing runner

Fig. 6 Velocity vectors on the mid plane of the existing blade

Fig. 9 Thoma number of the new runner

4. Conclusion
In this paper a rehabilitation project for a specific Francis
turbine is examined by using CFD tools. The aim of design is to
enhance the operating range of the runner, obtain a cavitation free
flow and increase the power and the efficiency. According to the
results, applied methodology is a successful tool to improve the
performance of the runner.
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Fig. 7 Velocity vectors on the mid plane of the new blade
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Abstract: In this study, mechanical alloying (MA) of Al-WC powder system was studied to produce aluminium composite powders having
finer tungsten carbide fraction in aluminium matrix. For this purpose, elemental mixtures of 70 wt. % aluminium (Al) powder and 30 wt. %
of tungsten carbide (WC) powder were mechanical alloyed for the duration of 2, 4 and 8 hrs. MA’ed powders then annealed at 300 ºC,
400ºC and 500ºC for 2 hours under inert atmosphere. Apparent densities of powders were measured in order to characterize both
mechanical alloyed and annealed powders. Compressibility of the powders was determined by green density measurements after pressing.
Microstructural characterizations were conducted with X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. Strain
rates and crystallite sizes were measured according to fundamentals parameter approach (FPA) by applying Lorentzian function using
software TOPAS 4.2.
Keywords: COMPOSITE POWDERS, Al-WC SYSTEM, MECHANICAL ALLOYING, ANNEALING, COMPRESSIBILITY

compaction pressure to obtain cylindrical samples of 6 mm
diameter using MSE ForceMaster 9110 press machine with the
speed of 50 mm/sec. In order to perform microstructural and
crystallographic examinations, Bruker™ D8 advance X-ray
diffractometer (XRD) with CuKα radiation (λ=1.542 Å) was
utilized. Crystallite size and strain rates were estimated according to
fundamentals parameters approach (FPA) by applying Lorentzian
function in TOPAS 4.2 (Bruker AXS) software.

1. Introduction
Application of high reinforcement volume fractions, obtaining
nano/fine particle size, homogeneous distribution of the particles
throughout the metal matrix are the main advantages of powder
metallurgy in order to manufacture metal matrix composites
(MMCs) [1-3]. In addition, during mechanical alloying (MA)
technique, the effects of particle size and amount of carbide
addition were examined and finer hard particles inside of Al matrix
in the presence of high WC amount were observed by the authors
[4]. It was also reported by Meyers that ultrafine grain size and
high volume fraction of interface have a great impact on the
mechanical properties of nanocrystalline materials [5].

The crystallite size was calculated by applying the modiﬁed
Scherrer’s [20] formula based on the XRD peak broadening
obtained from XRD data:
(1)

In this sense, metal matrix composites (MMCs) have been
investigated, developed and applied for various industries due to
their unique properties provided by the incorporation of nano/fine
hard particles [6]. Among the various kind of MMCs, hard particle
reinforced Al-based MMCs are a great of interest owing to their
significant mechanical properties which can be possible to be
tailored in order to meet specific requirements in particular for
aerospace and automotive applications [7, 8]. However, it was
shown that nano particles of hard phase may cause to agglomeration
and clustering which leads to difficulties processing nanocomposite
and decrease the mechanical properties especially when a high
volume fraction of the reinforcement is applied [9-11]. Therefore,
compressibility and flowability examinations by using various
approaches were performed in order to analysis of on-going
sintering behaviors of incorporated powders produced via MA [6,
12-18]

Strain rates, which the strain broadening is calculated by
following equation:
(2)

3. Results and Discussion
Theoretical density of Al30WC was calculated as 3.59 g/cm3.
Apparent densities of the MA’ed powders were given in Table 1.
Powder

In this study, the effects of mechanical alloying (MA) time
and annealing temperature on the physical properties of Al - WC
composite powders are aimed. The motivation of this study is
related with the results of our previous findings during mechanical
alloying of Al-WC and Cu-WC systems [4, 19].
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2. Experimental Procedure
In this study, Al (Alfa Aesar, -325 mesh, 99.5% purity) and WC
powders (Alfa Aesar, -325 mesh, 99.5% purity) were used.
Elemental Al and WC powders were blended to constitute the
composition of Al –30 wt. % WC (hereafter called as Al30WC).
Blended powders were mechanically alloyed (MA’ed) for 2, 4 and 8
h using a Spex™ Duo Mixer/Mill 8000D with a speed of 1200 rpm
in a tungsten carbide (WC) vial with WC balls having a diameter of
6.35 mm (1 = 4 inches). The vials were sealed inside a Plaslabs™
glove box under puriﬁed Ar gas (99.995% purity) to prevent
oxidation during MA. The ball-to-powder weight ratio (BPR) was
10:1. Apparent densities were carried out according to Arnold
density measurement. Powders were annealed for 2 hours at 200oC,
300oC and 400oC using LinnTM furnace under H2 atmosphere. The
powder mixtures were uniaxially pressed in steel dies at 2 tons

Table 1. True densities of MA’ed powders
Milling Time
Apparent Density
(h)
(g/cm3)

The apparent density is expected to be between 30% and 60%
of theoretical density for spherical particles [21]. However, the
results were obtained even below 60 % of theoretical density of
Al30WC which was discussed as a result of particles in irregular
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shape and production of fine carbide particles. Besides, as shown
from the Table 1, fluctuation in apparent density values was
observed by increasing MA time before annealing. This was also
thought to be result of small/fine particle existence due to high
interparticle friction. However, apparent density of all annealed
powders decreased by increasing MA time. Because powders
formed by milling are hard, irregular, and exhibit poor flow and
packing characteristics, so that annealing affected the density values
by deagglomerating particles containing brittle fractions,
significantly.

considered as result of stress-relieving of particles that saturated for
fracturing and became to the balance between fracturing and coldwelding.
Table 2. Crystallite size and strain rates (%) in Al peaks and
before and after annealing against milling time.
MA
Annealing
Crystallite
Strain
time
temperature
Sample
size (nm)
(%)
o
(h)
( C)
89.1
0.3324
200
142.7
0.1736
2
300
144.5
0.1734
400
199.6
0.1264

Figure 1 shows the XRD patterns of the 8h MA’ed powders. All
the detected peaks are characteristic of the Al (ICDD No: 04-0787)
and WC (ICDD No: 89-2727). Peak intensities decreased by time as
presented in the figure.

Al30WC

Figure 1. XRD patterns of 8h MA’ed powders
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Figure 2. XRD patterns of MA’ed powders after annealing at
different temperatures
Peaks belong to Al and WC powders can be seen clearly from
the Figure 2 after annealing at various temperatures. Despite there is
not any significant change in peak intensity and broadening
observed, the peaks have become sharper and narrower by
annealing temperature. Peak intensities increased for all powders
after annealing. One can say that atomistic rearrangement and
relieving of residual stress of lattice has caused this situation which
is also good agreement with crystallite size and strain rates
summarized in Table 2. Crystallite sizes increased and strain rates
decreased after annealing for all powders as it was expected. It
should be noted that high temperature of annealing (400oC) was
more effective on the removal of residual strains inside the
powders.

Figure 3. Green densities of 8h MA’ed powders before and
after annealing at different temperatures.

Green densities of before and after annealed 8 h MA’ed
powders are illustrated in Figure 3. As shown from the figure, green
densities were found closer to theoretical density and increased by
increasing MA time for annealed powders. On the other hand, as a
result of high deformation rate, non-heat treated powders have a
reverse situation. The green density of powders decreased by MA
which is considered to be result of plastically deformed particles
formed in irregular shape. In addition, one should be noted that high
temperature was more effective on compaction comparing to lower
ones. These results are also in good agreement with compressibility
graphs of powders given in Figure 4. Sharp change in line
(displacement-force graph) was observed for non-heat treated and
annealed at 200oC powders. However, the compaction seemed to be
performed without any obstacle and initiated at the beginning for
the powders annealed at 300oC and 400oC. This situation was

Figure 4. Compressibility of 8h MA’ed Al30WC powders a)
only milled, b) annealed at 200oC, c) annealed at 300oC, and d)
annealed at 400oC.
Scanning electron microscope (SEM) back scatter images of
non-heat treated and annealed 8h MA’ed powders were given in
Figure 5. From the Figure 5a, the particles were seemed to be more
agglomerated and the gaps between the particles were observed
larger in distance comparing to annealed powders shown in Figure
5b. This was concluded as a consequence of reducing internal
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stresses and increasing ductility of metallic alloys (here Al). It was
seen that the number of separate WC particles increased after
annealing which affects the flowability of Al matrix. The reason to
this phenomena was considered to be result of deagglomeration of
brittle compounds after anneling.
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Figure 5. SEM images of 8h MA’ed a) non-heat treated and b)
annealed at 400oC powders.

4. Conclusions
In this study, the physical properties of mechanical alloyed Al
reinforced with 30 % WC powders were investigated. According to
results of the experiments these conclusions were obtained:

1.

2.

3.

Higher green density values were obtained for annealed
samples compared to non-heat treated counterparts.
Annealing clearly improved the compressibility of the
mechanical alloyed powders. Since the compressibility of
powders increased by increasing annealing temperature an
optimization will be necessary for different systems.
Contrary to compressibility, the strain value decreases
after annealing, and the annealing at 400oC was found
more appropriate than the other lower temperatures
studied.
It should be noted that with increasing annealing
temperature, crystallite size of MA’ed powders increases
simultaneously.
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Abstract: This paper describes the electricity generation characteristics of a new energy-harvesting system with piezoelectric elements.
The proposed system is composed of a rigid cylinder and thin plates at both ends. The piezoelectric elements are installed at the centers of
both plates, and one side of each plate is subjected to a harmonic point force. In this system, vibration energy is converted into electrical
energy via electro-mechanical coupling between the plate vibration and piezoelectric effect. In addition, the plate vibration excited by the
point force induces a self-sustained vibration at the other plate via mechanical-acoustic coupling between the plate vibration and an internal
sound field into the cylindrical enclosure. Therefore, the electricity generation characteristics should be considered as an electromechanical-acoustic coupling problem. Actually, the plate on the excitation side is lower than that on the non-excitation side in the natural
frequency because of the influence of a vibrator to apply the point force to the plate, so that both natural frequencies are not identical and
the effect of mechanical-acoustic coupling is not clarified very well. Then both frequencies are close by tuning the natural frequency due to
thinning the plate on the non-excitation side. As a result, it is expected that the electricity generation characteristics are improved by
promoting mechanical-acoustic coupling in comparison with the inherent situation.
Keywords: MECHANICAL-ACOUSTIC COUPLING, CYLINDRICAL STRUCTURE, THIN END PLATE, INTERNAL SOUND
FIELD, PLATE VIBRATION, NATURAL FREQENCY, PIEZOELECTRIC ELEMENT

electricity generation efficiency that is derived from the ratio of
both powers.

1. Introduction
To deal with a depletion of fossil fuels and to materialize a lowcarbon society, not only the improvement of energy saving
technologies but also the creation of new energy sources have been
attempted in a lot of studies. Scavenging untapped vibration energy
and converting it into usable electric energy via piezoelectric
materials has attracted considerable attention and has been regarded
as one of new energy sources1. Typical energy harvesters adopt a
simple cantilever configuration to generate electric energy via
piezoelectric materials, which are attached to or embedded in host
structures, and the behavior is governed by electro-mechanical
coupling phenomena.

Actually, the plate on the excitation side is lower than that on the
non-excitation side in the natural frequency because of the influence
of a vibrator to apply the point force to the plate, so that both
natural frequencies are not identical and the effect of mechanicalacoustic coupling is not clarified very well. Therefore, both
frequencies are gotten closer by tuning the natural frequency due to
thinning the plate on the non-excitation side, so that we verify that
the performance of the proposed system is improved by promoting
mechanical-acoustic coupling in comparison with the inherent
situation.

2. Experimental apparatus and method

To enhance the conversion efficiency, two methods have been
adopted in many cases: the optimization of piezoelectric element
placement and the use of a large element or many elements. To
further improve the conversion efficiency, a mechanical impedance
matching method, which was derived from using spacers between
the piezoelectric element and beam structure and tuning for the size
of the piezoelectric element, was proposed2. These structural
vibrations are caused by vibrators and various power sources. For
instance, a self-sustained oscillation caused by placing a plate into a
flow whose critical velocity was overpassed (so-called ‘fluttering’)
is a well-known phenomenon. To utilize such a fluttering
phenomenon for energy-harvesting, the plate on which the
piezoelectric elements were arranged was used, and the effect of
their arrangement along the flow axis was considered. Then an
optimization of the arrangement was performed among some
positions and dimensions of piezoelectric elements3.

Figure 1 shows the configuration of the experimental apparatus
used in this study. The structure consists of a steel cylinder with
circular aluminum end plates. Plate 1 is subjected to the point force,
whose frequency makes the plate excite in the (0,0) mode; and
amplitude F is controlled to be 1 N, excited by a small vibrator. The
position of the point force r1 is normalized by radius rc and is set to
r1/ rc = 0.4. The thickness hc1 of plate 1 is fixed at 3.0 mm, whereas
those of 2.5 and 3.0 mm are adopted for plate 2 to change vibration
characteristics. The cylinder has an inner radius of 153 mm, and the
length L can range from 500 to 2000 mm to emulate the analytical
model.
In the excitation experiment, to estimate the mechanical power
Pm supplied to plate 1 by the small vibrator, an acceleration sensor
is installed near the position of the point force on plate 1, and Pm is
predicted from the point force and acceleration a1. The phase
difference between the plate vibrations is also measured owing to
the installation of the acceleration sensor at the same position on
plate 2, resulting in significant effects on the mechanical-acoustic
coupling. To estimate the internal acoustic characteristics, the sound
pressure level in the cavity is measured using condenser
microphones with a probe tube. The tips of the probe tubes are
located near the plates and the cylinder wall, which are the
approximate locations of the maximum sound pressure level when
the sound field becomes resonant.

