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Abstract: The study investigates the behaviour of an electrical interface incorporated in a MR damper-based vibration reduction system
powered with energy recovered from vibration. The interface, comprising the R, L and C elements, is connected in between the coil
in an electromagnetic electric generator and the control coil in the MR damper and its function is to convert the output voltage
from the generator. The interface model was formulated and computer simulations were performed to find out how the parameters
of the interface should influence the frequency responses of the vibration reduction system.
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1. INTRODUCTION

In recent years mechanical systems with energy recovery capabil-
ity have received a great deal of researchers’ attention. Vibration
energy is converted into electric energy mostly by the electromagnet-
ic, electrostatic, piezoelectric or magnetostrictive mechanisms. Major
developments in the field of energy recovery from mechanical sys-
tems to be used for power supply include alternative or conventional
low-power energy sources to power the sensors. When the energy
receivers are electric-controlled actuators, the generators are needed
with significantly larger power outputs.

Typically, power outputs required for supplying (control) of MR
dampers in semi-active vibration reduction systems in the automotive
industry range from the tenths of watt to several watts. Nearly twenty
years before first efforts were made to engineer vibration reduction
systems equipped with MR dampers supplied with regenerated ener-
gy. Those systems make use of the electromagnetic method of ener-
gy conversion based on the Faraday’s law. These issues are ad-
dressed in more detail in the works of Cho et al. 2005, 2007a, 2007b),
Choi and Werely (2009), Wang et al. (2009), Sapinski (2008, 2011),
Snamina and Sapifiski (2011). Results reported in those papers
indicate that energy recovered from vibration is sufficient to power MR
dampers and ensure vibration reduction in the neighbourhood of the
resonance frequency. This advantage of such systems comes at the
cost of increased vibration amplitudes at frequencies above the reso-
nance frequency. To prevent that happening, purpose-built electrical
interfaces are incorporated in the system, connected between the
generator coil and the confrol coil in the MR damper (Ros¢t et al.,
2010; Sapinski, 2014; Sapinski et al., 2016).

The model was developed and computer simulations were per-
formed of a semi-active vibration reduction system equipped
with a MR damper supplied with energy regenerated from vibration
and incorporating an electrical interface made of. R - resistor,
C - capacitor, L - inductor elements, whose operation is based
on electric resonance of voltages. The study was undertaken to inves-

tigate how the parameters of an electrical circuit formed by the inter-
connected generator coil, a MR damper coil and a electrical interface
should affect the frequency responses of the 1 DOF vibration reduc-
tion system, shown schematically in Fig. 1. The source of vibration
isa shaker, the vibration reduction system comprises a generator,
a spring and a MR damper and the body to be vibro-isolated.
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Fig. 1. Semi-active MR damper-based vibration reduction system
2. MODELLING

The model of an electrical circuit, comprising a generator cail, an
electrical interface and a MR damper control coil, is assumed to be
linear. The diagram of an equivalent circuit is shown in Fig. 2.
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Fig. 2. Equivalent electric circuit
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The input applied is the electromotive force e induced in the gen-
erator coil windings with resistance Ry and inductance Lg. The re-
sponse will be current in the MR damper control coil is. The electrical
interface also incorporates an additional coil with resistance Ra
and inductance La, and a capacitor with capacity C. As the generator
coil and the interface coil are connected in series, the equivalent
resistance of those caoils is introduced: R=Rg+R. as well as equivalent
inductance L=LgtLa.

The equation of the circuit shown in Fig. 2 is given as:

3, 2
CL4L ‘Z;;’ + [C(LyR + RyL)] ‘fnlf +(CR,R+L+
L)ZE+ (R + RYig = e. (1)

dt

Assuming the relative displacement y=x-z, the MR damper force
can be expressed by the formula (Guo et al., 2006, Kwok et al., 2006):

Fg = Fotanh [ (2 +p,y)| + ¢ (5 +p2y). @

It is assumed that parameters Fo and Ci are dependent
on current ig, in accordance with Eq (3) and (4) whilst the parameters
B, p1, p2 are not related to current ig.

F0=b1'i§+b2'id+b3, (3)

Cy =by i+ bg iz + b (4)
The equation describing the circuit in Fig 1 is written as:

d? 1

= (R+F+ R+ F), (5)

where: F.=b-dyldt is resistance force in kinematic pairs, Fs=ky
is elasticity force, Fg=k'iy is magnetic force in the generator. It is
assumed that electromotive force e and current iy in the generator coil
are expressed by respective formulas:

W
e =L, ®)
ig = iqg+ CRg L+ CLy 2, (7)
3. SIMULATION

Simulations were performed in the MATLAB/Simulink environ-
ment. The values of the MR damper model parameters were quoted
from the work by (Sapinski et al., 2011): 5=50 N-sim, pi= 4 1/s,
p= 02 1/s, bi=34157 N/AZ, h=93.32 NI/A, bs=74.487 N,
bs=2534.1 N-s/A2m, bs= 19.55 N-s/A‘m, be= 643.1 N-s/m. The remain-
ing parameters were: body mass m=103 kg, stiffness coefficient
k=90000 N/m, damping ratio b=50 N-sim, electric constant
of the generator k=18.6 V-s/m, inductance of a MR damper control
coil L&=100 mH, MR damper coil resistance Rs~=5Q, equivalent
inductance L=30 mH, equivalent resistance R=04 Q, capacitor
capacity C=47 mF. The simulation procedure involved three stages,
the frequency characteristics were obtained for the equivalent system
shown in Fig. 2 and for the vibration reduction system shown in Fig. 1,
with and without the electrical interface.

3.1. Electrical interface

Fig. 3 shows how the variations of resistance R, capacitance
C, inductance L and resonance frequency f; of the electric circuit
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affect the frequency characteristics of the magnitude frequency
response |Gei(j21)|= |la(j2Th)/E(j2T11)|.
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Fig. 3. Frequency response |Gei(j211f)|: a) Rg=var, b) C=var,
c) L=var, d) f=var
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It is apparent that:

— increase of resistance R and capacitor capacity C causes
the resonance frequency f; to be reduced and the maximum
value of |Gei(j21f)| to be lowered (Fig. 3a, b);

— for resistance R>0.9 Q, the plot |Gei(j21f)| does not have
a maximum for the frequency f; (Fig. 3a);

— increasing the inductance L results in reduction of resonance
frequency f, at the same time the maximum value
of |Gei(j211f)| will increase (Fig. 3c);

— simultaneous increase of the values of C and L leads to the
reduction of frequency f whilst the maximum value
of |Gei(j211f)| remains unchanged (Fig. 3d);

— simultaneous increase of inductance L and reduction
of capacity C should result in an increase of the maximum
value | Gei(j2rf)| whilst the frequency f; remains constant.

The change of frequency f; whilst the maximal value |Gei(j211/)|
remain constant allows this frequency to be tuned to the
resonance frequency fm of the system shown in Fig. 1. The value
of |Geij2mf)| for the frequency f: is associated with the quality
factor of the circuit Q=0/R, which is proportional to wave
impedance 0=VL/C. With decreasing o, the characteristics tend to
change, like with increasing resistance R (Fig. 3a).

3.2. Vibration reduction system without
an electrical interface

Computer simulations were performed to investigate the
behaviour of the system shown in Fig. 1 configured such that the
MR damper control coil was directly supplied from the generator.
The kinematic input excitation z was applied, with the amplitude
A=3.5 mm and frequency from the range (0.1, 10) Hz. The
purpose of the simulation procedure was to find the displacement
transmissibility Txz given by the formula (8), rms values
of electromotive force Ems and current level in the control coil /ms,
as well as the rms value of the damper force Fa.

T. = Xrms _ %\ fotx(t)zdt (8)

XZ
Z 1|t
rms 2l z®?at

Simulation data are compiled in Figs 4-7, plotting the
frequency characteristics. Comparison was made between two
cases: when the control coil was not supplied (P-passive system)
and when the control coil was supplied directly from the generator
(SP-self powered system).

35 T
} P
} —p

[y E—

0 1 2 3 4 6 7 8 10

5
f [Hz]
Fig. 4. Transmissibility vs frequency
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Coefficients Tx: (see Fig. 4) for the systems P and SP reach
the maximal value at the resonance frequency fm=4.75 Hz and
are equal to Tx=3.26 and Tx.=1.8, respectively. In the system SP
the value of T, decreases in the range (3, 5.75) in relation to the
system P and increases when >5.75 Hz. Ems in the system SP
increases with frequency, whilst in the system P it reaches its
maximum value for =5 Hz (Fig. 5). Decreased value of Ims for
frequency 8 Hz is attributed to the increase of the control coil’'s
impedance (Fig. 6). The force Fq reaches its maximum value
at frequency =5 Hz in the system P and at =9 Hz in the system SP

(Fig. 7).
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3.3. Vibration reduction system incorporating
an electrical interface

Simulations were performed to investigate the behaviour of the
system shown in Fig. 1, configured such that an electrical interface is
connected between the generator coil and the MR damper control coil
(system SPI). The receiver's parameters considered in the simulation
procedure were constant (Rq, Ld), and the parameters of the applied
input were those given in section 3.2. The main objective was to
establish how the parameters R, L, C, the generator's electric
constant k and resonance frequency f- should influence the frequency
characteristics of the system. Simulation data are summarised in Figs
8-27.

The analysis of plots shown in Figs 8-11 reveals that increasing
the generator’s electric constant « leads to:

— decrease of Tx in the neighbourhood of resonance frequency
(Fig. 8);

— increase of electromotive force value Ems and current ms (Figs 9,
10);

— increase of the force value Fyin the interval (4, 10) Hz (Fig. 11).
For the maximum value of the electric constant considered in the

simulation procedure k=20 V-s/m, we observe:

— the anti-resonance effect at the same frequency (f:=4.75 Hz)
atwhich the mechanical resonance fm is registered in the
systems P and SP;

— nearly 3-fold reduction of the value of Ty at frequency f in relation
to that registered for system P and 1.5-fold reduction of T
in relation to SP;

— increased the Tx value in the frequency range (6, 8) Hz,
in relation to that registered in the system P.
35
SPI x=5 [Vs/m]
=== SPI k=10 [Vs/m]
3 SPI k=15 [Vs/m]
= SPI k=20 [Vs/m]
,
2] e e AN R o B p PPPPPY sp
- 2 1
'_'N /t‘\ R
" 1s KA NICR
N, Q
19 \'.‘
\\ ........
05 ™S
I30 1 2 3 4 5 6 7 8 9 10
f[Hz]

Fig. 8. Transmissibility vs frequency

The lowest value of Ty in the investigated frequency range
is registered for the system SPI, its electric constant being k=15
V-s/m. At the same time the value of Ty tends to decrease in the
neighbourhood of resonance frequency and remains on the level
similar to that registered for the system P at £6.25 Hz. A capacitor
with capacity C incorporated in the electrical interface lowers its
impedance with increasing input frequency f, causing the current level
Ims to decrease in a control coil connected in parallel to the condenser
at Pfm (Fig. 10). In the system SPI the value of Ty is reduced
at frequencies in excess of fm, when compared to SP.
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The analysis of plots shown in Fig 12-15 reveals that decreasing
the resistance R will lead to:
lowering the value of Tx in the neighbourhood of resonance
frequency (Fig. 12);
lowering the value of Ems in the frequency range (4,7) Hz
(Fig. 13);
increasing the value of lms and force Fq at >4 Hz (Figs 14, 15);
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When resistance R= 0.4 Q, the anti-resonance effect will arise
(f-=4.75 Hz), at the same time the value of Ty registered in the
frequency range (6,8) Hz is higher than in the circuit P. In the
investigated frequency range and at resistance R=0.5 () the value
of Txz in the circuit SPI is lower in relation to the values registered
for P and SP.

The analysis of plots in Figs 16-19 reveals that reducing the
condenser capacity C results in:

— decrease of the value of Tx; (Fig 16) at the anti-resonance
frequency f,, at the same time this frequency will increase;
— decrease of the Ems value (Fig 17) in the frequency range (4, 8)

Hz;

— increase of the Ims value (Fig. 18) and of force Fq (Fig. 19) in
the frequency range (4, 10) Hz.
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Fig. 16. Transmissibility vs frequency
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For capacitor capacity C=45 mF, the value of Tx. registered
in the frequency range (6, 8)Hz is higher than in the circuit P. The
lowest value of Ty, in the investigated frequency range
is registered in the circuit SPI for C=50 mF (Fig. 16).

The analysis of plots in Figs 20-23 reveals that reducing
the inductance L will lead to:

— decrease of Ty value in the frequency range (3,6) Hz

(Fig. 20);

— increase of resonance frequency fm when [>45 mH
and increase of anti-resonance frequency f. when L< 45 mH;
— lowering the value of Ems in the frequency range (4,8) Hz

(Fig. 21);

— increase of Ims and force Fq in the frequency range (3,10) Hz

(Figs 22, 23);

— increase of the frequency f at which the force Fy reaches its
maximum value.

When inductance L=30 mH, the value of T. in the frequency
range (6, 8) Hz is increased. The lowest values of Ty in the
investigated frequency range, compared to the circuits P and SP,
were registered for L=45 mH. Plots in Figs 24-27 illustrate the effects
of varying the resonance frequency of the electrical circuit , while the
quality factor Q of the circuit remains unchanged. The anti-resonance
effect (Fig 24) occurs for all investigated frequencies .
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Fig. 20. Transmissibility vs frequency
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The analysis of plots in Figs 24-27 reveals that increase

of frequency f- will lead to:

— increase of anti-resonance frequency f. of the mechanical system
and reduction of Ty value at fz (Fig. 24);

— reduction of the Ems value in the frequency range (4, 8) Hz
(Fig. 25);

— increasing the value of Ims and force Fq in the frequency range
(4, 10) Hz (Figs 26, 27).
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It appears that the value of Ty registered in the frequency

range (6, 7.5) Hz is higher than in the system P when f=4.2 Hz.
Compared to P and SP, the lowest values of Ty in the
investigated frequency range are registered in the system SPI,
where the resonance frequency of the electric circuit is f=3.9 Hz.

4,

SUMMARY

The study summarises the simulations of a model of a semi-

active vibration reduction system comprising an MR damper,
incorporating an electrical interface whose operating principle is
based on voltage resonance. The interface, comprising the R, L,
C elements, is connected between the generator coil and the MR
damper control coil. The simulation procedure was performed to
investigate the effect of the interface parameters on frequency
characteristics of the vibration reduction system. The analysis of
thus obtained frequency characteristics leads us to the following
conclusions:

the magnitude frequency response |Gei(j21f)| reaches its
maximal value at the resonance frequency of the equivalent
circuit when the equivalent resistance becomes R< 0.9 Q;
simultaneous change of the parameters L and C allows the
resonance frequency of the equivalent circuit to be tuned to
resonance frequency of the vibration reduction system;

the maximal value of the magnitude frequency response
|Gei(j2mf)| at the resistance frequency is associated with the
quality factor of the equivalent circuit;

transmissibility in the system SP has lower values than
in system P in the neighbourhood of resonance frequency
whilst at frequencies in excess of resonance frequency its
values are higher;

in the system SPI the transmissibility values are lower when
compared to P and SP in the entire frequency range;

voltage resonance in the equivalent circuit gives rise to the
anti-resonance effects in the vibration reduction system,
revealed by the presence of minimum in the transmissibility
vs frequency plot;

the anti-resonance effect may occur at the same frequency
at which the mechanical resonance will occur in the system P
and SP.

The model of the electrical interface considered in the paper

assumes linearity of R, L, C elements and does not take into
account the influence of eddy currents. The problem of eddy
currents which occur both in the magnetic circuit of the MR
damper and the generator will be the subject of further authors’
research.
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Abstract: This paper presents the problem of thermal degradation of thermoplastic materials processed using the injection method. Atten-
tion was paid to the issue of the optimal selection of a dye for modifying the base materials. For the selected materials and dyes, deri-
vatograph tests were performed in order to assess their thermal characteristics and breakdown kinetics. Additionally, tribological tests
and microscope observations of selected samples were performed. The obtained test results suggest a diverse level of thermal processes
in the analyzed materials. This is crucial for the appropriate selection of dyes for plastic materials. As it turned out, the tribological proper-
ties of materials can also influence the technological quality of the injected alloy.

Key words: Dyes For Plastic Materials, Thermal Degradation, Thermogravimetric Tests, Tribological Tests

1. INTRODUCTION

The problem of the functional quality of injection molded com-
ponents is an everyday issue in all injection molding plants
(Zawistowski and Zieba, 1999). The functional quality of the pro-
duced components shapes, among others, the level of effective
productive work, the number of parts sold, or the amount of pro-
duction scrap, both internal and external (Zawistowski and Zigba,
1999; Chun, 1999). It is a well-known fact that the functional
quality mentioned above can depend on numerous factors, among
which there are, for example, the processed material (Jatbrzykow-
ski, 2012), the construction of the injection mold (Matin et al.,
2012; Jatnrzykowski and Nachimowicz, 2009), or the parameters
of the injection process (Zawistowski and Zieba, 1999; Chun,
1999; Chen et al., 2016; Wu and Chen, 2006) (Fig. 1). As far as
the processed material is concerned, the following aspects can be
mentioned, e.g. the problem of the quality of pellets, even those
from the same batch; the problem of appropriate drying of materi-
al, or the problem of appropriate selection of dye and the homo-
geneity of components in the plasticizing system (Zawistowski and
Zieba, 1999; Chun, 1999; Jatbrzykowski, 2012; Matin et al., 2012).

The data obtained from Bialystok's entrepreneurs, in addition
to own experience, allow to conclude that problems concerning
the quality of components in a stable process are a common
occurrence, even if no quality problems have been noticed previ-
ously. To illustrate, the process has up to now been repeatable,
the machine operation has been stable, and the tool underwent
control twice during a production shift. The material was fed from
the same batch, prepared for the process in the same way, i.e. the
same temperature and drying time, on the same dryers; the same
proportional content of dye, determined using agitators of the
same type. Yet, despite all these precautions, quality problems of
components suddenly appeared. It is probable that this situation is
caused by the material, whose physical and chemical properties

may not be completely uniform (even in a small volume of materi-
al). These differences, although slight, can influence the quality of
the produced components. It is worth adding that in most cases
these problems tended to disappear spontaneously after several
minutes.

Functional quality of components

v

Processed || Component/ || Parameters
material || formstructure || of injection || e
process

Fig. 1. Example factors influencing the functional quality
of injection molded components

The issue of appropriate drying of material is obvious
and no comments are in fact necessary. It can only be mentioned
that the most common defect resulting from insufficient drying
of material are the so-called 'silver streaks', as production nomen-
clature has it.