To develop a new electricity generation system using mechanicalacoustic coupling, we adopt analytical and experimental models that
consist of cylindrical structure and both end plates, because the
vibration area of the model on which piezoelectric elements can be
installed is twice as large as that in the case of a single plate. The
cylinder length is varied over a wide range while changing the plate
thickness, while the harmonic point force is applied to one end plate
and its frequency is selected to cause the plate to vibrate in the
fundamental mode. The plate vibration induces electricity
generation via electro-mechanical coupling with the piezoelectric
effect of the surface-mounted piezoelectric element, while the plate
vibration of the excitation side oscillates the other plate via
mechanical-acoustic coupling. Consequently, the electromechanical-acoustic coupling problem must be considered and is
estimated from the electric power caused by the electricity
generation, the mechanical power supplied to the plate, and the

To perform the electricity generation experiment, the
piezoelectric element is used. It is comprised of a piezoelectric part
constructed of ceramics and an electrode part constructed of brass,
which have radiuses rp and rb of 12.5 and 17.5 mm and thicknesses
hp and hb of 0.23 and 0.30 mm, respectively. The piezoelectric
elements are installed at the centers of both plates, as shown in
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Fig.1(a). The electric power Pe1 and Pe2 generated by the expansion
and contraction of the piezoelectric elements on plates 1 and 2 are
discharged through the resistance circuit, which consists of three
resistors having resistances Rv, Ri, and Rc, as shown in Fig. 1(b). Rv
and Ri are the resistances of the voltmeter and ammeter, which are
built-into the wattmeter, and are 2 MΩ and 2 mΩ, respectively;
while Rc is the resistance of the resistor connected outside the
wattmeter and is 97.5 kΩ. To grasp the effect of mechanicalacoustic coupling on energy harvesting, the electric power and other
data are also measured without the cylinder (i.e. in the electricity
generation under the vibration of only plate 1) and are estimated in
comparison with those with cylinder. In such an estimation,
electricity generation efficiency is used and is derived from the
electric power normalized by the mechanical power Pm supplied to
plate 1 by the vibrator. However, the electricity generation
efficiencies, which are obtained from Pe1, Pe2, and their total electric
power Pe, are denoted by Pem1, Pem2, and Pem, respectively.

Since it is difficult to theoretically express the actual situation, a
theoretical consideration is attempted by shifting the natural
frequency of plate 1 to the experimental peak frequency. The
theoretical a1 has peaks at f = 234 and 280 Hz that are derived from
Rn = 100.5 and 101, respectively, and the experimental a1 is
maximized around f = 230 Hz.
The cylinder and plate 2 are added to the above theoretical and
experimental models which were introduced in the previous section,
i.e. they are models as shown in Figs. 1. In the analytical model, the
dimensions and so on of plate 2 are identical to those of plate 1, the
support condition adopts Tn = 108 and Rn = 101 in both plates, and
the point force F is set to 1 N. The cylinder has the same radius as
that of plates 1 and 2, and its length L ranges from 100 to 2000 mm.
Figure 3 shows the sound pressure level Lpv, which is averaged
over the entire volume of the cavity and is maximized at each L
when hc1 , hc2, and f are set to 3 mm and 280 Hz, respectively, and
the phase α2 ranges from 0 to 180° as functions of L. The
theoretical level Lpv peaks at 610, 1230, and 1840 mm. The peaks
are caused by the promotion of mechanical-acoustic coupling
between the plate vibration and acoustic modes. Then the acoustic
modes are the (0,0,1), (0,0,2), and (0,0,3) modes whose plane modal
shape is similar to that of plate vibration mode (0,0). To validate
these theoretical results, the sound pressure levels Lp1 and Lp2,
which are measured near plates 1 and 2, are also indicated. The
experimental peaks occur around the lengths where Lpv peaks,
whereas Lp1 decreases remarkably around L = 950 and 1600 mm in
the process of shifting acoustic modes because of a changing L.

3. Results and discussion
3.1. Fundamental characteristics of electricity generation
Figure 2 shows the theoretical and experimental accelerations a1
at the excitation point as functions of the excitation frequency f.
Before obtaining these results, we carried out experimental modal
analysis and made sure of the natural frequency of plate 1. Then the
actual condition adopts Tn = 108 and Rn = 101 to get closer to the
experimental support condition4. Because this support condition
brings the natural frequency to 280 Hz, the corresponding a1
reaches the peak at the natural frequency. However, the point force
is applied to plate 1 via a stick whose natural frequency is shifted to
a lower frequency region than that of plate 1 to avoid the effect on
the (0,0) mode and higher-order modes. Therefore, the
characteristics of the entire vibration system contain the behavior of
the stick, so that such a variation in a1 never takes place in the
actual results.

Lpv Lp [dB]

To consider the effect of mechanical-acoustic coupling on
electricity generation characteristics, Fig. 4 shows the experimental
accelerations a1 and a2 of plates 1 and 2 as functions of L under the
above coupling. Since plate 1 is excited at f = 280 Hz via the stick
connected with the vibrator, a1 remains low and almost constant
over the entire range of L, having small increases at L = 620, 1250,
and 1880 mm. These results can be also predicted from those in Fig.
2. On the other hand, the cylindrical sound field connecting with
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plate 1 is formed via mechanical-acoustic coupling, and plate 2 is
excited by the sound field without the point force. As a result, a2 of
plate 2 has specific peaks at L = 620, 1250, and 1880 mm,
suppressed in the other ranges of L, because the natural frequency
of plate 2 becomes 280 Hz. Figure 5 shows the voltages v1 and v2
based on the electricity generations of plates 1 and 2 as functions of
L. v1 and v2 are directly proportional to a1 and a2, respectively,
depending on the in-plane strain of the plate that is determined by
the out-of-plane deflection of the plate. Therefore, v1 and v2 have a
tendency that is similar to that of a1 and a2; in particular, v2 is much
larger than v1 at L = 620 mm, at which coupling with the (0,0,1)
mode is promoted, as well as the behavior of a1 and a2.

and 1485 mm by the promotion of coupling as well as Fig.3,
whereas their lengths are longer than those in Fig. 3 due to bringing
the excitation frequency to the lower range. Under the function of
mechanical-acoustic coupling, the acceleration a1 and a2 behaves as
shown in Fig. 8. Although the acceleration also increases around the
above specific lengths, a1 is considerably larger than a2, with the
result that these tendencies are opposite to those in Fig. 4. This is
because the natural frequency of plate 1 is closer to f than that of
plate 2. If f were gotten closer to the natural frequency of plate 2,
mechanical-acoustic coupling would be promoted and a2 would be
larger than the present situation.
Then the same experiment is carried out with setting f to 235 Hz
and the results of the sound pressure level are shown in Fig. 9. In
this case, Lp2 remains large and almost constant over the entire
range of L, whereas Lp1 has relatively large variation in comparison
with Lp2 and approaches Lp1 at L = 1500 mm, increasing rapidly and
extremely. These characteristics are completely different from those
in Figs. 3 and 7. Figure 10 shows a1 and a2 as functions of the
cylinder length L under the same situation. a1 and a2 change greatly
with L and have the respective periods. Therefore, these
characteristics are also different from those in Figs. 4 and 8 and
have opposite tendencies in the ranges of 500 mm to 750 mm, of
1000 mm to 1450 mm, and of 1750 mm to 2000 mm, respectively.
However, a1 remains large and a2 increases sharply at L = 1500 mm,
and then both accelerations increase L = 700 mm, deviating from
the above tendencies. These mean that the promotion of coupling
occur not only at L = 1500 mm but also at L = 700 mm, at which we
can make sure of small peaks of Lp1 and Lp2.

The electricity generation efficiencies Pem1 and Pem2 are
calculated from the relationship between electric power via the
piezoelectric element and mechanical power supplied to plate 1.
They are shown with changing L in Fig. 6. They are derived from
the above results so that Pem1 of plate 1 remains almost constant
over the entire range of L, and Pem2 of plate 2 increases greatly at L
= 620, 1250, and 1880 mm.

3.2. Mechanical-acoustic coupling with plates having
different thickness
To consider characteristics of the electricity generation using
mechanical-acoustic coupling in the previous section, the analytical
and experimental models, in which the thicknesses of plates 1 and 2
are identical, were adopted as the fundamental model. Then plate 1
was subjected to the point force of the natural frequency in its free
vibration, so that the acceleration of plate 1 was suppressed in
comparison with that of plate 2 since the actual natural frequency of
plate 1 affected by the small vibrator was lower than the excitation
frequency. Here, plate 1 is excited in such an actual natural
frequency and the thickness of plate 2 is adjusted to get its natural
frequency closer to the actual natural frequency.

3.3. Improvement of electricity generation characteristics
As described in the above sections, the vibrations characteristics
of plates 1 and 2 are strongly affected by the shift in the natural
frequency of plates 2 and the excitation frequency. It is natural that
such an effect is reflected in the electricity generation
characteristics. Here, the section takes up the three cases: the
respective thickness hc2 of plate 2 are 3.0 mm when the excitation
frequency f is 280 Hz, hc2 = 3.0 mm when f = 230 Hz, and hc2 = 2.5
mm when f = 235 Hz.
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Figure 7 shows the and experimental sound pressure levels Lp1
and Lp2 as functions of the cylinder length L, when both thicknesses
remain 3.0 mm and the excitation frequency f is set to 230 Hz by
referring to Fig. 2. Lp1 and Lp2 are also maximized around L = 745
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Fig.6 Electricity generation efficiency as function of cylinder length.
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Figure 11 shows the electricity generation efficiency Pem, which
is obtained from total electric power Pe, as functions of the cylinder
length L. In the case of hc2 = 3.0 mm and f = 280 Hz, Pem peaks at L
= 620, 1250, and 1880 mm by the derivation of Pem2 of plate 2 and
remains almost constant and low in the other ranges of L by the
derivation of Pem1 of plate 1, as shown in Fig. 6. The efficiency
peaks decrease with shifting the acoustic modes, such as the (0,0,1),
(0,0,2), and (0,0,3) modes. When hc2 = 3.0 mm and f = 230 Hz, Pem
peaks at L = 740 and 1480 mm where mechanical-acoustic coupling
is promoted, whereas Pem is occupied by Pem1 and its peaks do not
decreases with shifting the acoustic modes, because this coupling is
controlled by the vibration of plate 1. Moreover, when hc2 = 2.5
mm and f = 235 Hz, Pem remains large over the entire range of L,
because this coupling is controlled by the vibrations of both plates.
In particular, Pem increases greatly in the vicinities of the specific
lengths where the accelerations a1 and a2 increase simultaneously as
shown in Fig. 10 and exceeds greatly Pem on the other conditions.

4. Conclusion
In this study, a new electricity generation system, which consisted
of a cylinder with circular end plates on which a piezoelectric
element was installed at the center, was proposed. To improve the
performance of the proposed system, the effect of mechanicalacoustic coupling on energy harvesting was considered by changing
the plate thickness and the excitation frequency and was estimated
from the electric power via the piezoelectric element, mechanical
power supplied to the plate, and electricity generation efficiency.
The electric power increases by means of making the excitation
frequency get closer to the natural frequency of the excitation side,
which is considering the influence of a vibrator to apply the point
force to the plate. In particular, it is effective measures that both plate
vibrations contribute strongly to mechanical-acoustic coupling by
getting the natural frequencies of both plates closer to the excitation
frequency, so that the electric power and electricity generation
efficiency are improved considerably.
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Figure 12 shows variations in Pe, which is employed to obtain
Pem, with L on the above condition. In the cases of hc2 = 3.0 mm and
f = 230 and 280 Hz, variations in Pe are similar to that in Pem. The
maximum Pem at f = 230 Hz is somewhat less than that at f = 280 Hz,
because the mechanical power Pm supplied to plate 1 by the vibrator
is suppressed due to the discrepancy between the natural and
excitation frequencies. However, the maximum Pe at f = 230 Hz is
larger than that at f = 280 Hz, because the electricity generation
characteristics depend on the vibration of plate 1, whose natural
frequency is close to the excitation frequency. On the other hand, Pe
at hc2 = 2.5 mm and f = 235 Hz exceeds considerably those on the
other conditions, as well as Pem, and the maximum Pe is obtained at
L = 1500 mm. This is because mechanical-acoustic coupling is
strongly promoted, having significant contribution of both plate
vibrations whose natural frequencies are the closest to the excitation
frequency among all conditions.
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Fig.11 Electricity generation efficiency as function of cylinder length.

Fig.9 Sound pressure level as functions of cylinder length.
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Abstract: Energy-saving by recovery of value-added materials from complex dispersions by using semi-permeable membranes has been
proved world-wide. The effect is related to fundamental knowledge of fluid flow and mass transfer in complex fluids close to membrane
interfaces. Innovative biotechnologies for value-added products such as exopolysaccharides or antioxidants benefit by such explorations in
preserving the biological activity of the target components. The paper presents a solution of theoretical model of a stirred tank reactor (STR)
Biostat equipped with membrane immersed in a non-Newtonian model solution of exopolysaccharide, e.g. glucomannan and biomass. CFD
methodology is employed to reveal original data on shear deformation rates and shear stress at the membrane interface, as well as to predict
the average mass transfer coefficient related to the boundary layer at the membrane surface based on the flow information obtained. The
results are compared with similar data reported for conventional systems with different impeller and systems with external membranes.

KEYWORDS: ENERGY-SAVING, DESIGN WITH INTEGRATED MEMBRANE, STR, SHEAR STRESS, MASS TRANSFER

1. Introduction

2. Experimental design and simulation details

Recent developments in membrane separation technology and
increased implementation of various membrane techniques for
water purification and recovery of value added products brings
attention to the lack of data on the performance of membranes
designed as immersed modular systems in stirred tanks [1]. The
recent advances of the science of mixing reactors and membranes
allowed the superposition of information on fluid flow in STR with
data on separation dynamics of immersed membranes, thus
generating combined knowledge on the performance of integrated
systems. This combined knowledge would allow further exploration
of integrated designs for recovery of value-added products
possessing complex non-Newtonian physical properties otherwise
important for their application in material practice.

Fig. 1 shows the experimental system, the corresponding
computational domain and its discretization pattern.