The author's interest was aroused particularly by the issue
of dye selection (in the case of mixing the base material with
adye) and the homogenization of plastic. Basically, the issues
concerning dye selection are connected with three aspects, i.e.
the selection of a polymer matrix on the basis of which the dye
is produced, the method for measuring the appropriate quantity
of dye (gravimetric, volumetric, or manual, if necessary), and the
homogenization of alloy in the plasticizing system. As industry
practice shows, it is not enough to purchase a dye to modify

173


mailto:m.jalbrzykowski@pb.edu.pl

]

G

DE GRUYTER
OPEN

Marek Jatbrzykowski

DOI 10.1515/ama-2016-0026

Selected Issues Concerning Degradation of Material in the Production of Injection Molded Plastic Components

a specific material. This problem should be analyzed more thor-
oughly. It often happens that a dye purchased to modify material
A was produced on the basis of material B. In such situations,
manufacturers of thermoplastic components do not usually make
mistakes concerning the compatibility of mixtures. However, the
aspect of different ranges of processing temperatures, including
the thermal degradation of the prepared ingredients, is often
neglected. In extreme cases, this state may lead either to a lack of
homogeneity of the plastic alloy (uneven coloring, smudges, non-
plasticized pellets, etc.), or to local degradation of the mixture
ingredients, despite the fact that a specific dye, dedicated special-
ly to the modification of a specific material was used. As an ex-
ample, Fig. 2 shows several samples with visible defects resulting
from non-homogenous plasticizing of an alloy.

a)

Fig. 2. Examples of defects of components (macrographic): a) section
of a component b) and c) clearly visible dye smudges in the wall
of the component

The issues mentioned above prompted the author to under-
take a deeper analysis of situations typically encountered in the
industry in the course of the production process. The aim of this
paper was to assess the technological quality of selected samples
made from plastic (PM- plastic materials) in the area of their ther-
mal and tribological properties (Brachet et al., 2008; Torres et al.,
2000; Badia et al., 2009; Navarro et al., 2003; Al-Salem et al.,
2010).

It should be emphasized once again that the subject matter
described above is still present to a smaller or greater extent
in every injection moulding plant and thus is currently very much
an issue of relevance (www2.dupont.com, http://www.plastech.pl,
http://www.wadim.com.pl, https://www.elsevier.com, Botos et al.,
2014; Bucella et al., 2015; Laurence and McKeen, 2007; Kayvon,
2015). The types of machines and raw material used, or the
method of process realization is of no importance here. It can also
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be added that the influence of dye becomes visible not only during
visual assessment, but is also reflected in other characteristics
of injected parts. A common problem is, for example, cracking
of mouldings despite the optimized technological process. This
problem is a deeper issue that requires, above all, an in-depth
analysis of mechanisms of the described phenomena. As tradi-
tional technological actions do not yield sufficient effects, a scien-
tific explanation and solution to the described problems needs to
be sought. These issues will be dealt with and analyzed if further
papers. In this light, the issue becomes extremely significant. As
one of the most important ones, it is the subject of studies by,
among many others: DuPont (www2.dupont.com), Plastech
(http://www.plastech.pl), Wadim Plast (http://www.wadim.com.pl).
This subject matter has also been indicated on websites contain-
ing scientific studies (https://www.elsevier.com); however, expla-
nation of the causes of the described phenomena is highly insuffi-
cient.

2. MATERIALS AND METHODOLOGY OF RESEARCH

2.1. Materials used for the tests

For the tests, PM samples were received in the form of pel-
lets, directly from the production line of one of Bialystok's compa-
nies. These were four samples of materials: the base material
(polycarbonate) and three kinds of dye. Respecting the company's
secrets, the data concerning the materials was coded in the fol-
lowing way: base material — PC, dyes: blue — B, green - G, or-
ange — O (Fig. 3). The breakdown temperature of the basic mate-
rial and the dyes was adopted as the main indicator of the techno-
logical quality of the received PM's. Additionally, tests of the tribo-
logical properties of the received PM samples were performed.

The impetus to perform the tests presented in this paper were
the constant problems to obtain an appropriate visual quality of
the components made from PC dyed with the additives mentioned
earlier.

Fig. 3. Samples of materials received for the tests: a) PC, b) dye G,
c) dye B, d) dye O

2.2. Methodology of tests

The aim of this paper was to assess the breakdown tempera-
tures of the received PM's, focusing especially on the possibility of
their earlier degradation. 'Earlier degradation' is understood here
as breakdown of PM during the normal process of its processing
(at parameters stemming from the technological process). Owing
to the current, 'severe' norms of quality control, a premature ther-
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mal breakdown of the processed materials disqualifies the pro-
duced components, e.g. in the area of visual quality, resulting in
producing scrap. In order to solve this problem, thermogravimetric
tests were performed as the basic tests. Supplementary to the
basic tests, tribological tests whose purpose was to estimate the
resistance to motion for the PM-steel system were performed.
Increased values of resistance to motion can lead to the appear-
ance of localized high temperature jumps, especially during the
plasticizing process (in the slug-cylinder system), which can fur-
ther intensify the process of PM breakdown. It should be men-
tioned that the problems connected with the visual quality of the
produced components may arise due to the range of dye pro-
cessing temperatures being to low in comparison with the base
material.

The tests in the area of thermal properties were performed us-
ing a Paulik-Paulik-Erdey type derivatograph (Fig.4).

Fig. 4. View of the Paulik-Paulik-Erdey type apparatus (derivatograph)
for thermogravimetric tests

Prior to the thermogravimetric tests, identical aliquots
of materials weighing m = 250 mg were prepared. The
derivatograph tests were performed at a constant velocity
of heating vi= 5 °C/min, until the maximum temperature of T = 500
°C was achieved. The parameters adopted for the tests were
based, in the case of the velocity of heating, on literature data as
well as standard recommendations. In the case of the maximum
temperature of heating, real parameters of the injection process
were used as guidelines, also taking into account the generally
high temperature resistance of polycarbonate.

The subsequent analysis of the results of derivatograph tests
prompted to perform additional tests, i.e. of thermal annealing
in a constant temperature. These test were performed in tempe-
ratures of T1= 280 and T.= 300 °C. In the case of the first test, the
material was annealed for t= 60 min, while the second test was
being carried out for t= 30 min. The range of temperatures was
adopted on the basis of the data concerning the recommended
temperatures for the processing of the received PC, provided by
the contractor. The time of annealing was meant to simulate the
time period when the material stays in the cylinder of the injection
molding machine during its down time. The aim of these tests was
to check whether the time of annealing of the material in an
increased temperature (even if the temperature did not exceed the
breakdown temperature) has an influence on the degradation of
material. The tests were performed using a furnace (Fig. 5). Prior
to the tests, the furnace was annealed for 2 h, in order to achieve
a stable temperature. After the temperature had stabilized,
samples of materials were placed in the furnace chamber (Fig. 6).

acta mechanica et automatica, vol.10 no.3 (2016)

Fig. 5. The hardening furnace used for annealing tests: a) general view,
b) view of the control system

Fig. 6. An example of preparation of TS samples for the annealing tests

It should be added that before commencing the thermal tests
and the tests of thermal annealing, the PM samples underwent
conditioning in normal conditions for a time period of 24 h.

After the thermogravimetric tests and the annealing tests, ad-
ditional tests of the tribological properties of the received materials
were performed. The tribological tests were performed using a
pin-on-disc tester (Fig. 7). Samples prepared for the purpose of
the tests were in the form of ¢ 1.5 x 2 mm pins.

Fig. 7. Pin-on-disc tribometer: a) general view, b) scheme of the friction
node; 1 —disc, 2 — pin handle, 3 — loading arm,
4 - pin fixing the sample, 5 — material sample
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Friction tests were performed at the following constant test pa-
rameters:
— load F=160 N,
— maximum friction time t= 3 min or until sample destruction,
sliding velocity vp= 0,15 m/s.

Ld

TEST RESULTS

The results of the thermogravimetric tests were based on the
analysis of the derivatograms. Fig. 8. presents a section of an
example derivatogram for PC. The derivatogram shows the mass-
change curve — TG, the temperature-change curve T, the temper-
ature-change differential curve DTA, and the mass-change differ-
ential curve — DTG. On the basis of the analysis of the functions,
conclusions concerning the breakdown of chemical compounds
contained in the samples that underwent the thermogravimetric
analysis can be formulated. Analyzing the derivatogram for PC
shown in fig. 6., it was concluded that its transition from the vitre-
ous state to the high elasticity state occurs in a temperature
of approx. 185 °C. Then, its slow gradual plasticizing can be
observed. The onset of breakdown for this material occurs
in a temperature of approx. 410 °C; in 420 °C the breakdown
is already evident; while in a temperature of 450 °C, the break-
down process is at its most intense.

The derivatograms for the dye samples were analysed
in a similar manner. It should be added that the tested dyes broke
down in stages; however, due to the lack of data in the area
of their chemical composition (manufacturer's secret), referenced
were only the readings of temperatures corresponding to the first
signs indicating the onset of breakdown of a complex chemical
compound. Despite the fact that the curves were recorded in their
entirety, as the chemical composition of the tested substance
is not known, an in-depth, material analysis of the derivatograms
is not possible. It is possible, though, to read the temperatures
indicated by the DTA and DTG curves for the first signs indicating
the first mass decrement and a change connected with the break-
down of material. Below, in table 1, the read characteristic tem-
peratures for all the tested materials are summarized. It should be
added that, as is commonly known, all plastics can be divided, on
the basis of their structure and the physical and chemical proper-
ties, into amorphous and semicrystalline. The data provided by
the contractor indicates that the received dyes were produced on
the basis of polystyrene. This means that there are basically two
kinds of materials being dealt with here, i.e. polycarbonate (PC),
in the case of the base material, and polystyrene (PS), in the case
of the dyes. In this context, it needs to be added that both materi-
als belong to the group of amorphous materials, whose character-
istic feature is that in the course of their cooling, from the plasti-
cized to the solid state, their viscosity rapidly increases, making
it difficult for the nuclei of crystallization to form and grow. This
causes the lack of evident crystallization during the cooling of this
type of materials, and the transition from the plasticized to the
solid state is called the glass-transition point (temperature).
Another name for materials of this type are 'supercooled liquids'.
At the same time, during the heating of this type of materials,
there is no transition through the melting point — only a transition
into the state of high elasticity and the subsequent slow plasticiz-

ing.Regarding the data shown in table 1, it can be stated that
a significant difference in the determined values of temperature
between the base material and the dyes was noticed. Considering
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the temperature of the onset of breakdown in the case of PC and
dyes G and B, the difference is approx. 100 °C, whereas in the
case of PC and dye O, approx. 150 °C. It can be stated that this
proves the generally high temperature resistance of PC and dyes
G and B. Only in the case of dye O was a lower temperature
of the onset of breakdown obtained. An important aspect, which
may arouse suspicions as to the matrix of the medium of the dye,
is the considerable difference between the temperature of the
onset of breakdown for dye O and G and B dyes. This may mean
that either other additives were used in the production process of
this dye (O), which modified its general thermal properties, or
that another base was used. It should be noted here that accord-
ing to the technological data, the tested dyes should be character-
ized by thermal stability up to approx. 300 °C.

Tab 1. The read values of characteristic temperature points

Sample Glass-transition | Temperature of the
marking temperature T | onset of breakdown
[°C] [°C]
PC 175-185 410 - 420
0 Reading failed 255 - 260
75-85 305-310
B 70-80 315-320

Considering, however, the value of the processing tempera-
ture of this type of PC (280 — 300 °C), then in relation to the tem-
perature of breakdown of the dyes, the obtained values may
indicate an insufficiently low margin of temperature. As is com-
monly known, during the plasticization process, the friction occur-
ring between the molecules of the material, the slug and the cylin-
der walls leads to local high-temperature jumps, of even up to
tens of degrees, which can lead to degradation of polymer struc-
tures. Assuming, thus, that the temperature on the individual
cylinder and hot-channel zones (in the mold) reaches 300 °C,
then during plasticizing and injection it can locally rise by tens
of degrees. The result of this fact is that all the assessed dyes
exceed their thermal stability. This, on the other hand, may mani-
fest itself by the dye being charred. This means that presence
of black charred inclusions, which are the result of insufficient
thermal stability of dyes, in the manufactured components during
injection, is possible. Keeping in mind that dyes are usually min-
eral compounds of metal oxides with an exceptionally high tem-
perature resistance (e.g. titanium white TiO2: melting point 1850
°C, boiling point 2500 °C), it can be suspected that (in this par-
ticular case) the problem is connected with the medium. In other
words, it can be supposed that the issue of visual and technologi-
cal quality of PC-made components dyed with a PS-based addi-
tive is most probably related to the polystyrene medium — for the
particular case.
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Temperature

% Mass

Fig. 8. An example derivatogram: TG- mass-change curve, T- temperature-rise curve, DTA- temperature-change differential curve,
DTG- mass-change differential curve
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a) b)

Fig. 9. View of the crucibles after derivatograph tests, remnants of:
a)PC,b)B,c)0,d) G

The high temperature resistance of the pigments was con-
firmed in a general examination of the crucibles after the deri-
vatograph tests. Fig. 9 shows photos of these crucibles.

As can be seen in the presented photos, PC was charred, but
the maximum temperature in the derivatograph furnace (500 °C)
was too high considering its temperature resistance, on the one
hand; and too low to burn all the organics, on the other. This
resulted in the appearance of a charred mass (Fig. 9a). In the
case of the dyes, it turned out that the breakdown of these materi-
als unfolded in such a way that no charred remnants of the pro-
cess of their combustion were noticed. The matrix in which the
color pigment was distributed had been burnt out earlier, due to its
lower temperature resistance.

Fig. 10. Example photos of samples after the tests of thermal annealing
(300 [°C], t = 30 [min]): a) dye samples before the test, b) dye
samples after annealing, c) view of the charred mass (B), d) view
of dye B after annealing tests; 1- the area of pigment debris,

2- intermediate zone, 3- charred medium zone

Referring back to the earlier statements concerning a faster
burning of the medium used for the preparation of dyes, the fol-
lowing section of the research consists of tests of temperature
resistance (thermal annealing) in lower temperatures (than those
indicated by the temperatures of breakdown of the samples), but
with the assumption that the material stays in the cylinder for a
longer period of time. This state enables to simulate machine
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down time for the duration of, for example, short repair work. The
tests in question were performed in a temperature of 280 °C for
60 min, and in a temperature of 300 °C for 30 min. Below, in fig.
10, are presented selected photos of dye samples after these
tests.
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Fig. 11. Results of the tribological tests: a) for pure PC, b) for dye O,
c) for dye G, d) summary graph
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Figs. 10 a and b show samples of the dyes before the test
(Fig. 10a) and after the annealing tests (fig. 10b). The presented
photos show that a 'good form' was retained only by dye O,
notwithstanding that this is completely unconfirmed when
considering the temperature of the onset of breakdown (255 - 260
°C). In the case of dyes B and G, it can be seen that the
brightness of their color, especially in the case of dye B, was
affected by products of degradation. The traces of combustion
of the dye medium shown in Fig. 10 ¢ and d are even more
visible. Fig. 10 ¢ shows the walls of the test tube in which dye B
was annealed. It can clearly be seen that the temperature of 300
°C and the time of annealing significantly influence the destruction
of this additive. It can be added that in the case of dye B, after the
annealing tests, phase borders between individual colored layers
could be noticed in the test tube. The layer marked as 3 was a
layer of charred material; the one marked as 1, a layer of intact
dye; 2 - the layer isolated between the charred and the intact
material.

There can obviously be objections concerning the conditions
of the performed test; however, as mentioned earlier, friction
between the molecules of the plasticized material; and between
the walls of the cylinder, the slug and the material may locally lead
to very high temperature jumps. With relation to this, Fig. 11 below
shows the results of friction tests.

The results of these tests indicate lower values of the coeffi-
cient of friction for the dyes in comparison with PC. This means
that in the conditions of the performed test, the dyes shear more
easily, not causing a strong resistance to motion-related disturb-
ance. In other words, it can be said that PC is a resistant material,
not easily susceptible to shear stresses, which introduces addi-
tional disturbances (temperature rise) during the plasticization
process. Keeping in mind that the value of the coefficient of fric-
tion for PC is approx. twice higher than for the dyes, a conclusion
can surely be drawn that this fact is of considerable importance as
far as friction heat, generated during the plasticization process,
is concerned. This fact can be highly important concerning the
visual quality of the manufactured components, due to the possi-
bility of appearance of charred molecules of dye in their structure.

Describing the graphs shown in Fig. 11, it should be pointed
out that in the case of PC, resistance to abrasive wear was high
enough to enable to collect the test results throughout the entire
duration of the performed experiment. In the case of the dyes, on
the other hand (Fig. 11b and 11c), before the end of the experi-
ment, a complete destruction of the sample collected for the tests
was observed. This confirmed the low tribological resistance and
easy shear of the tested dyes.

4. CONCLUSIONS

The tests carried out for the purpose of this paper and their
analysis allowed to formulate the following general conclusions:

1. Lower temperatures of the onset of breakdown of the dyes
in comparison with the base material were observed. It should
be noted here that dye O was characterized by the lowest
temperature that signified the onset of breakdown.

2. Keeping in mind the differences in the temperatures
of breakdown for dyes O, G and B, it can be suspected that
they were produced on different media, or the observed
differences indicate dissimilarities in chemical composition
between these dyes, which had a significant impact on the
obtained results.

acta mechanica et automatica, vol.10 no.3 (2016)

3. Keeping in mind the recommended processing temperatures
of this type of PC (280 — 300 °C) and the possibility of rapid
local temperature jumps during the plasticizing and injection,
itis considered that the obtained levels of temperatures
of breakdown for PC (410 °C) and dyes G and B (305 and
315 °C) are too low (small margin of temperature). The
aforementioned local rise of temperature can cause
a temperature rise by as much as tens of degrees in micro-
areas of the plasticized alloy. This, in turn, may have
an influence on local degradation of a, broadly understood,
dye and determine the technological usability of components
produced from this type of alloy. It should also be
remembered that the temperature of breakdown for dye O
was even lower (255 °C).

4. The performed tests of annealing in a constant temperature
confirmed the misgivings (related to the dyes) concerning the
kinetics of chemical reactions in the area of thermal
resistance. It turned out that despite the fact that the obtained
temperatures of breakdown were as high as over 300 °C, the
analyzed additives broke down in lower temperatures in the
case of a prolonged action of temperature. It should be noted
here that the time of annealing of the dyes was 30 min. This
fact may be of importance in the case of machine down time
and manifest itself in the form of degradation of dyes
in conditions of normal injection molding processing. It is
obvious that these kinds of problems can be overcome by
repeatedly injecting 'fresh material' through the cylinder. There
are areas of the injection space, however, where the flow
of material may be limited, and this is where the charred
remnants of dyes are likely to dwell.