Overlooking another aspect, recent advances in process design
introduce single-use bioreactors and show them to be amenable for
scale-up of data collected from traditional bench-scale fermenters
[2]. Related to single-use bioreactors, modeling and characterization
of bioreactor environments from mixing and shear perspectives at
both small and large scales demonstrated high level of interest [3].
The trend increased the importance of performance data of
traditional bioreactors, such as conventional bench-scale Biostats,
and suggests further analyses on integrated designs to be performed
in such starting vessels. In other words, the performance data of
integrated immersed membranes should be related to conventional
Biostat STR vessels, in order to ensure further scale-up analysis.

a

b

c

Fig. 1 Experimental reactor and simulation grid.
The vessel (Sartorius Biostat Aplus) was T=0.16m in diameter
equipped with two impellers sized 0.066m. The tubular membrane
module was ID 7mm and OD 10mm with 250 mm length positioned
as shown in the figure.
The design has proved successful for production of
exopolysaccharides, e.g. glucomannan that was implemented as
viscosity promoter and emulsion stabilizer in cosmetic creams [4].
The optimal operating conditions of this production, namely,
mixing impeller speed of 400 rpm and relative volumetric gas flow
rate of 1vvm (4.5dm3/min related to 4.5 dm3 fluid volume), were
considered as primary for the assessment of a membrane operating
in simultaneous separation with the productive bioreaction. The
biofluid containing EPS showed non-Newtonian properties and was
classified as a power law fluid with consistency coefficient K=0.02
Pa.sn and flow index n=0.78. Considering the impeller speed of 400
rpm, these physical parameters revealed average apparent viscosity
µ of the material of 6.7mPa.s causing flow pattern of complex
nature in the targeted stirred volume.

The aim of this study of preliminary research is to reveal two
characteristics - shear and mass transfer rates - as important
parameters for separations focusing on a design of traditional
bench-scale reactor Biostat in original integrated set-up with in-line
tubular membrane module immersed in non-Newtonian
fermentation fluid for recovery of components of highly viscous
biofluids, for example, separation of emulsion stabilizer
exopolysaccharide and biomass containing prebiotics, both
important for practice. The idea of using combined impeller and
membrane designs has been considered as prospective in so far as
such designs allow application to separations in highly viscous and
complex production fluids where both interface and transport
problems occur.

The study was carried out by computational fluid dynamics
(CFD) analysis and a mathematical model based on the Reynoldsaveraged Navier-Stokes (RANS) momentum equation (1) with
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added two equations (4 and 5) to account for turbulent kinetic
energy (k) and turbulent energy dissipation (ε) as additional
parameters for closure. The set of equations conformed to the
standard (k-ε) model [5, 6]. The model was extended to account for
the non-Newtonian flow property of the studied biofluid by
introducing the above power law parameters K and n (eq. (3)). The
computed components of the stress tensor were used to determine
the shear rate S using eq. (6) and to transform it to shear stress τ
using eq. (7):
(1)

∂V j
∂t

+V j

(2) µ = µa + µt ; µt = ρcµ
 ∂V j ∂V
+ i
(3) µ a = K 
 ∂xi ∂x j


(4)

(5)

p 2 
∂  µ  ∂V j ∂Vi
 + k  +
+
 ρ 3  ∂x j  ρ  ∂xi ∂x j

∂
∂Vi
=−
∂x j
∂x j






convergence criterion was set for velocities and turbulence values
equally at 1x10-5. Convergence was judged upon by both residuals
and target quantities, i.e. linear velocities and strain rate. A
reasonable convergence was achieved and realistic logical values
were obtained.
Model validity was studied by comparison of parameters, e.g.
moment and power input, and separately by comparing
experimental shear rates with shear rates predicted by the model in
selected points of the bioreactor volume, more specifically at 20
mm off the impeller tip in the upper impeller plane. Data on
validation are reported elsewhere [6].






3. Results and discussion

k

ε

Fig. 2 illustrates the flow field for the stirred tank and the
velocity contours generated by the impeller in the reactor cross
section including the tube of the membrane in gas presence. The
solution of this complex system shows the areas of major interest
are the impeller levels z=0.05m, and z=0.16m, the membrane
surface front, side and rear to the impeller and the stagnant zones,
with relatively low backflow and transfer rates within the stirred
fluid.
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∂V j
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+

 ∂V
 i
 ∂x j


∂Vi
∂x j

(7) τ = KS n

In eq. (1)-(7), V is fluid velocity, x indicates the space
coordinate, p is pressure, ρ is fluid density, k stands for turbulent
kinetic energy, and ε is the rate of kinetic energy dissipation.
The kinetic energy dissipation rate ε was used to outline the
zones of active mass transfer close to the membrane interface where
an average mass transfer coefficient kL could be obtained via eq. (8)
reported for transitional flow across vertical cylinder [7]:
Fig. 2 Velocity (m/s) zones of interest for enhanced trans-membrane
wall mass transfer

0.618 0.31
Sc
(8) Sh = 0.43 + 0.193 Re

where Sh = k LT / D; Re = Nd ρ / µ a ; Sc = µ / ρD are Sherwood,
Reynolds and Schmidt numbers on the side of the biofluid, T is the
hydraulic diameter of the vessel, D is the diffusion coefficient, here
assumed to be for diffusion of sucrose molecular weight 342,
D=0.45.10-9 m2/s; N stands for impeller revolutions at 6.7 s-1,
impeller diameter d is 0.066 m, and ρ desnity of aqueous phase
1018 kg/m3.
2

The variation of shear rate and kinetic energy dissipation rate
along the lines across the membrane in the two impeller planes are
shown at gas absence in Fig. 3. Referring to Cartesian coordinates
with z=0 at the vessel bottom, the radial lines of the plots were
selected in the x=y plane at off-bottom distance z=0.05m (lower
impeller plane) and z=0.160m (at the upper impeller plane)
corresponding to the impellers’ positions. It is seen that the
maximum shear rate S and kinetic energy dissipation ε determined
in gas absence are seen to be 8 ks-1 and 1200m2/s3, respectively. The
corresponding values of shear stress are 17.7Pa at the maximum and
1.2 at the minimum. It is noteworthy that these values exceed the
range of shear stress (τ<10) reported for membranes with narrow
channel with spacers [8].

Referring to the simulation details, the computational domain
was represented by structural conformal mesh composed of
tetrahedral cells close to the impeller and with refinements in the
near-wall regions, the cells numbering ca. million (e.g. 0.9.106 (Fig.
1c).
Simulations were carried out by application software ANSYS
FLUENT (release 13.0, Ansys, Inc., 2010). The boundary
conditions included symmetry for the free fluid surface, pressure
outlet for the gas phase with backflow ratio 1 and volume fraction 1
for the outlet, as well for the air inlet where initial velocity of 8 m/s
in vertical direction was applied to account for inlet gas flow rate of
4.5m3/min. Stationary wall boundary condition with zero velocity
gradients for the vessel walls and moving wall boundary conditions
with rotational velocity of 400 rpm to the moving parts. The
presence of gas in the two-phase flow case has been modeled by the
Euler-Euler multiphase model accounting for the flow properties of
the separate phases, as well to the contact between them. The

Contributing to the reported goal, shear distribution along the
membrane interface was also of interest. It is illustrated directly by
the immersed solid body diagrams in Fig. 4, where also the effect of
gas presence is seen clearly. Determining the surface-average
values in both cases, i.e. absence versus presence of gas, the effect
of the gas shows only slight rise of shear in gas presence in terms of
the optimal rate of gas flow registered (e.g. 1 vvm and 4.5 cub.m.
per min). The area-averaged shear rate in both cases (i.e. “no gas”
vs. “gassed”) differs by only 10 %, such as 900 vs. 1050 s-1, yet the
distribution in gas presence is largely different, being more uniform
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in gas presence and increasing the zones of moderate shear in areas
where shear is low in gas absence (marked with red).

Fig. 4 Membrane contour plots showing the effect of gassing on the
distribution of shear rate (in ks-1).

Fig. 3 XY plots of shear and turbulence parameters vs radial
coordinate.

The effect can be assessed more clearly by the XY plots along
the Z-coordinate adhering to membrane external front shown in Fig.
5, where additional peaks can be observed to correspond to the
colored sections in Fig. 4. [The coordinates of the membrane front
vertical line has been determined to be x (0.03722, 0.03722), y
(0.03722, 0.03722), z (0.035, 0.22)]. The fact proves the positive
effect of the gas in achieving more uniform distribution of velocity,
shear and viscosity close to the membrane surface accompanied
possibly by enhanced mass transfer in the boundary layer. Further
analysis of this performance parameter at other gas flow rates seems
obligatory to confirm the effect of gas presence on the performance
of immersed membranes.
Fig.5 The effect of gassing on the distribution of shear rate (in ks-1).
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The values of shear stress and mass transfer rate coefficients
obtained in this study are compared with reference data in Table 1.
The reference data reveal comparable parameters reported for
mixing equipment with membranes immersed in fluids with
different hydrodynamics, e.g. arc-blade impellers, composite bodies
[8], and also membranes operating on different principle as external
off-tank designs [9-11]. It is seen that the Biostat with immerse
membrane shows characteristics comparable with the reported
designs. The mass transfer coefficients vary mainly depending on
the size of the diffusing molecule, for the sake of comparison being
assumed sucrose (340 Dalton) in aqueous solutions of 6 and 2 mPas
in case 1 (this study) and case 3 [8] (with diffusion coefficients ~
~5.10-10 m2/s), respectively, and dextran (167 kDa) in case 6 [12]
(diffusion coefficient of 5.10-11 m2/s).
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Table 1: Summary of experimental results on shear stress and mass
transfer compared with achievements for various reported
membrane systems in diluted aqueous solutions.
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3. Conclusion
In terms of the theoretical model and CFD simulations
employed, the system of STR and immersed membrane explored is
comparable with reference membranes, both external and immersed
in STR with different circulation pattern in the sense that it allows
comparable shear and mass transfer rates close to the membrane
interface. The design of Biostat with immersed membrane is
prospective for further detailed analysis including also other
parameters, such as internal mass transfer, as well as wider
operating conditions and physical properties of value-added
materials.
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THE METHOD OF SPIRAL DESIGN MODEL FOR THE AUTOMATED DESIGN
OF ANALOG IP-CORES IN COMPUTING
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Abstract: The systematic approach of complex technical devices design allows not only to design new devices and objects, but also to
automate the design process. This article discusses the seven-layer spiral design model, which can be used to simplify the design process of
complex devices in areas of mechanical engineering and computer engineering. The spiral model in this work is used for automation of
analog IP-cores design; in particular, the windows application that implements the automated design system of analog low-pass filters was
developed. The application allows user to design the filter scheme in automated mode after inputting the parameters. The proposed method
has certain benefits compared to the known automated design methods for the specific object classes.
Keywords: AUTOMATED DESIGN, SEVEN-LAYER SPIRAL DESIGN MODEL, IP-CORES, LOW-PASS FILTERS

software development. Design stages are clearly described in these
models. However, methodologies based on them are mainly used
for development of software and not for technical objects.

1. Introduction
In modern mechanical engineering, as in other industrial
branches, the period of production update is getting shorter and
more and more complex technical objects have been designed. One
of the most important stages in manufacturing of such objects is
design stage. At this very stage of development of the object its
general configuration is determined and many mistakes in the object
development could be prevented. Therefore sustained interest in
methodology and methods of design is observed.

Specific design flows exist for several types of objects. Various
models are used depending on the object. They differ in set of
stages and objective of design. Statement of objectives allows
choosing criteria connected with them. There are several design
models for electronic analog components [5], digital elements [6],
video systems [7, 8], software packages [9]. One of the most full
(detailed) design models is spiral model [10]. It can be used in
design of various devices, including objects of mechanical
engineering.

2. Methods of technical objects design. Systematic
approach

3. Seven-layer spiral model methodology

There are several approaches for technical objects design. One
of design methodologies is the system design. It assumes sequential
stage by stage design of a device. Dividing the design process into
stages and aspects allows: firstly, using concurrent design methods,
and secondly, organizing existing data and forming new knowledge.
Concurrent design makes it possible for a large development team
to elaborate a new device. Main principles of systematic approach
are practical usefulness, unity of the components and variability in
time.

Contracting spiral model of design is most fully described by
Lypar Ju. I. [10] (see Fig.1). It uses objective approach where
design of object is leaded through spiral-like route from objectives
towards the final structure of object and its parameters.

Modern design processes of technical objects in most cases are
computer-aided. Very seldom it is possible to make these processes
fully automatic. Structuring of design process by applying
systematic approach allows creation of computer-aided design
(CAD) systems, which simplify and accelerate development of new
devices and moreover allow receiving products of optimal quality at
the output.
CAD facilities (such as Matlab Simulink, Actel, Altera,
Cadence and many others) usually follow some design flows [1]. In
most of such systems modelling and design of end product are
automated but the stage of structuring is given to a developer. At
this stage the developer is supposed to build up the model of
designed object from component blocks suggested by the system.
The developer chooses one or another decision using his own ideas
of optimality and later checks how it fits the demanded
characteristics. The design flows for objects in such CAD systems
are quite difficult and in most cases include textual or graphical
setting of object structure and subsequent modelling, synthesis and
debugging of this object at various levels [2].
There are also several methodologies based on design models
used for software development. They include iterative [3], waterfall
[4] and other models of development. Each of these models has its
advantages and drawbacks, and is used or was used till recently in
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Fig.1. Spiral model of objects design. Titles of seven stages are given in
the upper middle part of the picture, four aspects are shown in the corners

table 1.
Table 1: Comparison of spiral model with other design models
and design flows

The model includes seven levels (or stages) of design for every
aspect of design: technological, functional, structural and
constructional. At each stage a subset of the most effective
decisions is selected from a number of suggested decisions with the
help of a choice function, which determines the optimal
configuration of the object. Spiral model in a compact way
describes a huge diversity of structure variants of designed object
and variants of its functionality. This scheme gives no practical
limitations to application field and component composition of
technical object. Therefore this design methodology can be
considered rather general and can be used in development of many
technical objects and devices, either simple or complex.

Characteristics

The stages of spiral design model go in the following order:
stage of setting of requirements that designed object should meet
(STET); stage of synthesis of construction principles (SPr); stage of
approximation of desired configuration and characteristics of the
object (SApp); stage of synthesis of construction ways (SRes); stage of
structure synthesis (SApp); stage of structure elements parameters
calculation (SPar); stage of tolerances (STol). Each stage has a
feedback, movement towards and backwards along design stages is
also possible. Consequently the model is sustainable to any changes
at any design stage and if it becomes necessary to include such
changes there is no need to start design process from the beginning.

Generality

Applicability

Specific design
flows

+

−

+

Design flows of
CAD systems
(Altera, Simulink)

−

+

+

Software design
models (e.g.,
iterative, waterfall
models)

+

−

±

Spiral design
model

+

+

+

Methodology based on spiral design model has clarity,
generality and applicability. In design of technical objects this
features can give advantage over other existing methodologies.

4. Practical use of the spiral model methodology in
filter design

Result of design in one or another aspect is a composition of
functions of choice at all stages (1). The resulting set should include
effective solution describing the designed technical object realized
in the most optimal way.
Π=STol°SPar°SApp°SRes°SA°SPr°STET

Clarity

Based on spiral model methodology, an application for a design
system of analog IP-cores, named Design IP [11], was developed.
IP-cores are the reusable units of logic, cell or chip layout design,
which are the intellectual property of the designer, so IP in IP-cores
stands for “Intellectual Property”. IP-cores have made a huge
impact on system-on-chip design, that is why analog IP-cores are an
essential part of modern portable computing systems, but the
automation of the analog IP-cores is so far less developed than the
digital IP-cores automation. This is why the goal of developing an
application for digital IP-cores automated design was set in the
present work.

(1)

At each turn of the spiral the following tasks are solved.
Work on functional aspect (F) of designed object means
analysis of technical, technological, exploitation, economical and
ecological requirements to devices and subsystems (briefly TET). In
most cases at the first stage there is lack of data for solving all the
tasks. Therefore at each new stage system analysis of results of
previous stages is done and additional requirements are formulated
for new stages. The complex of those requirements forms a choice
function for the next stage.

The goal was to develop an automated design system which
allows user to design one of the simplest IP-cores - low-pass analog
filter circuitries - in automated mode. Now the first stage of the
work is done. It includes development of an application for design
system for passive filters of low orders. The Filter Wiz Pro [12]
system was taken as a prototype of developed system.

Structural aspect (S) includes synthesis of structures relevant to
stages. Solutions at this stage can be not numerical most of the time,
they can partly be put on inventive level. Therefore the problem of
searching for subsets of optimal solutions from the set of existing
solutions has to be solved. In other words, the key of this aspect is
not to list all of possible structural decisions, but to isolate and
structure subsets of solutions that meet choice functions of every
design stage according to principles of systematic approach.

Design process in the developed application goes step-by-step;
each step corresponds to one of the stages of spiral design model.
The user controls design process by inputting object parameters and
observing the solutions that program suggests for each stage,
choosing the most suitable solution for the specific object according
to optimality criteria provided by the program. At each stage the
user can go back at any number of the stages and change his choice
or the input parameters. Changes will be set and applied, and the
result of the next design stage will be different, considering the
changes.

Work on constructional aspect (C) includes allocation of
subsystems, components and elements and connection layout. It
should be done in such a way that minimizes parasitic influence of
corresponding objects on each other. In this aspect methods of
optimization are widely used and CAD systems have programs for
this purpose.
In the frames of work on technological aspect (T) elements of
the components, subsystems and the whole system are designed at
physical level. As a rule CAD system of this aspect is the first to be
developed for it sets parameters of all used elements, but their
allocation and other peculiarities are given during work on the
previous aspects.

Design IP system was developed using C# programming
language in Visual Studio environment. It was made as a Windows
Form application. In the main form (window) of the application the
object of design is chosen, its parameters are input and the scheme
of design progress is shown step-by-step. Each tab corresponds to
one of the spiral model design stages applied to analog filter design.
The user progresses from the left to the right, moving forwards and
backwards between the tabs when necessary.

Spiral model scheme gives clear demonstration of all stages of
the technical object design process according to systematic design
approach and its principles. Such detailed and at the same time clear
and easy understandable scheme can help simplifying the
automation of design process at least at the structural aspect of
design. Comparison of the described spiral model methodology
with some other design methods mentioned earlier is done in

Let’s observe the working process of the application. The
circuity and its parameters can be saved in the end, and the recently
saved circuitries for the specific filter of certain order can be shown
to user when the user restarts the program. The appropriate window
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is opened by pressing the button “Existing solutions”. On Fig.2 the
main window of the application is presented.

On the next stage, “Circuitry parameters calculation”,
calculation of such parameters as capacitances, inductances,
resistances, is done. Calculation is fulfilled using knowledge of
filter zeros and poles, which were determined earlier in the program
at the “Approximation” stage, and using the formulas from the
program database for calculations of parameters for different units.
Current version of the program only implements calculation of
Butterworth filters. Fig. 4 shows the stage of parameters calculation
for Butterworth filter with order equal to five.

Fig.2. Main window of Design IP system. Titles of tabs (translated from
Russian) are given in the bubble below

At the “Designed element choice” stage the user decides which
type of filter to make. By default, only the choice of the low-pass
filter is implemented. However, types of filters that can be done
based on it are mentioned too, such as high-pass filter, band-pass
filter, band-stop filter.
At the “Element parameters” stage the input of filter parameters
is made. For filter design the parameters that measure filter
bandwidth and transmittance are needed, such as passband
frequency, stopband frequency, passband attenuation and stopband
attenuation. A picture is provided for the user to show clearly how
these parameters are graphically described. Also, the value of load
resistance is being input at this stage, which will be later needed for
the filter circuitry parameters calculation. Fig. 3 demonstrates the
tab of this stage.

Fig.4. “Circuitry parameters calculation” stage of Design IP system.
Explanation of parameters for the first, second and third unit of the filter is
given below

On the final “Tolerances” stage user chooses the row of
standard values of capacitances, inductances and resistances,
according to which the nominal values for the circuitry elements
parameters are calculated. Several rows are provided; each of them
has a different number of values so that the user would choose
optimal tolerance value, which characterizes the difference between
nominal value and the calculated value.
As a result of the program use, the nominal values of
parameters are successfully received according to user’s choice.
Also on this stage user can see the plot amplitude-frequency
response of the filter, by which he can esteem the transmittance
qualities of the deigned filter.

Fig.3. “Element parameters” stage of Design IP system. Parameters
are input in the textboxes by user

At the “Approximation” stage the user observes the result of
calculation of filter amplitude-frequency response and filter order is
calculated according to a chosen approximation method (Chebyshev
[13], Butterworth [14] or elliptic [15]). Also the window contains
the example of amplitude-frequency response of filter for the
particular approximation for comparison. Fig. 2 shows the result of
Butterworth filter approximation, where the calculated filter order is
equal to five. Also on this stage the transfer function of the filter is
determined by calculating its zeros and poles according to the
chosen approximation method.

The developed application allows user to develop analog lowpass filters in automated mode, progressing step-by-step through
separate stages of design, and receive the filter circuitry with
nominal values of its parameters as the output.

5. Conclusions
This paper observes the design methodology based on spiral
design model. The advantages of this methodology, such as
generality and clarity, allow using it for the automated design of
technical objects and devices.

At the “Choosing construction methods” stage the choice of the
construction method for circuitry is done. By default, only chain
connection of passive units is implemented. This stage also provides
the choice of the low-order units, which are combined into a filter
of higher order. Units are chosen form the menu on the right side of
the application window.

As an example of practical use of this method, a windows form
application was developed. It implements step-by-step design of
analog IP-cores. The design process is based on stages of spiral
model. The use of the application was demonstrated: based on the
input filter parameters, the circuitry of the filter with the parameters
of its elements was developed in automated mode. This application
may serve as an illustration of the systematic approach to design in
general and also be an example of usage of the spiral model based
methodology for design automation in particular. Further

At “Structure” stage the picture of filter circuitry is combined,
using the units that user had chosen. It is shown to the user and the
user is able to save it as an image file.
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development of this application can include widening of types of
designed objects by applying new schemes and new methods for
design of separate parts of the object, for example, methods of
directed graphs for unit synthesis [16].
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Abstract: The report presents a mathematical model of the motion control of an autonomous solid body moving in incompressible stratified
viscous fluid and analytical and numerical analysis of this model. It is assumed that the body does not have its own propulsion system, but is
equipped with controlled rudders - wings of finite span. It is moved by the influence of the buoyancy force and wings lift. The control is
produced by the angle of attack of the wing change for ensuring access to the given point by this solid body. This body motion is considered
to be plane-parallel motion. This paper results are based on the mathematical model which was presented by the authors at XII MTM
Congress held in September 2015 and XIII MTM Congress held in March 2016.
KEYWORDS: MOTION OF SOLIDS IN A FLUID, TRAFFIC COTROL, BUOYANCY FORCE, ENSURING ACCESS TO THE GIVEN
POINT, WINGS OF FINITE SPAN, WINGS LIFT
The motion of submersible craft is assumed to happen in a
limitless borehole bottom reservoir with an ideal incompressible
non-conducting stratified liquid with viscosity effect. The viscosity
is taken into account as a Stokes' drag force. It is also assumed that
each layer has own density, which is known. Furthermore, liquid in
each layer can move rectilinearly and uniformly with known
velocity along the horizontal axis, which is perpendicular to a
wingspread.

1. Introduction
The effectiveness of observations and measurements
obtained in the study of the underwater world via underwater
vehicles, in particular, unmanned, depends on minimizing the
impact of these submersible crafts to surrounding underwater
environment. First of all, it refers to a moving apparatus, which
movement is carried out by various power plants (screw propeller
or other propulsion). Therefore, the reduction or elimination of
such effects is an important application. The ideal situation would
obviously be the complete lack of engine. This means that
movement control of the body can be carried out only by natural
hydrodynamic forces, for instance, the Archimedes buoyancy or an
wing lift effect (the body can be equipped with wing). Basic
terminology and classical results for the body’s motion in
continuum can be found in the books [1, 2].

2. Accepted assumptions
As an autonomous rigid body, the authors propose to
consider a research submersible – a uniform sphere-shaped rigid
body with two similar symmetrically located around the ball centre
wings (fig. 1). Actually other modifications of mutual bracing of
the sphere-shaped body and wings are possible. However, the
proposed mathematical model can be taken as a basis for whole
these alternatives.

Fig. 2. Double-layer continuum figure.
In this paper the authors consider plane-parallel motion of
submersible craft case. At the initial time this body is located in
stationary state at a predetermined depth (fig. 2).
It is necessary to define the obtaining solution algorithm in
a double-layer liquid for building a similar solution in stratified
liquid.
It is usually understood that an inverse problem is a problem
of control synthesis which use leads to achievement of the defined
preselected value.
The goal of this research is a substantiation of existence of
well-defined problem description in concerned field. There is
considered to be a problem of submersible craft appearance in
surface in small neighborhood of given point.

Fig. 1. Schematic submersible craft image.
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Then appropriate motion trajectories of the submarine craft
can be calculated by solving the system (1) with zero initial
conditions (fig. 4).

3. Mathematical model
At the previous authors paper [3] mathematical model of the
submersible craft plane-parallel motion was constructed. It allows
controlling the body through wings angle of attack modifications:
2
𝑑 2𝑥
(1)
(2)
⎧�𝑚 + 𝜌𝜋𝑅 3� 2 = 𝐹𝑎𝑟𝑐ℎ − 2𝐹𝑖 cos𝛿 − �𝐹𝑑𝑟𝑎𝑔
+ 2𝐹𝑑𝑟𝑎𝑔 � cos𝛿 − 2𝐹𝑙𝑖𝑓𝑡 sin𝛿 − 𝐹𝑔 ;
3
𝑑𝑡
2
𝑑 2𝑦
⎨
(1)
(2)
�𝑚 + 𝜌𝜋𝑅 3� 2 = −2𝐹𝑖 sin𝛿 − �𝐹𝑑𝑟𝑎𝑔 + 2𝐹𝑑𝑟𝑎𝑔 � sin𝛿 − 2𝐹𝑙𝑖𝑓𝑡 cos𝛿.
⎩
3
𝑑𝑡
(𝑗)

(𝑗)

Here 𝐹𝑎𝑟𝑐ℎ – is the buoyancy force, 𝐹𝑑𝑟𝑎𝑔 = 𝐶𝑋 𝑆 (𝑗)

𝜌𝑣 2

– the head

2

resistance force for a sphere (j=1) and wings (j=2), 𝐹𝑙𝑖𝑓𝑡 =
𝜌𝑣 2 𝑆

𝑘𝛼

𝜌

– the wing lift, 𝐹𝑖 = 𝑣 2 𝑆

1+𝜇0

2

𝜇0

�

2𝑘𝛼

2𝑘 1+𝜇0

2

� – the induced drag

force (details can be found in [3]).
The analysis of constructed mathematical model in terms of
the possibility of motion trajectory control of the submersible craft
by the attack angle continuous variation is produced at this paper. A
term "motion trajectory of the submersible craft" means motion
trajectory of gravity center of the submersible craft (the sphere
center).
As a rule, it is supposed that an attack angle is a small
quantity [4]. Authors also allow this assumption. The attack angle
smallness necessitates the angle δ smallness. Therefore, we can
accept sin𝛿 ≈ 𝛿, cos𝛿 ≈ 1.
Using the standard change of variables:
𝑥 = 𝑧1
𝑦 = 𝑧3
𝑥̇ = 𝑧1̇ = 𝑧2 𝑦̇ = 𝑧3̇ = 𝑧4 ,
initial mathematical model is reduced to the nonlinear differential
equation system:
𝑧1̇ = 𝑧2 ,
⎧
𝑧2̇ ∙ 𝑏0 = 𝑏1 − (𝑏2 ∙ 𝛼 2 + 𝑏3 + 2𝑏4 ) ∙ (𝑧2 2 + 𝑧4 2 ) −
⎪
⎪
−2𝑏5 ∙ 𝛼 ∙ 𝑧4 ∙ �𝑧2 2 + 𝑧4 2 ,
(1)
𝑧3̇ = 𝑧4 + 𝑤,
⎨
2
⎪𝑧4̇ ∙ 𝑏0 = −(𝑏2 ∙ 𝛼 + 𝑏3 + 2𝑏4 ) ∙ 𝑧4 ∙ �𝑧2 2 + 𝑧4 2 +
⎪
⎩
+2𝑏5 ∙ 𝛼 ∙ (𝑧2 2 + 𝑧4 2 ).
Here coefficients are defined as:
2

𝑏0 = 𝑚 + 𝜌𝜋𝑅3 ,

𝑐0_𝑠𝑝ℎ

3

𝜌𝜋𝑅2
2

𝑏1 = 𝜌𝑔𝑉 − 𝑚𝑔,

, 𝑏4 = 𝑐0_𝑤

𝜌𝑆𝑤
2

, 𝑏5 = 𝜌𝑆𝑘𝑝

𝑘

2𝑘𝜇

𝑏2 = 𝜌𝑆𝑘𝑝 (1+𝜇 0)2,

1+𝜇0

.