5. The tribological tests of the analyzed materials proved that
their friction characteristics can influence temperature rise
during, for example, the plasticization process. It turned out
that the results of friction tests indicate twice higher values
of the coefficient of friction for PC in comparison with the dyes,
which has a direct impact on the increase of alloy temperature
and energy losses during the plasticization of PC.

6. Summarizing all the observations, it should be emphasized
that when selecting dyes for the production of injection molded
TS's, the compatibility of the dye and the polymer matrix
should not be the sole factor taken under consideration.
The thermal properties of the composition ingredients (range
of processing temperatures and thermal breakdown) should
also be scrutinized, as should, in special cases, other
potentially relevant properties, e.g. the tribological properties
of the ingredients. Production down time, which in many cases
cannot be avoided, is also not without its relevance,
as despite the sufficiently high processing temperatures, it can
lead to degradation of material due to a prolonged action
of high temperatures in the cylinder zones.
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Abstract: Stationary temperature distribution in a three-layer infinite hollow cylinder based on the thermosensitive body model was deter-
mined. The cylinder is subjected to the steady temperature on the inner surface and on the outer one is present the convective heat
exchange. In the second layer exist heat sources with parabolic dependence on radial coordinate. The components of the thermostressed
state have been found. The influence of the temperature dependence of the thermal and mechanical components characteristics

of materials on the temperature distribution has been investigated.

Key words: Three-Layered Cylinder, Thermosensitive Material, Temperature, Thermostressed State

1. INTRODUCTION

Knowledge of the components of the thermostressed state
of structural elements, including hollow cylinders (Aziz, 2013;
Argeso and Eraslan, 2008, Bazarenko, 2008; Fazelli et al., 2013;
Shi et al., 2007; Zhu, 2002), subjected to given power and thermal
loads underlie calculation on durability and reliability. The appro-
priate definition of temperature field and caused by it stress-strain
state is based on the model of the thermosensitive body (Kushnir
and Popovych, 2009; 2011), which takes into account the de-
pendence of thermal and mechanical characteristics and parame-
ters of heat exchange (heat transfer coefficients, degrees of sur-
face blackness) on temperature are performed according to their
application under condition of high-temperature heating.

The detailed review of studies relating to the definition
of thermostressed state of thermosensitive bodies from the begin-
ning of the investigation of the problem to its current state was
provided in articles (Kushnir and Popovych, 2009; Noda, 1991).
Papers (Carslaw and Jaeger, 1996; Goto and Suzuki, 1996;
Grzes, 2010; Kushnir and Popovych, 2009; 2011; Kushnir and
Protsiuk, 2010; Lee, 1998; Noda, 1991; Och, 2014; 2015;
Popovych and Kalynyak, 2014; Shariyat, 2007, Shen, 2001; Tan-
igava and Akai, 1996; Yevtushenko and Kuciej, 2014; Zhu and
Chao, 2002) represent mathematical models of thermostressed
multilayer structures, which take into account the dependence
of thermomechanical characteristics of the layer materials on the
temperature as well as the new methods of their solution. In pa-
pers (Carslaw and Jaeger, 1996; Kushnir and Popovych, 2009;
2011; Kushnir and Protsiuk, 2010; Noda, 1991; Och, 2014; 2015;
Popovych and Kalynyak, 2014; Zhu and Chao, 2002) the im-
portance to take into account the thermosensitivity of structural
components at investigation the temperature and stress distribu-
tion is indicated.

In the article the stationary temperature distribution in ele-

ments of microelectronics, which are modeled by three-layer
hollow thermosensitive cylinder with heat sources in second layer,
constant temperature on the inner surface of the cylinder and
convective heat exchange with the environment on the outer one,
is determined. The components of the stress-stain state have
been defined. The influence of the thermosensitivity of materials
on the temperature distribution and the distribution of the compo-
nents of stress-strain state has been investigated.

2. THE FORMULATION OF THE PROBLEM

The three-layer infinite thermosensitive hollow cylinder is con-
sidered. Each layer was made of different material. The cylinder
is heated by heat sources which are located in the middle layer
and are distributed by parabolic law

@
w®(@) = —ﬁ(r —1)(r —r3).

The temperature is constant t = t;, on inner surface r = r,
and the convective heat exchange with the environment on outer
one r =r, is present. The coefficient of heat transfer through
this surface is constant and equal to a. The conditions of ideal
thermal contact between neighbour layers are satisfied. Let us
determine the temperature distribution and the distribution
of components of the cylinder stress-strain state at mentioned
conditions.

3. THE MATHEMATICAL MODEL FOR THE DETERMINATION
OF TEMPERATURE DISTRIBUTION

It includes:
— the heat conductivity equations for each layer
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1d ; dt; .
;E(M?)(ti)d—;) =WO@),n <r<r,i=13 1

— boundary conditions on the boundary surfaces

dt
PP rats -t =0 @)

=Ty

t1|r=r1 = tin,

— contact conditions on the neighbouring surfaces of the

cylinder
t1|r=r2 = t2|r=rzr t2|r=1'3 = t3|r=r3r (3)
dt dt
WG =aPw
=T, T lr=r, (4)
ol =29 yds
tdrl,, dr o,

Model (1)-(4) is nonlinear due to the dependence of thermal
conductivity coefficients }\,E‘) (t) (i=1,3) on temperature.
Those dependencies are usually given in reference books and are
represented in the form of tables.

To conduct theoretic reserch work it is convenient to present
the thermal conductivity coefficients as analytical expression

AD =29 (t,) with the purpose to conduct theoretic research
work. To achieve such dependencies the tabular function is ap-
proximated with some functional dependence. The least squares
method is an example of possible technique to be used with such
approximation in order to determine the unknown parameters.

Let the thermal conductivity coefficients for each cylinder
component to be in the temperature range [ty; t.]. We are going
to describe them with quite common linear dependencies
}\,E‘) = a;t; + b;. Parameters a; and b; are unknown. According
to the method of least squares they are selected so that the sum
of the differences’ squares between experimental and theoretical
values will bw minimal.

Let us represent the thermal conductivity coefficients of cylin-
der layers in the form A% (t;) = A020* (Ty), where the values

(3 have the dimensionality of thermal conductivity coefficient and
?\t(‘)*(Ti) is dimensionless function of dimensionless temperature
T; = t;i/te, (Where the temperature t, is chosen as a measuring
indicator). Due to such linear dependence of the thermal conduc-
tivity coefficient on the temperature such representations will have
the following form

A =28 (1 + k(T — 1)), (5)

where T, = tb/te , ki = aite/(aitb + bl) ,a )\Eg = ajty + bi'

Let us introduce the characteristic length value 1, and dimen-
sionless coordinate p = r/l, to present the mathematical model
(1)-(4) in dimensionless form:

d/ .. _dT; ) ,
%<p/1§l) (Ty) d—pl) =WD(p),p; <p < pis1i =13, (6)
ey ar: .
Tilp=p, = Tins [AE” (T5) ==+ Bi(T; — Tout)] =0, (1)
dp P=Ps
Tilp=p, = T2lp=p,» Talp=p; = Tlp=p,» (8)

182

N daT N drT.
1(1) (Tl) ; 1 — K(Z) /1(2) (TZ) ; 2 )
P P=p2 P pP=p2 (9)
@ (7 4 ATz @ ;3 T3
L I RO
Plo=p, P lo=ps

. (6)) @) /4G-1) /.
where: Tin = tin/te ’ Tout = tout/te ) K}\J = )\t{) /)‘tlo (] =

4P
23), WO (p) = W®(p) = 0, W (p) = — "5 p(p —

p2)(p = p3), Po = WP12/(3P)t,) is the Pomerantsev num-
ber, Bi = alo/AS is the Biot number.

4. THE CONSTRUCTION OF THE SOLUTION OF THE
MATHEMATICAL MODEL

To construct the solution of the problem (6)-(9) the Kirchhoff
variables are introduced:

Ty .
6;= | A9(rpdr;, =13 (10)

Tp

The following problem relative to mentioned above variables
was received

d / de
—(p ) WD (p),p; < p < prar,i =13, (11)

dp\" dp

do
Oulpepy = O [ + BT 0 = Tow)] =0, (12
—F4

’1‘1(91)|p=p2 = T2(62)|p=p2ﬁT2(62)|p=p3 = T3(93)|p=p3l (13)

do de
— g@ 8% 2
aplyp

de
Y , =gk® =
apl,_,, dpl,_,

e

where:

Tin
O = [ AT, = T = T,) + 2 (T = T2
Tp

As the result of the Kirchhoff transformation we have got
a simpler problem in which the nonlinearity is present in 2nd
condition (12) and (13). According to the linear dependence of the
coefficients of thermal conductivity on temperature (5) as the
consequence of formulas (10):

0, = (T, — Tb)+ LT, = Tp)? (15)

we have

JI+2k6; — 1

. + Tp. (16)

T;(6,) =
Let us note that the selected sign before the square root
in temperature expressions provides the physical sense.
After integrating the equations (11) we find that:
ﬂ _ Cyq @ _ C21 do; (3

=—, +W@ (), —=—
dpp dp p dpp
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91 = Cnln + C12;
p _

0, = C21lnp— + Cpp + WP (p), (17)
2

93 = C311n£ + C32,
P3

where:
. 4:-Po (p3 p? p3

@Dpp)=——"" [ _ £ 22
W' (p) (2 =12 ( 2 (Ps +p2) +2 7 P2P3 6p

p
(+-%))

- 4-Po p* P2P3
W®(p) = W( 2< —plps+p2) + == - p3

P2 P3tp; P3) P3P P2
(16 9 T4) 6 My (s 2))

The solutions (17) contain 6 unknown constants of integration.
To find them let us suppose the constants in the enpression for
Kirchhoff variables to be known (the basic ones) in the first layer
C,;; and C,,, for example. The remaining constants are ex-
pressed through basic ones using the contact conditions on the
neighbour surface in the cylinder. Herewith the equvivalent condi-
tions (Popovych V.S. and Kalynyak B. M., 2014) instead of condi-
tions (13) are used:
kit

— ks
Oiv1 = Oilp=p,,, = TL(Ti(ei) —Tp)?