0

Fig. 3. Cases of the variation law of attack angle of the submarine
craft in homogeneous fluid.

𝑏3 =

A motion trajectory of the submarine craft can be modified
by the wing attack angle α values variations. For instance, in this
paper the following assumptions are considered:
1) The attack angle is able to change at a constant speed,
which equals 0.5 degrees per second;
2) Attack angle threshold requirements are ±15 degrees;
3) The attack angle at the initial time equals 0.

Fig. 4. Motion trajectories of the submarine craft for different cases
of the variation law of attack angle in homogeneous fluid.

4.2. Double-layer liquid
Motion of the submersible craft in STRATIFIED (doublelayer) ideal incompressible viscous fluid with shear flow in the line
of horizontal axis is considered.
Authors examine three cases of the variation law of attack
angle (fig. 5):
1) α = 0;
0.5 ∙ 𝑡, 𝑖𝑓 0 ≤ 𝑡 ≤ 30 < 𝑡̂ ,
⎧
⎪
15, 𝑖𝑓 30 ≤ 𝑡 ≤ 𝑡̂ ,
2) 𝛼 =
⎨15 − 0.5 ∙ (𝑡 − 𝑡̂ ), 𝑖𝑓 𝑡̂ ≤ 𝑡 ≤ 𝑡̂ + 60,
⎪
−15, 𝑖𝑓 𝑡̂ + 60 ≤ 𝑡.
⎩
−0.5
∙ 𝑡, 𝑖𝑓 0 ≤ 𝑡 ≤ 30 < 𝑡̂ ,
⎧
⎪
−15, 𝑖𝑓 30 ≤ ≤< 𝑡̂ ,
3) 𝛼 =
⎨−15 + 0.5 ∙ (𝑡 − 𝑡̂ ), 𝑖𝑓 𝑡̂ ≤ 𝑡 ≤ 𝑡̂ + 60,
⎪
15, 𝑖𝑓 𝑡̂ + 60 ≤ 𝑡.
⎩
̂
Here 𝑡 – is an ascent time of the submarine craft in bottom layer.
Then appropriate motion trajectories of the submarine craft
can be calculated by solving the system (1) (fig. 6). The differential
equation system is sequentially solved for each layer starting with

4. Numerical examples
Fourth-order of accuracy Runge-Kutta method was applied
for numerical solution of the differential equation system (1).
Software called MATLAB 7.10.0 (R2010A) is used.

4.1. Homogeneous liquid
Motion of the submersible craft in homogeneous (singlelayer) ideal incompressible viscous fluid with shear flow in the line
of horizontal axis is considered.
Authors examine three cases of the variation law of attack
angle (fig. 3):
1) α = 0;
0.5 ∙ 𝑡, 𝑖𝑓 0 ≤ 𝑡 ≤ 30,
2) 𝛼 = �
15, 𝑖𝑓 30 < 𝑡.
−0.5 ∙ 𝑡, 𝑖𝑓 0 ≤ 𝑡 ≤ 30,
3) 𝛼 = �
−15, 𝑖𝑓 30 < 𝑡.
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the bottom layer. Its initial conditions are supposed zero conditions.
For other layers initial conditions are recalculated depending on
coordinates of inertia center of the submarine craft at the
transitional point from layer to layer.

that neighbourhood, for each point of which can be set an inverse
well-defined problem, is obtained.

6. Literature
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2.

3.

4.

Fig. 5. Cases of the variation law of attack angle of the submarine
craft in double-layer fluid.

Fig. 6. Motion trajectories of the submarine craft for different cases
of the variation law of attack angle in double-layer fluid.
At these examples, the following values of quantities are
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5. Conclusion

At this paper the motion trajectory of the submarine craft
calculation algorithm is presented. Mentioned body can rise up
under the influence of the Archimedes buoyancy and a wing lift
effect.
The continuously varying wing attack angle control
possibility of the submarine craft movement is analyzed. Besides
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Abstract. This paper presents the results of preliminary corrosion tests of samples from commercially pure titanium Grade 4 with a coarsegrained (annealed) and ultrafine-grained structure after severe plastic deformation, as well as of samples processed by microarc oxidation
and with an ion-plasma coating. The effect of microstructure on the corrosion of the material under study is shown. A comparative
evaluation of the corrosion rate is performed.
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1. Introduction
Owing to a great interest in the production of high-strength
implants for medical applications from commercially pure (CP)
titanium, one turns, more and more often, to the technologies based
on severe plastic deformation. These technologies enable producing
a high-strength state due to the the formation of an ultrafine-grained
(UFG) structure that contributes to a significant enhancement of
mechanical and functional properties [1, 2].
Promising is the use of high-strength long-length materials
with a UFG structure [3], in particular, from CP Ti [4] which can be
used for the production of medical implants that are, in particular, in
frictional contact in saline medium.
Relatively recently, studies focused on a comparative
evaluation of the corrosion resistance of materials with a coarsegrained and UFG structure were initiated [5]. For instance, it was
demostrated in [6] that in the investigated materials (low- and
medium-carbon steels), having a UFG structure after severe plastic
deformation (SPD) processing by equal-channel angular pressing
(ECAP), an increase in corrosion resistance is observed. It may be
assumed that a similar effect should be expected for CP Ti as well.
There are known works on the fabrication of semi-products
from CP Ti for medical applications, having a UFG structure,
processed by SPD [7-9] followed by deposition of coatings from
titanium nitride [7, 8] and diamond-like carbon with zirconium [9].
At the current stage of research, an express evaluation has been
performed, of the corrosion properties of CP Ti, depending on the
structural state and the presence of a coating on the surface of the
investigated material in the coarse-grained (CG) and UFG states.

Fig. 1 Principle of the ECAP-Conform technique for the fabrication
of long-length semi-products

2. Material and Research Procedure
As the material for the study, CP Ti Grade 4 was used, with a
CG structure in the annealed condition, and with a UFG structure in
the SPD-processed condition. Fig. 1 shows the principle of the SPD
technique employed to process the material.
The SPD processing of the material was conducted at a
temperature of 400оС in 6 processing cycles, with rotation of the
billet by 90о around its axis after each cycle. Fig. 2 shows the
produced long-length samples from CP Ti Grade 4.

Fig. 2. CP Ti samples after SPD processing
After SPD processing, specimens with a length of 25 mm were
cut out from the produced rods, for the deposition of ion-plasma
coating and surface treatment by microarc oxidation. One specimen
was left uncoated. In a similar manner, specimens were prepared
from the annealed samples having a CG structure.
Corrosion tests were performed by immersion in 3.5% sodium
chloride aqueous saline solution. Fig. 3 shows the diagram of the
unit used to perform the corrosion tests.
The immersion tests were carried out in a waterproof
thermostat during 28 hours at a temperature of 40±0.2оС.
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Fig. 4. Transformation of the material's microstructure as a result
of SPD processing: a) coarse-grained structure of the material in
the inital state; b) ultrafine-grained structure of the material after
SPD processing

Fig.3. Principle of the immersion tests
Metallographic studies were performed, using optical and
transmission microscopes.

As a result of metallographic studies, it has been established
that in the initial state the microstructure of CP Ti represents an
equiaxed structure with a mean grain size of 30 µm. The
deformation processing by ECAP leads to an efficient grain
structure refinement, with the mean grain size equal to 0.2 µm.
As was already noted above, before conducting the corrosion
tests, an ion-plasma coating of TiC composition was deposited on
the surface of some specimens, and some specimens were processed
by microarc oxidation. As a result of the processing by microarc
oxidation of specimens with different microstructures, an oxide film
of TiO composition was formed on the surface of CP Ti. When
studying the film formed through the use of either technology, it
was established that its thickness was 3±0.3 µm.
The results of the corrosion tests are given in table 1.

3. Research Results
Given below are the results of the metallographic studies. Fig.
4 shows an example of microstructure transformation as a result of
SPD processing.

Table 1
Results of corrosion tests

Specimens

Coarse-grained structure (CG)

Ultrafine-grained structure (UFG)

Uncoated

Ion-plasma
coating

Microarc
oxidation

Uncoated

Ion-plasma
coating

Microarc
oxidation

Initial mass

9.003

8.960

8.436

9.185

9.133

8.787

28 hours

8.993

8.958

8.435

9.182

9.132

8.786

Mass loss, %

0.11104%

0.02232%

0.01185%

0.03266%

0.01095%

0.01138%

Mass, g

For the sake of visualization, the results of the corrosion tests
are presented in the form of a bar chart in fig. 5.

Fig.5. The results of comparative corrosion tests: CG denotes the
coarse-grained material after annealing; UFG denotes the
ultrafine-grained material after SPD processing
As can be seen from the preliminary results of the corrosion
tests (fig. 5), the type of the applied coating (ion-plasma deposition
and microarc oxidation) has practically no effect on the extent of
corrosion damage. The differences between them fall within the
statistical error. This may indicate a rather high protective
capability of both coating types. At the same time, it is noted that
the uncoated material after SPD processing in the UFG state has a
considerably lesser degree of corrosion damage, as compared with
the initial (annealed) state with a coarse-grained structure. The
corrosion rate of the uncoated specimens from CP Ti Grade 4 in
two structural states was evaluated. Fig. 6 shows the variation of
mass loss depending on the time that the specimens were held in the
3.5% NaCl saline solution.
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4. Conclusions
1. The type of the applied coating (ion-plasma deposition and
microarc oxidation) has practically no effect on the extent of
corrosion damage of the CP Ti specimens.
2. It has been established that the UFG structure of CP Ti
produced as a result of SPD processing contributes to a decrease in
the corrosion rate and an enhancement in the corrosion resistance.
3. The material under study (CP Ti) without any coating after
SPD processing in the ultrafine-grained state has a considerably
lesser degree of corrosion damage (approximately three-fold) as
compared to the initial (annealed) state with a coarse-grained
structure.
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Abstract: In this paper was investigated the formation of complex diffusion boride layers on metastable austenite Cr-Mn-N steel
powder method. Calculate the value of the diffusion coefficient in different physical – chemical conditions and the thermodynamic potential
chemical reactions. Defined phase composition layers obtained on the 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, changes the
period of crystal lattice and increasing the diffusion coefficient.
KEYWORDS: BORIDING, BORON LAYER, STRUCTURE, DIFFUSION, FRICTION, MICROSTRUCTURE, MICROHARDNESS,
WEAR RESISTANCE, MAGNETIC FIELD.

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 thermo
chemical 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 with followed by cooling to room
temperature in air.
Microstructural studies coatings and measuring the
thickness of diffusion layers was carried out on
metallographic microscope Axio Observer A1m, Zeiss, in
the range the increase 100...1000.
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.
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 [5].

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 [1]. 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 [2]. 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 [3,4].
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
(TMF), and at simultaneous application.
.

2. Materials and Experiment

3. Results and discussion

Processes borating 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, as a source of copper and fluoroplast as activating
additions.

X-ray analysis metastable austenite Cr-Mn-N steel
with diffusion coating established that at boriding without
using
EMF
in
the
surface
layer
of
10 - 15 microns formed phase FeB, (Fe,Cr)B and CrB
(Fig. 1, a). Diffusion layers analysis boride coatings
obtained without action EMF shown next phase
composition, after removal of 15 microns detected phase
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FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 1, b); after removal of
20
microns
(Fe,
Cr)
B,
CrB
and
Fe2B (Fig. 1, c).
At the study coatings obtained by complex saturation
with boron and copper without action EMF was
established following phase composition: in the surface
layer of 10 - 15 microns - FeB, (Fe,Cr)B and Cu (Fig. 2, a);
after
removal
of
15
microns
FeB,
(Fe,Cr)B and CrB (Fig. 2, b); after removal
of 15 microns - FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 2, c).
In the result layered analysis it was found the next
phase composition coating obtained by complex
saturation with boron and copper from the surface: FeB,
Cu → (Fe,Cr)B → CrB → Fe2B.

а

b
а

с

b

Fig.2: Diffraction pattern taken from the surface of
metastable austenite Cr-Mn-N steel with boride coatings
obtained after complex saturation with boron and copper
without action EMF, duration saturation 5 h: a – initial state
coatings (after saturation);b – after removal of
15 micron coating; c – after removal of 15 micron coating.
Diffraction peaks Cu correspond crystallographic planes:
(111) (200) (220) (311)

с

At overlay EMF observed an increase thickness of
boride coating and particular phase FeB. In the result on
diffraction pattern of the surface layers boride coatings
obtained after boriding in conditions activity EMF fixed
availability phase FeB, (Fe,Cr)B and CrB (Fig. 3, a).
After removing 12 micron coating was found next phase
composition: FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 3, b).
Removing yet 15 microns showed no change in the phase
composition (FeB, (Fe,Cr)B, CrB and Fe2B) (Fig. 3, c).

Fig.1: Diffraction pattern taken from the surface of
metastable austenite Cr-Mn-N steel with boride coatings
obtained after boriding without using EMF, duration
saturation 5 h: a – initial state coatings (after
saturation);b – after removal of 15 micron coating;
c – after removal of 20 micron coating
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Fig.4: Diffraction pattern taken from the surface of
metastable austenite Cr-Mn-N steel with boride coatings
obtained after complex saturation with boron and copper
in conditions of action EMF, duration saturation 2 h: a –
initial state coatings (after saturation);b – after removal
of
10
micron
coating;
c – after removal of 15 micron coating. Diffraction peaks
Cu correspond crystallographic planes: (111), (200),
(220), (311), (222)

Fig.3: Diffraction pattern taken from the surface of
metastable austenite Cr-Mn-N steel with boride coatings
obtained after boriding in conditions of action EMF,
duration saturation 2 h: a – initial state coatings (after
saturation); b – after removal of 12 micron coating; c –
after removal of 15 micron coating

After complex saturation boron and copper in
conditions of action EMF, since formed coating
greater thickness than at boriding, then on the
diffraction pattern fixed phases FeB and Cu
(Fig. 4, a). After removing 10 micron coating was
found next phase composition: FeB, (Fe,Cr)B and Cu
(Fig. 4, b), and after the removal yet 15 microns fixed
phases FeB, (Fe,Cr)B, CrB and Cu (Fig. 4, c).

Overlay ZMP leads to an increase of separate
layers boride phases and redistribution of quantitative
correlation of phases in the surface layers and
changes of crystal lattice periods (Table.). At
complex saturation with boron and copper volume
fraction of copper in the surface layer based on the
results X-ray diffraction studies amounted to 2%,
while chemical - heat treatment with this overlay
ZMP amount of copper in the surface phase
component FeB increased to 5%.
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Boride phases which are formed in the magnetic
field have a lower volumes elementary crystal lattice (see
Table.) and crystallites (coherent scattering region).

As shown in Fig. 5 and Fig. 6, the thermodynamic
probability formation boride phase FeB, Fe2B, CrB,
FeCrB increases with increasing temperature as
evidenced by the decrease Gibbs free energy.

Table. Parameters of the crystal lattice phase,
coherent scattering region and quantitative phase
analysis surface of metastable austenite Cr-Mn-N steel
after boriding and complex saturation boron and copper
in different physical – chemical conditions

FeB
4,176 5,554 3,007
FeCrB 14,619 7,287 4,213
CrB
2,994 7,820 2,895

70
449
68

19
11
69

1214 ±27
122 ± 10
174 ± 35

FeB
4,106 5,558 2,947
FeCrB 14,537 7,316 4,211

67

24

448

20

554 ± 14
37,3 ± 8

2,959 7,664 2,951

67

56

4,105 5,540 2,950

67

76

1251 ± 41

FeCrB 14,520 7,370 4,142

443

22

255 ± 9

47

2

CrB
FeB

Cu

3,615 3,615 3,615

The volume of
elementary crystal
lattice
(A3)

Coherent scattering
region, Å

Parameters crystal
lattice, Å
а
b
c

Contents
phase (%)

Boriding
without
action
EMF
Boriding
in
conditions
of action
EMF
Complex
saturation
with
boron and
copper
without
action
EMF
Complex
saturation
with
boron and
copper in
conditions
of action
EMF

Phases

Process
saturation

In the process of forming boride coatings and
coatings obtained after saturation with boron and copper
occurs mass transfer between the surface material and an
active gas environment, which is formed in the reaction
space in during chemical reactions. These reactions can
take place simultaneously or sequentially, not only in the
volume of active gas phase, but at the interface of
processed material, as well as within the latter. These
reactions significantly affect the progress of the formation
of coatings.
Of experimental studies preceded the definition of
basic chemical reactions that take place in a closed
reaction environment by means of thermodynamic
analysis. As the initial components used boron carbide
powder, copper oxide and teflon, and heat exposure
which, in a closed reaction space leads to the passage of a
large number of chemical reactions.
It was calculated more than 100 oxidation restoration reactions that take place in the complex
saturation steel boron or boron and copper. To determine
the thermodynamic possibility of chemical reactions,
calculated change in the thermodynamic potential
chemical reactions at different values of temperature
using HSC 5.1 CHEMISTRY.
In the result of research were singled groups
reactions exchange type, in which the thermodynamic
probability formation of interaction products is much
higher than from other reactions (Fig. 6)

113,5 ± 8

FeB

4,086 5,504 2,950

66

46

Cu

3,614 3,614 3,614

47

5

197 ± 15

572 ± 81

1. 14Fe + B2O3 + 3B4C = 14FeB + 3CO(g)
2. 28Fe + B2O3 + 3B4C = 14Fe2B + 3CO(g)
3. 42Fe + 2B2O3 + 6B4C = 14Fe2B + 14FeB + 6CO(g)
4.
5.
6.
7.

7Cr + B2O3 + 3B4C = 7CrB2 + 3CO(g)
14Cr + B2O3 + 3B4C = 14CrB + 3CO(g)
70Cr + 3B2O3 + 9B4C = 14Cr5B3 + 9CO(g)
91Cr + 5B2O3 + 15B4C = 14Cr5B3 + 14CrB + 7CrB2 +
15CO(g)

a

b

c

d

8. 7Mn + B2O3 + 3B4C = 7MnB2 + 3CO(g)
9. 14Mn + B2O3 + 3B4C = 14MnB + 3CO(g)
10. 28Mn + B2O3 + 3B4C = 14Mn2B + 3CO(g)
11. 49Mn + 3B2O3 + 9B4C = 14Mn2B + 14MnB + 7MnB2
+ 9CO(g)
12. 3Cu2O + 2Fe = 6Cu + Fe2O3
13. 3Cu2O + 2Cr = 6Cu + Cr2O3
14. 2Cu2O + Mn = 4Cu + MnO2
15. 7Cu2O + B4C = 14Cu + 2B2O3 + CO(g)

Fig.5: The dependence change of the free energy of
formation boride phases from temperature:a - Fe,
b - Cr, c - Mn, d - Cu2O Cu2O (1 - 15 - number of
thermochemical reactions).

16. 13,86Fe + B2O3 + 3B4C + 14Cr = 12,6Fe1,1Cr0,9B0,9 +
3CO(g)
17. 14Fe + B2O3 + 3B4C + 14Cr = 14FeCrB + 3CO(g)
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complex saturation with boron and copper also is
probable presence in the diffusion layer copper
accumulations. According to Fig. 5 (d) Cu2O can
react with Fe, Cr, Mn, B4C with form atomic Cu,
and which diffuses into the surface layers of
diffusion boride coating.
Layers X-ray analysis found the phase
composition boride coatings and coatings obtained
at complex saturation with boron and copper on
metastable austenite Cr-Mn-N steel without and in
conditions of action EMF. Found a correlation
between the phase composition boride phases and
thermodynamic calculations course of chemical
reactions at diffusion boriding and complex
saturation with boron and copper steels. Applying
an external magnetic field leads to an increase layers
boride phases in the coating. Observed the increase
quantitative content phase FeB and on the
diffraction pattern surface layers boride coatings
obtained after boriding in conditions of action EMF
fixed phase FeB, (Fe,Cr)B and CrB, and after
complex saturation with boron and copper in
conditions of action ZMF - FeB and Cu. It is
established that the use of EMF leads to an increase
diffusion coefficients of boron and copper in order..

Fig.6: The dependence change of the free energy of
formation
boride
phase
temperature
Cu2O
(3, 7, 11, 15 - the number of thermochemical reactions)
Using original function Crump obtained from Fick
diffusion equation for one-dimensional task, was
calculated diffusion coefficients B and Cu at during
boriding and complex saturation boron and copper
without using EMF and with its simultaneous
action [5].
Established that the diffusion boriding without
action EMF boron diffusion coefficient varies from
cm2/s in the surface layers
2,4 ∙ 10-7
(5 - 15 micrometers) to 1,1 ∙ 10-8 cm2/s in layers, on the
border with matrix (50 microns). Overlay magnetic field
leads to an increase in the diffusion coefficient and
boriding of simultaneous action EMF it varies from 1,3 ∙
10-6 cm2/s to 2,2 ∙ 10-7 cm2/s.
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4. Conclusions
At simultaneously saturation metastable
austenite Cr-Mn-N steel boron or boron and copper
on the surface is formed coating, which is composed
with borides FeB, FeCrB, CrB and Fe2B, and at
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(hundreds of hours) and hydrogen pressure of 1.0-3.0 MPa [6] must
be provided.
The entire process of hydride phase formation in metals and
alloys can be divided into several stages: the physical adsorption of
hydrogen molecules on solid state surface; their dissociation;
overcoming the surface barrier by hydrogen atoms; their diffusion
into the depth of material; and the chemical compound formation. It
follows that, if the hydrogen amount absorbed by "massive"
material are determined by its structure, the kinetic and
thermodynamic characteristics of the absorbent largely depend on
how quickly the hydrogen atoms can overcome the surface barrier
of 50 nm-thickness. Therefore, it is not surprising that along with
the study of "massive" solid-state hydrogen storage, the processes
of hydrogen absorption by the thin film structures constantly draw
great attention since the 1980s (see, e.g., [7-10]).
Hydrides based on vanadium, relatively light transition metal,
are considered promising for use as the solid hydrogen storages.
Total hydrogen amount accumulated there in reaches 2.1 wt. %. At
the same time, the number of hydrogen atoms absorbed by VH2
substantially greater than, for example, in the popular hydride
MgH2 (11,2 in VH2 compared to 2,3 in MgH2, atoms/cm3, ×1022)
[11].
V-H system is characterized by the existence of following
phases: α-solid solution; β-(VH0.45-VH0.95), and γ-VH2. There is the
β + γ phase mixture in the VH1.0-VH2.0 concentration range. Due to
the existence of several V-H phase varying in crystal structure,
several plateau responsible for the transition from one phase to
another should be observed in P-C-T diagrams. The first plateau
corresponds to the transition from the α-solid solution to β-phase.

1. Introduction
At present, more than 50% of energy consumption is provided
by irreplaceable carbon-containing products, namely, gasoline and
gas. Therefore, the need is becoming clearer each day, to find
additional sources, which could slow down the use of carbon
energy. First of all it concerns to the motor fuel.
Over the past decades hydrogen has been regarded as the most
suitable replacement for gasoline. This is because the released
energy at the reaction of the hydrogen with oxygen ions is almost
three times more than the energy released at the combustion of
gasoline, methane or methanol. The major problem hampering the
development and use of electrical plants operating on hydrogen fuel
is the absence of the material that can accumulate the large
quantities of hydrogen. In the early 21st century, the US
Department of Energy (DOE) formulated the basic requirements for
fuel systems of light duty vehicles [1]. In particular, the minimum
amount of hydrogen that can be accumulated in the storage must be
not less than 6 wt. %. of the total mass of the storage system.
In addition to the requirements for the absorbed hydrogen
mass, there are limitations on the functional parameters determining
the operation of the fuel cell, namely, the temperature and pressure.
The polymeric proton exchange membrane (PEM) is seen as
playing a role of electrolyte in the solid fuel cell. It is its
performance that determines the ranges of the operating
temperatures (300-400K) and pressures (0.1-3.0 MPa), within
which the hydrogen absorption/desorption processes should take
place. And it is these restrictions do not allow using the traditional
porous materials and hydride structures for the hydrogen storage
[2]. The interaction between hydrogen molecules and the surfaces
of pores in the porous materials are carrying out at the expense of
the weak Van der Waals forces (physical adsorption). The heat of
adsorption varies depending on the material in the range of 3 – 7
kJ/mol. As a result, the hydrogen release at room temperature is not
more than 2 wt. % H2 [3]. The hydrogen in hydrides is in atomic
state and forms the chemical compounds with the atoms of the
crystal lattice. The chemical adsorption heat for conventional
polycrystalline structures is greater than 50 kJ/mol, which makes
difficult the hydrogen desorption of from hydrides at temperatures
less than 500K [4].
To ensure a hydrogen release in the
temperature range of 300-400K the desorption heat should be in the
range of 27-50 kJ/mol.
In the mid-1980s for the improving of the thermodynamic and
kinetic characteristics of hydride structures the reactive mechanical
milling process (RMM) was developed and implemented. With this
method, the hydride phase production occurs during the grinding
of the powder mixture in a hydrogen atmosphere [5]. If hydride
phase formation process is to be completed the long grinding times

(1)

2V(α) + ½H2 ↔ V2H(β) .

Total amount of the accumulated hydrogen reaches 0.7 wt. %.
β-phase is stable at a pressure of 0.1 MPa and at room temperature.
Therefore, the destruction of β-phase has never been observed at
room temperature.
The second plateau corresponds to the transition from the βphase to the γ-phase.
(2)

VH(β) + ½H2 ↔ VH2(γ).

This γ-phase is unstable at the atmospheric pressure. P-C
diagram of VH2 hydride at 45°C is characterized by quite wide
plateau corresponding to the pressure of 0.4-0.5 MPa [11].
Consequently, only about half of the possible amount of hydrogen
absorbed by vanadium can be used practically.
Success in creating the appropriate hydrogen storage using the
vanadium hydride primarily depends on whether it will be possible

41

inhomogeneous zone in which the number of generated defects and
the concentration of implanted gas increases successively from the
film surface into the depth of the zone. The length of this zone is
determined by the depth of the ion path in the substance that is used
for the bombardment of the deposited material. For nitrogen ions
with energy of 30 keV the length of the inhomogeneous zone is
about 60-70 nm [14]. Due to the presence of such zone the process
of film structure formation in IBAD technique is not limited by the
generation stage only. The final structure is formed at a film
thickness more than 70 nm.
Fig. 2 a, b shows the transmission and scanning electron
microscopy data for VNx films, respectively. It is seen that the films
consist of grains of irregular shape distributed in the space in
arbitrary way (Fig. 2, a). The grains with a diameter of 15-30 nm
dominated. Also the cylinder-shaped grains with the height less than
80 nm and diameter of 20-25 nm are observed. The Fig. 2, b shows
that the grain boundaries contain a large number of nano-pores with
size that varies in the range of 3-5 nm. This result confirms our data
on the structure of nano-porous hydrogen storages reported and
published earlier [13, 15, 16].

to improve the gravimetric capacity up to 7.6 wt. % of H2 while
improving the thermodynamics of desorption processes. Solutions
to this problem are displayed in Fig. 1. They are as follows: the
creation of a nanocrystalline structure and the introduction of
catalyst additive into grains lattice (the improvement of the
thermodynamic and kinetic characteristics); stabilization of the
hydride phase by means of VNxHy complex hydride formation and
the creation of additional traps for hydrogen (gravimetric
capacitance increase).