’

P=Pi+1 (18)
i=12.
From the conditions (14) and (18) we obtain correspondingly:

Cy = C11/K)Ez) ,C31 = (Cn/K)EZ) + P3W(2) (P3))/K,1(3),
ky —kq

P2
Cyy = C11In—
22 11 01

2
: ((\/1 + 2k, (Cnln&+ clz) - 1>/k1> ,
P1
ks —ka (| ’
C32 = 92|p=p3 +T(( 1+ 2k292|p=p3 - 1)/k2) )

where:

+ C12

9 |P_P3
=Cy (mp—z +1n p3/1<§”) + Cpp + W@ (py)

2
k, —k
+ 2 ! 1+ 2k1 (Cnlnp—z + C12) -1 /k1 .
2 P1

The constant of integration Ci; and C;, (i = 2,3) are ex-
pressed through the basic ones C;; and C,,, which are found
from boundary conditions (12). Using the first one we receive

k
Ciz = (T = Tp) + 5 (T = Tp)2.

From the second condition of (12) the algebraic equation was
received

C JIT 2ka050,0, — 1
ﬂ+3i< S50 4T, — Tout> 0 (19)

Pa k3

to determine the constant C; .
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The solution of (19) was found by software for analytical trans-
formations. Using the obtained analytical expression for C,,
which is not presented because of its complexity, we find automat-
ically expressions of others constants of integration. Knowing
Cy(i= 1,3,j = 1,2) the temperature distributions of considered
cylinder is given by formulas (16), (17).

5. THE DETERMINATION OF THE TEMPERATURE
DISTRIBUTION IN THE HOLLOW NONTHERMOSENSITIVE
CYLINDER

The dimensionless mathematical model for determining the
temperature of a similar nonthermosensitive cylinder has the form

d [/ dTiy - .
%(P d;l) ) =),  pi<p<pu, =13  (20)
dT.
Tinlp=p, = Tins [d—SN + Biy(Tsy — Tour) =0, (21)
P P=Pa
Tinlp=p, = Tanlp=p,» Tanlp=ps = Tanlp=p,» (22)
dTiy ATy
dp TN qp ’
p=p p=p
2 2 (23)
dTan ) 4T3n
=K )
dp 1y dp 1pp,

where: Tiy = tiv/te, K2 =29 /297 (= 2,3), WP (p) =
WP (p) =0, W (p) = —(:S'_J—p‘zv)z p(p = p2)(p — ps),
Poy = Po- 2% /22 is the Pomerantsev number, Biy =
Bi - 2% /2% is the Biot number.

From the problem (20)-(23) we find the following

dly _Cn dTa _Co w0, dTsy _ Ca1
dp p’ dpp dp p’
p
Tin = Culnp + C12;
_ p _
TZN = C21]ng + C22 W[\EZ) (P), (24)
T3y = C_311n£ + Csz,
P3
where:
4-Poy [p3 p? p3
WI\EZ)( ) =-— (s —p)? p;v)z (T - —(P3 +p2) + P2P3 2
P2
(P3 - ?))v
_ 4-Po 2
@ _ N 2 _ P2P3) 5

P2 P3+po .03) P3P P2
(22— “Ent(p,-2) )
(16 5 t%)7% npz(p3 2)

Then using the boundary conditions (21) and conditions
of layer contact (22) we find constants of integration

Ciy = (K(” (72 023 = K (W2 (05) + Tm))>/A,
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612 =Tin,
Coy = (Wpfz) (p3)p3 — Kl(i/) (WI\EZ)(Ps) + Tin))/A,

_ 1 . _
Cyy = Z(Ps . Wpfz) (p3) — KSI) : (WI\EZ)(P3) + Tin))

. <L . p_s>
3) ’
Ky P2

C ; <p3vT/1§2) (ps) Wy (p3)

— 7 (2)
31 =7 @&~ W (ps) - Tin> + @
AN AN

77 (2) 77(2)
_ 1{_ Wy (p3)\ Wy~ (p3) 1
@) P3Wy "\ps3 N (D3
C32 = (_ <WN (p3) + Tip — ) - -
3) 3)
A Ky Ky p4Biy
—In %) = Touts
2

P2 ( 3) P3)
A=In—(1—-K,yIn—|.

P1 AN p,

6. THE DETERMINATION OF STRESS-STRAIN STATE

If the elastic modulus E@(t;), the Poisson ratio v (t;) and
the temperature coefficients of the linear thermal expansions
af)(ti) of cylinder components are represented in the form
xP(t) = xPx; (Ty), where x are the dimensional quantities
equal to the value of the characteristic with the temperature ty,,
and values x; (T;) are the dimensionless function of dimension-
less temperature T;, then E®(t;) = Eé”E,-*(T,-), v, =
véi)vi* (1), afi)(ti) = aﬁ,)a;i(Ti).

Radial o” circumferential 63’ and axial o stresses, radial
eﬁi) and circumferential eg) deformations and also radial dis-
®

placements u;’ are calculated using expressions (Popovych
Kalynyak, 2014) without mass forces:

000) =12y + 1P (e, + 1P, (29
05 (0) = 5O (p) = 0" (p), (26)
5P (p) = EDe, +vDa®(p) — EOD(T)), (27)
e’ (p)

B <"r(i)(p) —v® ("S)(p) + Jz(”(p)) +E (i)d’(i)(Ti)>/ E®. (28)

e ()
= (oéf)(p) —vO (60 + 0P (p)) + E(")d>(")(Ti)>/E“). 29)

uP(p) = p- el (p), (30)
where @ = 6 + o’ — are the total stresses calculated by
the formula:

s (p) = 15 (oD (o) + 130 (P)e, +¥55 (), (31)
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Vl(é)(P) = m
=6 ry ) 25 (p)
¥ ((1 — (v960) /D) + (- b)
-1 Pk+1 1
: Z (f 2w - (@) dn+p*
k=1 \"Pk
Y prs) || 2P0 ),
Vz((i))(P) = m

vO(p) —v@(p) + (1 = 8.7 (o) - 2P (p)

+{v®O(p) —vP(py) + (1 = 61)

i-1
: Z <fp OF (0® ) dn +p®
k=1 \"Pk

-Vz(f)(pk+1)>> 2P ),

i 1 ( i- i
]/0(0)('0) = m (‘511‘171 + (1 — 611') - yo(r v (pl)) ) Xg )(P)

= FO(p) +FO(p))
+| A -61)
i-1

Pk+1 ’
[ o - (o) dn+ g
k=1 Pr

k i i
YO (e | = FO0) | 2P0 |,

@ 1 2. (1) 0
hr () = o7 (A =81)pivir (P + | 119 (Mdn |
Pi

. 1 - po
YD) = (1-61) pF 7V (p) + J ) (mdn |,
pi
i 1 i
v (p) = e (—p% oy S+ (1 =68 pF v (o)
0
+ j Yoo (T])dT]),
Pi

_ @)
Oy — 14 (PPN (o). P _E70)
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Py =222 (’p’ L (600) + (<o<i>(pi>)'),

1= (v)

. 3 P — Pi i
$O(p) = s _( _ ) p( ()(pl)),

i 1-v®(p) o) =L (1=v0®)
<p”(P)=ET(m' ((p()(p)) =%<T(m>'

B = <P(i+1)(Pi+1) - (P(i)(PiH).

Fip) = (1-vO@) 2O (1) = (1 -vP (o)

oW (T1(P1)),
T;
¢®m%ﬂwfa9mMn
Tp
c@W(p,) = C1dyy — Cpdip , e, = C2d11 — ¢1dyy '
dy1dyz —dy1dy; dy1dyz — dz1dy;
n
Pk+1
diy = Zf v (m)dn,
=1 Pk

Pk+1
dy, = Zf 1V (mdn,
Pk

n Pk+1 W0
dy = Zf n o () - v©(dn,
k=1"Pk

dypy = i J:kﬂ (Vzo)(n) v(")(n) + E(")(n))

k=1

Pk+1 )
€1 =pf P — P pz+2 j 0 Yoo (Mdn,

=1 Pk
n
p Pk+1
LS [
2m
f=1"’Pr
. (E(w(n) - o® (T () — vig () - V(k)(”)) an.

where: ®i(T;) is the purely thermal deformation, p,,p, are the
given constant pressures (stresses) on inner (p = p,) and outer
(p = p,) surfaces of cylinder, p denotes known force loadings

at the ends of the cylinder, §;;, = {(1) L= - i is a Kronecker symbol.

Formulas (25)-(31) to determine the stress-strain state are val-
id for thin layers only i.e. for which the trapezoidal formula

P —
[ ropan =222 )) (32)
Pi
is satisfied with the preset accuracy.