Fig.1 Pressure-concentration constitution diagram for hydride VHx.
(Summarized data from [12]). Dot line is related to the state when this
hydride may be used as hydrogen storage. The receipts for this state
achievement are shown.

The paper presents the results of study of the structure,
electrophysical and absorption/desorption characteristics of VNx
films obtained by the ion-beam-assisted deposition technique.

2. Experiment procedure
a

Nanocrystalline porous VNx thin films were obtained by
evaporation of vanadium from the electron beam crucible at the
simultaneous irradiation by the mixed beam of nitrogen and helium
ions with an energy of 30 keV (IBAD technique). The ratio between
the deposition rate of vanadium atoms and ion implantation of the
gas ions was equal to 0.5 atom/ion. The film deposition was carried
out on the substrates of silicon and sapphire at 200°C. The structure
of the films deposited on silicon has been studied by means of
transmission electron microscope JEM 100CX and scanning
microscope JSM 7001F. The films deposited on sapphire were used
for the examination of their electrophysical properties, absorption
and desorption of hydrogen.
To measure the total amount of absorbed hydrogen special
test-bench consisting of two vacuum chambers, separated by a
valve, whose volumes correspond as 1:10, was designed [13, fig.2].
For the saturation by hydrogen the film was placed in a small
chamber that was pumped out to a high vacuum. The film on the
substrate was heated to 200°C. Then the chamber was filled with
hydrogen to a pressure of 0.1 MPa, the heating was turned off, and
the film was maintained at 20°C during 1 hour. During the
hydrogen desorption investigation a valve between the chambers
was opened, and the chambers were pumped out up to the pressure
not worse than 10-3 Pa. Then the valve connecting two chambers
with the high-vacuum pump was closed and annealing took place.
The amount of hydrogen released at annealing process was
determined from the vacuum transducer readings. Measured
pressure was recalculated to the amount of hydrogen molecules as
well as the number of hydrogen weight percents relatively to the
mass of the film.

b
Fig.2 Scanning (a) and transmission (b) electron microscopic images
of VNx films

Taking into account the structural irregularity of VNx films,
the change of resistivity in the absorption and desorption processes
can provide the important information about the pores state and
kinetics of the hydrogen release from them. For multicomponent
materials the presence of gas-containing pores in such structure
leads to the appearance of additional conduction mechanism which
is either in the occurrence of thermionic conduction electrons due to
emission from the gaseous impurities (nitrogen, oxygen) located on
the pore surfaces and/or in their volume, or due to the tunneling
effect. Consequently, the resistivity of material, which pores in
whole or in part are filled with gas, will be less than that for the
material with vacuum pores. For this occasion the electrical
resistivity of material will be determined by the scattering of
electrons by phonons, and boundaries of the nano-grain and nanopores.

3. Results and discussion
In contrast to the PVD, CVD and MS techniques the surface
layer of the film at the ion-beam-assisted deposition contains
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Fig. 3 shows the corresponding dependences of VNx film
resistance on annealing temperature. It is seen that resistance
decrease in the temperature range of 20-60°C is observed. It is
typical for the films having a negative temperature coefficient of
resistance. Further temperature increase causes an intense increase
in resistance.

accumulating the hydrogen and releasing it from material within a
short period of time, and also creates conditions for the retention of
molecular hydrogen in pores at room temperature.
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Fig. 3 Changes in electrical resistance of VNx films saturated with
hydrogen during heating and cooling

At a temperature of 260°C the resistance of VNx films is more
than 104 times greater than the resistance of the hydrogen-saturated
samples. In the cooling process resistance remains unchanged up to
180°C, and then decreases. The final value of resistance is by 1520% less than the resistance of the films saturated with hydrogen.
Fig. 4 shows the hydrogen desorption curves indicating that the
change in resistance of the films during annealing is uniquely
related to the amount of hydrogen absorbed by them.

Fig. 4 Dependences of the hydrogen amount in the annealing
chamber during the initial annealing and reheating of VNx-Hy film.
Reheating was performed after evacuation from the chamber of hydrogen
remaining after the primary heating and cooling.
It was observed that the inflections of the primary annealing
curve are correlated with the inflections in the dependence of the
film resistance on the heating temperature (Fig. 3). Therefore, as the
hydrogen release occurred, an increasing number of pores appears
in the film; and the scattering of electrons on them leads to the
gradual increase in resistance of the film. Reduce of (V, Ti)Nx film
resistance during cooling corresponds to the received data on
hydrogen absorption from the atmosphere inside the chamber and
filling the open pores by hydrogen.

4. Conclusion
The results of this study indicate that use of IBAD technique
ensures not only the controlled formation of nanoporosity with
prescribed characteristics but also embedding this nanoporosity
into the nanocrystalline structure of matrix. The material produced
by this technique is capable to accumulate hydrogen at low
pressures and room temperature in amounts required for real-works
application. The availability of narrow channels in form of grain
boundaries provides high diffusion mobility that allows
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ENVIRONMENTALLY FRIENDLY CONVERSION FILMS ON Zn AND TERNARY
ZINC BASED ALLOYS – OBTAINING AND PROTECTIVE PROPERTIES
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Abstract: The objects of this study are galvanically deposited Zn and Zn-Ni-P coatings additionally treated (passivated) in environmentally
friendly Cr(III)-based composition for obtaining of conversion films (CF). The aim of this treatment is to improve the corrosion-resistant
properties of the coatings.
The elemental composition and surface morphology of the newly obtained systems “galvanic coating/conversion film” are investigated
with EDS and SEM analyses.
Protective properties of the conversion films are defined with potentiodynamic polarization curves and polarization resistance
measurements in a model medium containing chloride ions (5% NaCl) which leads to appearance of local corrosion.
Key words: ELECTRODEPOSITION, ZINC; Zn-Ni-P АLLOYS, CORROSION, CONVERSION FILM
The electrochemical deposition of Zn-Ni-Р alloys is
realized from sulfate-chloride electrolyte with a composition:
NiSO4.7H2O, NiCl2.6H2O, ZnCl2, β - alanine and phosphoruscontaining compounds.
The electrodeposition is carried out in a thermostatically
isolated electrolytic cell with a volume of 400 ml with circulation.
The samples are deposited at cathodic current density of 2 and 5
А/dm2 and pH values 2 and 4, respectively. The deposition time
varies between 10 and 30 minutes and the working temperature was
40 0C. Non-soluble Ti-Pt meshes are used as anodes and steel plates
with sizes 1x10x20 mm (4 cm2) as substrates.

1. Introduction
Zinc alloys including also Zn-Ni and Zn-Fe are widely
employed in different industrial areas due to their well known
physical-mechanical and corrosion resistant properties which are
better expressed compared to the pure zinc coatings [1,2,3].
It is established that Zn-Ni alloys containing 10-15 wt.% Ni
characterize with good corrosion resistance as well as with forming
and welding properties [4-8]. In addition, these alloys may be a
good alternative of the already obsolete cadmium coatings the latter
being toxic and expensive [1,9,10]. Due to their improved
parameters more of the zinc alloys find wide practical application
especially in the automotive industry [11-14].
With ever increasing demand concerning the corrosion
resistance in the industry it is necessary to look for new ways for
obtaining of coatings with improved protective characteristics.
According to several literature sources the co-deposition of P with
Zn-Ni or Zn-Fe alloys can lead in general to better corrosion
resistance but also to changes in the microstructure, to reduction of
the residual stresses and to better adhesion of the coating [15,
16,17].
Another way for better corrosion resistance of the zinc and its
alloys is their additional chemical treatment (immersion for a
definite period of time) in special solutions for obtaining of
conversion films (CF). Previously, some of the most widely used
conversion coatings in industry were those containing Cr (VI)
compounds. They characterize with high corrosion resistance, good
adhesion to the paint and varnish coatings, low price [18,19] and
demonstrate the so called “self-healing effect” [20]. However, their
application is restricted due to their high toxicity and environmental
pollution [21-23].
During the last decades several types Cr(VI)-free conversion
films have been investigated aiming at their application in the
automotive and other industries. These coatings are based on Cr(III)
compounds which are easily accessible, non-carcinogenic and safer
work [24,25].
The aim of the present investigation is to elaborate an
environmentally friendly composition and to investigate the
possibility for obtaining of CF on zinc and ternary zinc alloys (ZnNi-P) as well as to characterize their protective properties.

2.2 Conversion films (CF).
The electrodeposited coatings of zinc and Zn-Ni-P alloys
are additionally treated in a solution for chemical passivating
containing: Cr(III)-based compound, HNO3, P - containing additive.
The pH value of the composition was 1.2 and the time for
immersion - 40 s.

2.3. Scanning electron microscopy (SEM).
The chemical composition and surface morphology of CF
obtained on zinc and its alloys before and after corrosion treatment
are investigated with scanning electron microscope JEOL – JSM
6390 coupled with EDS device.

2.4. Corrosion investigations.
2.4.1.Potentiodynamic polarization (PDP) curves.
The PDP tests are carried out for two ternary Zn-Ni-Р
alloy types with following compositions, wt.%:
Zn – 89.6;
Ni – 10.4;
P - 0;
Zn – 74.7;
Ni – 20.0;
P – 5.3;
The investigations are realized at room temperature by
using of VersaStat 4 (PAR) unit in a tri-electrode electrochemical
cell with 250 ml volume and scan rate of 1 mV/s. Pt plate is used as
a counter and saturated calomel electrode (SCE) is used as a
reference electrode.
Before the beginning of the test the samples are
temporized for a 10 minutes period at open circuit potential (OCP).

2.4.2.Polarization resistance (Rp).

2. Experimental.

One of the main criterions for the protective ability of the
galvanic coatings is the polarization resistance (Rp) whose value is
inversely proportional to the value of corrosion current according to
Stern-Gerry equation [26]. The higher Rp values correspond to
greater protective ability and lower corrosion rate as well.

2.1. Electrochemical deposition.
Zinc galvanic coatings are electrochemically obtained
from electrolyte with following composition: ZnSO4.7H2O, NH4Cl,
H3BO3, additives – AZ-1 and AZ-2, рН value 4.5-5.0, ambient
temperature of 22 oC, current density Dk = 2 A/dm2.
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the zinc coating is the highest one (11,7 µA/cm2) which means that
its corrosion rate is the greatest. The lowest corrosion current
densities show Zn with conversion film (0,95 µA/cm2) and Zn
2
89,6Ni10,4P0 ternary alloy with CF (1,65 µA/cm ), respectively.

The experiments are carried out by using of „Corrovit”
unit in a tri-electrode electrochemical cell with a Luggin-capillary
for minimizing the ohmic resistance of the corrosion medium in
potential interval of ± 25 mV concerning the corrosion potential.
Also here, the samples are temporized at OCP for 10 minutes.

Table. 1 Corrosion parameters for Zn and Zn-Ni-P alloys
without CF

2.5. Corrosion medium.
Model corrosion medium used for the experiments is 5%
NaCl solution with pH ~ 6.3. The results from the electrochemical
investigations are in average of 5 samples per type i.e. for each
measurement 5 replicatesof Zn or its ternary alloys .

3. Results and discussion.

Type coating

Corrosion
potential
(mV)

Zn
Zn 89,6Ni10,4P0
Zn 74, 7Ni20P5,3

-1087
-1025
-993,0

Corrosion current
density (µA/cm2)
11,7
4,3
7,31

3.1.Potentiodynamic polarization.
Figures 1а) and 1b) demonstrate the PDP curves of the
ternary alloys Zn 89,6Ni10,4P0 and Zn74,7Ni20P5,3 with and without CF
on the surface. In addition, the presented curves are compared to
those of the pure Zn (with and without conversion film) and to the
curve of low-carbon steel sample.
It can be observed from both figures that the corrosion
potential of the Zn-Ni-P alloys (with and without CF on the surface)
is more positive compared to this of the Zn (curve1, Fig. 1a and 1b)
and more negative compared to this of the steel substrate (curve 4),
i.e. they will play the role of anodic (sacrificial) coatings and will
protect the steel.

Table. 2 Corrosion parameters for Zn and Zn-Ni-P alloys with
CF
Corrosion
potential
(mV)
-1047
-978,8
-931,2

Type coating
Zn +CF
Zn 89,6Ni10,4P0 + CF
Zn 74, 7Ni20P5,3 + CF

Corrosion current
density (µA/cm2)
0,95
1,65
8,7

1a

10-1

3.2. Polarization resistance (Rp).
Figure 2 demonstrates the polarization resistance data for
Zn and Zn-Ni-P ternary alloy coatings (with and without CF,
respectively) measured during a prolonged period of time. Very
important criterion for the protective ability of the coatings in that
case is the moment of the appearance of the so called “red rust”
spots.
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Figure 2. Polarization resistance measurements of Zn and ternary
Zn-Ni-P alloys without and with CF
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For the demonstrated period of time (240 days) it is
obvious that the Rp of the pure galvanic zinc (curve 6) distinguishes
with the lowest values and the first “red rust” spots appear after 73
days of immersion. The ternary alloy Zn 89,6Ni10,4P0 (curve 2) show
the first “red rust” spots after 87 days and show higher Rp values
compared to the zinc.
The presence of conversion film on the zinc (curve 5)
leads to a slight increase of the Rp values but no “red rust” can be
registered during the whole 240 days period. The polarization
resistance data show that after treatment in the chromite solution the
ternary Zn 89,6Ni10,4P0 alloy (curve 1) lasts in the corrosion medium
about 240 days and the Rp values of the alloy are several times
higher compared to the zinc and Zn74,7Ni20P5,3 alloy (curves 3 and
4, respectively).
According to curves 3 and 4 the first “red rust” spots can
be registered after 25 days immersion independent on the presence
or absence of CF. This means that in that case the passive film does
not lead to improved protective ability of these alloys.

-0,3

E, V (SCE)

Figure 1. Potentiodinamic polarization curves of Zn and ternary
ZnNiP alloys:1a – without conversion film; 1b – with conversion
film;
It can be registered from Fig. 1b) that the presence of the
conversion film on zinc and Zn-Ni-P alloys leads to decreasing of
the slope of the anodic curves which correspond to slowdown of the
dissolution process rate under anodic polarization.
Tables 1 and 2 show the corrosion potential values and the
corrosion current densities of Zn and Zn-Ni-P alloys with and
without CF on the surface. It is obvious that the corrosion current of
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4. EDS analysis and SEM.
SEM images clearly demonstrate that the reason for the
abovementioned phenomenon can be the incompact layer of
corrosion products which forms during the test period in the model
medium of 5% NaCl (Fig. 3f). Passivated zinc and Zn 89,6Ni10,4P0
alloy coatings distinguish with a more compact barrier film
appeared during the corrosion treatment (Fig. 3b and 3d) which
additionally decrease the corrosion process rate and improve the
protective properties of these systems.

a) Zn + CF

e) Zn 74, 7Ni 20P5,3 + CF

b) Zn + CF (after corrosion treatment)

f) Zn 74, 7Ni 20P5,3 + CF (after corrosion treatment)

Figure 3. Surface morphology of passivated Zn coating and ternary
Zn-Ni-P alloys before аnd after corrosion treatment in 5% NaCl

c) Zn 89,6Ni10,4P 0 + CF

The EDS data show that the chromium content of the
alloy Zn89,6Ni10,4P0 after treatment in the solution for chemical
passivating based on Cr(III) compounds is 0,2 wt %. The other
alloy sample and the zinc have several times higher chromium
amount – about 2,7 wt %. SEM analysis of Zn89,6Ni10,4P0 sample
with CF lead to the conclusion that the surface of the coating is
cracked (Fig. 3c) while for the other investigated alloy these cracks
are almost absent. Zinc sample with CF does not practically show
any cracks.
Most probably, like in the case of conversion films based
on Cr(VI) compounds, the presence of a such net of cracks improve
the protective properties of the film while the greater P content
makes them worsen.

5. Conclusions.
A relatively harmless composition for chemical treatment of
zinc and its alloys based on Cr (III) compounds is developed.
After chemical treatment in that solution the surfaces of zinc
and ternary Zn-Ni-P alloys are covered with conversion films. The
latter are characterized by using of EDS and SEM analyses.
Corrosion investigations with potentiodynamic polarization
curves in a model corrosion medium of 5% NaCl show that Zn and

d) Zn 89,6Ni10,4P 0 + CF (after corrosion treatment)
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Zn89,6Ni10,4P0 alloy with CF show better protective ability compared
to the samples without CF.
Polarization resistance data demonstrate that the corrosion
behavior (protective ability) of the Zn74,7Ni20P5,3 are worsen
compared to these of the usual electrodeposited zinc independently
on the presence or absence of CF and in that case the film does not
lead to improvement of the protective ability. On the contrary, even
more deterioration of the protective characteristics can be observed.
The most probable reason is the higher P content and the more
incompact film of corrosion products with less pronounced barrier
properties.
Best protective ability in the model medium demonstrates
Zn89,6Ni10,4P0 alloy with CF.
Finally, it can be concluded, that the elaborated composition
for obtaining of environmentally friendly CF is perspective
concerning the prolonged service life of the zinc and Zn-Ni-P
coatings in corrosion media leading to appearance of local
corrosion.
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Abstract. In the present paper authors investigated the effect of 2 wt % SiO2 addition on the initial sintering stage of tetragonal
zirconia nanopowder 3Y-TZP (ZrO2-3 mol% Y2O3) which was manufactured by co-precipitation and mechanical mixing methods. It has
been found that small amount SiO2 has influenced on phase composition, crystallite size and agglomeration degree of zirconia nanopowders.
The sintering behavior of 3Y-TZP with and without addition SiO2 was investigated using the dilatometric data and analytical method for
determining the sintering mechanism. The shrinkage behavior of all nanopowders was measured under constant rate of heating (CRH). The
sintering mechanism on the initial sintering stage of 3Y-TZP changed from (VD) volume to (GBD) grain boundary diffusion by addition 2
wt% SiO2 (3Y-TZP+2 wt% SiO2) which have manufactured by co-precipitation method. The nanopowder 4PMM-3Y-TZP+2 wt% SiO2
which has manufactured by mechanical mixing methods sintered according to (VD) volume diffusion mechanism.

KEYWORDS: TETRAGONAL ZIRCONIA NANOPOWDER, SINTERING MECHANISM, CONSTANT RATE OF HEATING METHOD
(CRH), MECHANICAL ACTIVATION.

1.

sintering stage with and without mechanical activation of
nanopowders in a planetary mill. It was found that the nanopowders
synthesis methods significantly affected on sintering kinetics. The
initial sintering behavior of 3Y-TZP nanopowders with and without
2 wt % SiO2 produced by co-precipitation and mechanical mixing
methods using the CRH method was investigated.

Introduction

Zirconia based ceramic materials have gained extensive
interests of research. Due to their excellent chemical inertness and
mechanical properties, especially the very high fracture toughness,
this ceramic material is increasingly considered for a wide range of
structural applications such as extrusion dies, cutting tools, valve
guides, etc. 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.
Today it is very important to study the influence of the
concentration and nature of the additives and their effect on
sintering zirconia nanopowders for production unknown properties
and new ceramic materials. The initial sintering stage on various
ceramic powders has been investigated by many researchers [1-3].
Wang and Raj [4, 5] Young and Cutler [6], have investigated the
sintering mechanisms and have estimated the activation energies by
the CRH technique. Matsui and al. [1-4] have analyzed initial
sintering behavior of 3Y-TZP (Tosoh, Japan) with and without
small amount different additives (AlO2, GeO2, SiO2) using the CRH
technique, and reported that the sintering mechanism changed from
grain boundary diffusion (GBD) to volume diffusion (VD) for all
powders. It has been shown remarkably enhancing the densification
rate because of a decreasing in the activation energy of sintering.
From the industrial standpoint it is really important to clarify how
we can control the properties of ceramic based on zirconia
microstructures by doping modifying additives.

2.

Experimental procedure

The starting materials were based on 3 mol% Y2O3 (3Y-TZP)
nanopowders which were manufactured co precipitation method in
the DIPE, Ukraine. Ceramic nanopowders with 2 wt% SiO2 were
prepared by co precipitation method and by mixing 3Y-TZP
together with SiO2 in planetary mill for 4 hours. Method
preparation technique consists from next stages: ZrOCl2*8H2O,
YCl3 → co-precipitation method → drying → calcinations→
mixing with milling for 4 hours in a planetary mill. We have
obtained three kinds of powders:
1) 3Y-TZP;
2) 3Y-TZP-2 wt% SiO2 (co-precipitation);
3) PMM4-3Y-TZP-2 wt% SiO2 (mixing with milling 4
hours).
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 obtained powders 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.

The major aims of this work are on one hand to obtain a
control producing of 3Y-TZP doped SiO2 ceramic materials, and
on the other hand to explore their potential in different applications
under certain conditions. The aim requires deep knowledge not only
of 3Y-TZP-SiO2 powders synthesis, compaction and sintering
behavior of the composite powders, but also of microstructure
evolution during sintering. With this knowledge it is possible to
tune the properties of the 3Y-TZP doped SiO2 through manipulating
microstructure by good control of processing or using different
processing techniques. Sintering is one of the most important stages
of formation nanopowdes microstructure. The mechanical
properties strongly depends on the microstructure of zirconia based
nanoceramics, which can be controlled by applying the sinteringacceleration effect of the mechanical activation, various dopants
additives, ultrasonic action, particle surface modification and etc.
In the present paper was investigated sintering kinetics of
zirconia based nanopowders 3Y-TZP (DIPE, Ukraine) on the initial
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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 Al2O3 sample.
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
shrinkage proceeded isotropically. The density of sintered samples
was measured using the Archimedes method.

Fig. 1 Transmission electron microscopy (TEM) images of
nanopowders structure (a) 3Y-TZP (b); (b) 3Y-TZP-2 wt % SiO2 (coprecipitation); (c) PMM4-3Y-TZP-2 wt % SiO2 (mixing with milling 4
hours).

3.
Analytical method for the determination of the
diffusion mechanism on the initial sintering stage
applicable for a constant rate of heating data.

The minimum agglomeration degree and most
homogeneous particle size distribution found for PMM4-3Y-TZP -2
wt % SiO2 nanopowder. This can be explained by the milling
nanopowders in the mill during 4 hours. 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).

From kinetic equation (1) derived by Wang and Raj [4-5]
we found activation energy Q of sintering using the slope S1 of the
Arrhenius-type plot of ln[T (dT/dt)(dρ/dT)] against 1/T at the same
density. For investigations the relative shrinkage no greater than 4%
was selected.

𝑇∙

𝑑𝜌
𝑐
𝑑𝑇

Table 1 The nanopowders characteristics

−𝑄
𝑅𝑇

= 𝑐𝑜𝑛𝑠𝑡 ⋅ e( )(1)

№

Here ρ is the density, T is the temperature, с is the heating
rate (0C/min), R is the gas constant.
To define sintering mechanism at the initial stage we used the
equations derived by Young and Cutler [4] which is based on the
kinetics principles formulated by Frenkel and Johnson. After
simplification, the chosen model has the form:

Nanopowders composition

Region of
coherent
scattering, nm

The phase
composition,
% M-phase

3Y-TZP (co-precipitation)

31

5 %M + T

3Y-TZP-2 wt % SiO2 (coprecipitation)

22

100 % T

27

12 %M+
88%T

1

2

3
∆𝐿/𝐿0
𝑇

−𝑛𝑄
𝑅𝑇

= 𝑐𝑜𝑛𝑠𝑡 ∙ e(

)

PMM4-3Y-TZP-2 wt % SiO2
(mixing with milling 4 hours)

(2)

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 (is the order of diffusion
mechanisms). 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 [5]. Using the slope S2 of
Arrhenius-type plot of ln [T2-n d (ΔL/L0)/dT] against 1/T we found
n.

According to the TEM and X-ray diffraction (XRD) data
the particle sizes of all nanopowders are different. It can be seen
the smallest particle size is 22 nm for 3Y-TZP-2 wt % SiO2
nanopowder which was obtained by co-precipitation method. After
4 hours milling of PMM4-3Y-TZP-2 wt% SiO2 powder, according
XRD, the phase composition of the powder was slightly changed:
the monoclinic phase percentage was increased up to 12%. This
effect can be explained by the presence of mechanical activation in
the production of the nanopowder (c). We can conclude that the
on nanopowders
SiO2 additives significantly affected
characteristics.

4. Results and Discussion
The fig.1 shows dependence of agglomeration degree on
the obtaining conditions of nanopowders. On the nanopowders
structure influence both factors - the doping way of additives and
additive SiO2. The powder (a) 3Y-TZP has a maximum
agglomeration degree in comparison with nanopowders (b) Y-TZP2 wt % SiO2 and (c) PMM4-3Y-TZP -2 wt % SiO2.

Figure 2 shows the temperature dependence of the relative
shrinkage (dL/L0) and shrinkage rate (∆L/dt) of the samples 3YTZP, 3Y-TZP-2 wt % SiO2, PMM4-3Y-TZP-2 wt % SiO2 at a
heating rate of 2.5 0C / min on room temperature to 1500 0C. It can
be seen, the starting sintering shrinkage temperatures of these
samples are slightly different and shrinkage rate of the sample
PMM4-3Y-TZP-2 wt % SiO2 is more intensive than of the other
samples.
This difference of shrinkage rate due to mechanical
activation nanopowder for 4 hours and 2 wt % SiO2 addition. It is
confirmed by the low agglomeration degree, homogeneous particle
size distribution and small grain size of the PMM4-3Y-TZP-2 wt %
SiO2 nanopowder, as shown on Figure 1.
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The SiO2 addition by co-precipitation method leads to a
change the predominant sintering mechanism from volume (VD) in
case 3Y-TZP to the grain boundary diffusion (GBD) in case 3YTZP-2 wt % SiO2 nanopowder . Such change predominant sintering
mechanism on the initial sintering stage increases the activation
energy of the sintering as shown in table 1.

5. Conclusions
The present study examined the sintering behavior on the
initial sintering stage of tetragonal zirconia nanopowders with (3YTZP-2 wt % SiO2) and without (3Y-TZP) addition 2 wt% SiO2;
with (PMM4-3Y-TZP-2 wt % SiO2) and without (3Y-TZP-2 wt %
SiO2) mechanical activation in a planetary mill. It was found the
3Y-TZP nanopowder (without additives and milling) was sintered
by the volume diffusion mechanism. The 3Y-TZP-2 wt % SiO2 (coprecipitation) was sintered by the grain boundary diffusion
mechanism. The changing sintering mechanism from VD to GBD
which accompanied increasing activation energy of sintering from
667 to 757 kJ/mol is due to influence of 2 wt% SiO2 addition.

Fig. 2 Temperature dependence of shrinkage and the shrinkage
rate for the samples 3Y-TZP, 3Y-TZP-2 wt % SiO2 (co-precipitation);
PMM4-3Y-TZP-2 wt % SiO2 (mixing with milling 4 hours).

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 3.

In case PMM4-3Y-TZP-2 wt % SiO2 nanopowder which was
obtained by mixing and milling we found significant effect of two
factors: SiO2 addition and milling on the initial characteristics of
nanopowder: agglomeration degree, grain size, phase composition.
This two factors also effect on the kinetics of the initial sintering
stage of tetragonal zirconia ceramics. The nanopowders PMM4-3YTZP-2 wt % SiO2 was sintered with the highest sintering rate (in
comparison with two other nanopowders) at lowest activation
energy 660 kJ/mol by the volume diffusion mechanism.
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