If the cylinder contains thin and thick layers, then each thick
layer is segmented into few thinner ones made of the same
material. To prove that cylinder has sufficiently thin layers the
integral condition (Popovych and Kalynyak, 2014)

Pk+1
p? D1 —Phsr D2 = Zf n-a®mdn (33)
k=1"Pk

should be satisfied.
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7. PARTICULAR CASES

Let us consider the case if the coefficients of thermal conduc-
tivity and mechanical characteristics of the non-thermosensitive
cylinder (we denote them with N) are equal to the basic values of
corresponding components of the thermosensitive one. The tem-
perature distribution has the form (24), where /12\), /1%2,1 =
1,3. The Poisson ratio, the coefficient of the linear thermal expan-

sion and the elastic modulus will have the following form v(‘)

v((,’), a§1’3 = at(f)), E(’) Eé’),i =1,3 and formulas for the

definition of components of the stress-strain state take the form:
v’ () = ¥ion (IoN" (01) + Vyon (D)ez + Voo (o), (34)

() = v 0P (py) + vy (e, + v (o), (35)

o (P) = a3’ (p) — o (), (36)

@

(l) (P) (L)ezN + Vo UN)(P) (l)(p1\(]i) (Ti)' (37)

en(p) = m( S ORN GO D)

o (38)
+E9%%m)
(z) @) (t) O] O]
n(p) = (L)< n(P) — ( v(p) + 0, (p))
%o o (39)
+wwmg
uly(p) = p- e (p), (40)

€))
1 (1-(")
@ x) . k)
1(L)N( )= (L) < (1) +(1-681) Z Ver(pk+1)>:
Vaon(P) = ol < O~y (1= 6y z By Vz(f,)v(pm)),

i-1
1 .
B () =~ (=80 ) BN ) = FOG) |
N k=1

1 B
vO () = —2<<1 — 5.0pMr" (o) + f nyl(é)w(n)dn)

Pi

1
r (o) = —2<<1 — 8.0pHri (o) + f o (n)dn>.

pi

1
Vo(;)zv(P) = ﬁ —p?p6y; + (1 -

P
+ jp l nVooN(n)dn>

8PPV (o)

(., ® 2 10)
_ 1 (VO ) o _1-v W _ 4D _ 0
N = i PN T T ED =Py ¢y
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F2p) = (1-v)- o (T (0))
- (1 - V(()l)) ' ‘szzl) (T (o),

4’161) (Tin) = to- 052)) (Tiv — Tp),

(1)( D = c1ndaan — Candizn

dllNdZZN - d21Nd12N

candiin — Cindaan

€zv = ’
dllNdZZN - d21Nd12N

Pk+1
diy = Z f v (dn,
Pk

n
Pk+1
dioy = ZJ- yz(g,)v(n)dn,

k=1"Pk
n
Pk+1
dyin = Z n- )’1((])(1)\1(77) v(")dn,
k=1"Pk
n
o (k) ®) | 00
d22N = Zf VZON(U) V + E )dﬂ,
k=1"Pk

Pk+1 )
Civ = PiP1— Prea P2t 2 f N Yoon (Mdn,
Pr

n
c —£+prk+1
v = oo Zi),, n
(BP0 (Tin () = v&n ) - v .

In case of the average integral values of coefficients

of thermal conductivity:
TE

1 .
Te -T
Tp
. k;
=29 (1 + (T = Tb))'
@O O L@ @ O L@
{vtrllr Aers By } {Vt; s B }
Te

f pO@), al (), BV} ar,

TT,-T,
i=13,
we obtain the temperature distribution (24), where
®3) @ @ ®3)
Ao A A Ass
Bi, = Bi=%, Po, = Po=%& KD = Zts. g(® _ Zts
n /1(3) n /1(2) /1(1) An /1(2)

The formulas for calculating the stress-strain state will have
the form (34)-(40) in which the basic values of the thermomechan-
ical characteristics should be replaced by average integral ones.

8. NUMERICAL RESEARCH

Let us investigate the influence of temperature dependence
of the thermal and mechanical characteristics of the cylinder
materials on the temperature distribution and on components
of stressed-strain state at different input parameters. The material
in the first and in the third layers is the ceramics ZrO2, and in the

186

second one is the titanium alloy Ti-6Al-4V (Tanigava and Akai,
1996).

Experimentally specified coefficients and thermomechanical
characteristics were lineary approximated (5) in the temperature
range 300 = 1100K using the least squares method. The fol-
lowing values were established for ceramics:

AP = 1915+ (1+024664 - (Tyz = 7)) W/ . )
V(13 = 0333,

a® =8.783-1076
. (1 —1.4128- (T3 — Tp) + 1.7496

(Tys — Tb)z) [1/1(],
E® =116.381
: (1 —0.521357 - (Ty3 — T)) — 0.084215

(Tys = Tp) ) [GPa],
and for titanium alloy
AP =62-(1+3.016- (T, - T)[W/,, .
v® =0.2984- (1+0.118- (T, — Tp)),

al? = 88559107
: (1 +0.49014 - (Ty3 — Tp) — 0.36754

. (T1,3 - Tb)z) [1/K]'
E® =105.05- (1 — 05916~ (Ty5 — Tb)) [GPal.

The coordinates of layer boundaries in the cylinder are equal
p1 =0.6,p, =0.75,p; = 0.95,p, =1 with characteristic
length I, = 7,. The dimensionless values of temperature are
T, =3/11, T, =1,T;,, =1/3,Tyy: = 1/2, Pomerantsev
and Biot numbers are Po = —7, Bi = 2. The constant pressures
on inner and outer surfaces of cylinder and axial loadings at the
endsarep, =p, =p =0.

0,9+
0,84
0,74
064
0,5+

044

03 T T T d
06 0.7 08 0.9 1.0pP

Fig. 1. The temperature distribution

The temperature distribution of the considered cylinder is pre-
sented in Fig. 1. Here and below the solid line corresponds to the
thermosensitive cylinder, dashed line corresponds to the non-
thermosensitive cylinder with basic values, dash-dotted line corre-
sponds to the non-thermosensitive cylinder with the average
integral values of the coefficient of thermal conductivity.

The maximal difference between temperatures in thermosen-
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sitive and non-thermosensitive (with basic and average integral

values of the coefficient of thermal conductivity) cylinders do not

exceed 6%.

The algorithm for determining the components of stress-strain
state because the formulas (25)-(31) are valid for thin layers only
has following steps:

1. Calculating formulas (25)-(31) without segmentation of each
layer in the cylinder into thin pieces.

2. Checking the satisfying of the integral condition (33).

3. If the condition (33) is not satisfied then the number
of segments will be increased. Then we return to step 2. Oth-
erwise the calculation is over.

Tab. 1 presents data obtained in finding sufficient segmenta-
tion of layers into components to achieve the accuracy e = 107%.

Tab. 1. The result of segmentation of cylinder layers into thin components

06"
o

044 *

0,2
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-0,24

0,6+
Sz

0,4

0,24

Fig. 3. The circumferential stresses

The total | The number of segmentation isfying of
number in each layer .The satlsfquq 0
integral conditions

oflayers | llayer | Illayer | Ill layer

3 1 1 1 -0.004015

4 1 2 1 -0.002988

5 2 2 1 -0.000994

6 2 3 1 -0.000832

As we can see the representation of the considered cylinder
as the 6 components body is enough to achieve the preset accu-
racy. Fig.2-7 show distributions of stresses, deformations
and displacements. The constant axes deformation s
e, = 0.003907.

0,05 -
o, 4 \

0,04 / W

003{ \

0024 \

0,01 <

07 08 09

Fig. 2. The radial stresses

From Fig. 2, 3, 5-7 we can note that the stress-strain compo-
nents distribution in the nonthermosensitive cylinder with average
integral values of mechanical characteristics gives a better ap-
proximation to the same distribution in thermosensitive hollow
cylinder in comparison to the stress-strain components distribution
in the nonthermosensitive cylinder with basic values. In particular,
the maximum differences of total stresses are 18%, of radial
stresses are 8%, of circumferential stresses are 15%, of radial
deformation are 10%, of radial displacements are 10%.

0,2

0,4

0,64

Fig. 4. The axial stresses

0,004+

0,002

0,000

-0,002

Fig. 5. The radial deformation
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Fig. 6. The circumferential deformation
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Fig. 7. The radial displacements

Use of model of nonthermosensitive body with basic values
of its thermomechanical characteristics gives no correct approxi-
mation for such distribution of appropriate stress-strain compo-
nents of thermosensitive cylinder but also leads to different quality
results in some cases. Thus, in Fig. 2-4 we can see that stresses
in the third layer of nonthermosensitive cylinder (with basic ther-
momechanical characteristics) are changed not only quantitative-
ly, but also inherently (the compression in thermosensitive one
and stretching in nonthermosensitive or conversely).

Let us note that for determining axial stresses it is necessary
to take into account the thermosensitivity of material components
because the use of basic and average integral values of thermo-
mechanical characteristics will not give the correct distribution
of o,.

9. SUMMARY

The nonlinear mathematical model of temperature distribution
in a infinite three-layer hollow thermosensitive cylinder with heat
sources distributed by parabolic law in the second layer, constant
temperature and convective heat exchange on the boundary
surfaces has been created. The components of the stress-strain
state have been determined.

If to neglect the depemdence of thermomechanical character-
istics of material components (the replacement for basic or aver-
age integral ones), then the large differences between distribu-
tions of components of stress-strain state of thermosensitive
and nonthermosensitive cylinders may appear and lead to qualita-
tively different distributions. For the selected layer materials was
shown that the distribution of the stress-strain state in nonthermo-
sensitive cylinder with average integral values of mechanical
characteristics gives a better approximation to such distribution in
thermosensitive hollow cylinder. This can be useful for its rapid
estimation.
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Abstract: Materials other than standard and advanced high strength steels are remarkable for the thin-walled structures of the car-body
in recent years in order to safety enhancement, weight and emission reduction, corrosion resistance improvement. Thus, there are pre-
sented in the paper the deformation properties of laser welded austenitic AISI 304 and ferritic AISI 430 stainless steels compared to these
one measured for the high strength low alloyed steel H220PD. The properties were researched by tensile test and 3-point bending test
with fixed ends on specimens made of basic material and laser welded one. The specimens were welded by solid state fiber laser
YLS-5000 in longitudinal direction (the load direction). The deformation properties such as strength, stiffness and deformation work
were evaluated and compared. The strength and stiffness were calculated from tensile test results and the deformation work was calculat-
ed from both, tensile test and 3-point bending test results. There has been found only minor effect of laser welding to the deformation
properties for high strength low alloyed steel H220PD and austenitic stainless steel AISI 304. Otherwise, the laser welding strongly

influenced the deformation work of the ferritic stainless steel AISI 430 as well as the elongation at tensile test.

Key words: Stainless Steel, Strength, Stiffness, Deformation Work, Tensile Test, 3-Point Bending

1. INTRODUCTION

Car designers are looking for ways to make vehicles lighter
and safer to fulfil the emission requirements and secure the pas-
senger’s safety. As a result, several new materials such as ad-
vanced high strength steels (Baluch, 2014; Mihalikova, 2015;
Evin, 2014), magnesium alloys (Solfronk, 2014), plastics and
composites (Fuchs, 2008; Jacob, 2004) have been introduced to
the industry. Making cars lighter helps increase fuel economy, and
making them safer reduces fatalities caused by serious collisions.
Stainless steel appears being remarkable as well due to its me-
chanical properties, energy absorption ability, strength, stiffness,
corrosion resistance, formability and weldability.

It is necessary to prevent objects (car components, tree, pole,
etc.) from penetrating the cabin in order to secure passengers’
survival at collision with another object (Richter, 2005). Thus, the
cabin space needs to be perfectly tough and strong. These de-
pend on the strength and deformation characteristics of the carry-
ing car-body structure components. The effectiveness of these
components can be improved by design of structure and proper
material selection (Bright, 2011; Burdzik, 2012). The structure of
the deformation zones components may consist either of several
components of different types of steel sheet or of one component
consisting of high strength steel or several different high-strength
steel sheets with different thickness and strength joined by laser
welding - tailored blanks (Schrek, 2014; Merklein, 2014).

Materials used in car body structures have to meet wide range
of criteria. The most important criterion for auto-body from
the view of safety is the energy absorption ability at impact. For

these cases deformation zones are applied in design of auto-body
structure. These provide as much as possible energy absorption
to secure minimal passenger’s space deformation (Burdzik, 2012).

Absorption maximum of kinetic energy in order to reach mini-
mum of crew organism overloading (deceleration) and preserve
sufficient strength is the main role of deformable car body ele-
ments. Some components such as B-pillar, body sill, front bump-
er, door beams, etc. have to be strength and stiffer to preserve
enough space for passengers survive at side impact. Other car
body components such A-pillar, front chassis legs, front wing
support, cross-beams, etc. are used to controlled deformation
and kinetic energy absorption at frontal impact. Thus, they can be
produced from materials with lower strength but very good forma-
bility (Burdzik, 2012; VIk, 2000; Wallentowitz, 1996).

As mentioned, analysis of strength, stiffness and deformation
work of materials used for car body components is important.
Innovations of materials for car body lie on using such materials
whose plastic deformation or mechanically inducted phase trans-
formation is consumed by kinetic energy absorption at car impact.
The major importance at frontal impact is on ability of material to
absorb the maximum energy, while at lateral impact the main
importance is on strength and stiffness due to small deformation
zone in door area. (Kramer, 2009; Rediers, 1998, Evin, 2012).

The objective of the paper is to compare selected deformation
properties for some stainless steels, when they are potentially
used for safety elements, exhaust systems and fuel tanks. These
properties have been tested for base and laser-welded material,
due to wide application of laser welding when used to prepare the
tailored welded blanks in automotive industry.
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2. MATERIALS AND METHODS

The laser-beam welding impact on the deformation properties
of metal plates from austenitic stainless steel AlSI 304 and ferritic
stainless steel AISI 430 were researched. The high strength low
alloyed steel H220PD has been used as a reference material. The
chemical composition shown in Tab. 1 was defined by the mobile
spectrometer Belec Compact Port.

Steel strips from metal plates of micro-alloyed steel H220PD,
austenitic stainless steel AISI 304 and ferritic steel AISI 430 were
welded by laser-beam in continuous welding without protecting
gas, using solid-state fiber laser YLS-5000 by IPG laser. Because
of the importance of welding parameters (Mei, 2009; Yan, 2010),
these have been optimised to reach the best quality of butt weld,
based on microscopic structure evaluation in base material, heat
affected zone and weld metal (the width of the butt weld and the
heat affected zone, hardness HV0.5) as well as macroscopic
evaluation of the butt (porosity, weld root fusion). The optimal
ones parameters are shown in Tab. 2.

Tab. 2. Laser welding parameters

Power Focus | Welding
Material of laser | position | speed
[kW] [mm] | [mm.s1]
Micro-alloyed steel H220PD 1.7 10 50
Austenitic steel AISI 304 21 10 70
Ferritic steel AISI 430 21 10 70

The mechanical properties such as yield strength, tensile
strength, uniform elongation at necking, tensibility, material con-
stant K, strain-hardening exponent of the examined basic materi-
als and laser-welded strips were measured by standardised tests
in accordance with STN EN SO 6892-1, ISO 10113:2006 and
ISO 10275:2007 with the sample stated in Fig. 1 and Fig. 2 from
load diagrams of the tensile testing machine TIRAtest 2300
measured at the strain rate € = de/dt = 0.0021 s-'. Three speci-
mens have been tested in 90° to the rolling direction and the

Tab. 1. Chemical composition of materials used

average value and standard deviation have been calculated.

Beltline Roof rail Front /!
. A Pillar 2 -
Minimum ginforce
intrusion

cabin system
(MICS)

bulkhead

Upper

@) Load Dispersion
> Impact Absorption

? | box
Side P
member B
A A
;// ‘bo'(‘ )

A&
¥

Fig. 1. Impact absorption and load dispersion at side impact
(© Toyota Innovation)

Reinforced outer rail

Center pillar

®) Load Dispersion
> Impact Absorption

Side impact beam

Fig. 2. Impact absorption and load dispersion at frontal impact
(© Toyota Innovation)

Material Chemical composition [wt %]
H220PD C Si Mn Cu Cr Ni Co Nb Fe
0.077 0.019 0.358 0.017 0.009 <0.002 0.017 0.031 99.38
i M Ni N F
AIS| 304 C Si n Cu Cr i Co b e
0.055 0.592 1.597 0.029 18.30 7.79 0.062 0.049 71.42
i M Ni N F
AIS| 430 C Si n Cu Cr i Co b e
0.038 0.374 0.502 0.071 16.45 0.19 0.045 0.015 82.22

P <0.018; S < 0.002; Ti < 0.007; Mo < 0.026; Al < 0.026; W < 0.036; V < 0.049

The deformation work, i.e. the crashworthiness of experi-
mental materials, has been measured by modified 3-point bend-
ing test with fixed ends on the testing machine TIRAtest 2300.
Non-standardized specimens - metal steel strips 30 mm in width
and 300 mm in length - have been made of base material and
the laser weld one. The strips were laid at the cylinders of bend-
ing fixture and fasten by grips at the ends to prevent the strip
pulling out — Fig. 5. The weld was oriented in longitudinal direc-
tion in the middle of the strip. The strip has been bent by punch
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until the strip fracture. The bending force - punch path depend-
ence was recorded by PC during the test. Measured data such
as maximum bending force and the punch path were used to
calculate the deformation work. The distance of cylinders
was 120 mm, the cylinder diameter 30 mm and the punch veloci-
ty 10 mm.min-1.
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N o 3. REACHED RESULTS AND DISCUSSION
@ 3 Zeezfa
L] 0.%/ e [‘ (4 \ Measured values of mechanical properties for base material
| = 1 | and laser welded ones are shown in Tab 3. These values have
R | been used to calculate the strength, stiffness and deformation
N 2 g /os /2 work for assessed materials. (Evin, 2012 and 2014)
0 The strength of a component depends on its geometry
50 | 120 and yield stress as follows:
22 st ="roz, (1)
Fig. 3. Standardised specimen for tensile test *
The stiffness is affected by material properties and its geome-
try as well as follows:
N
&/ G| ri#de-ez]e] STF =V, % 2
:_~/ /0.8 ::o‘ ‘ 2,_'1—2/ buct. weld h . . | | f | A
Vi e \/ - <7/ / | where: Rp, , — Yyield stress, E — modulus of elasticity, x — degree
Z © of safety or safety constant (1.6 to 2)
S 4= - i The crashworthiness = absorption ability = deformation work
B /7; & /o.8 /77 ‘ is characteristic currently becoming increasingly important. Recent
R:LJ— trends require for a material to absorb more energy in crash sce-
50 120 nario. The potential absorption energy can be assessed by the
L 260 | area under the stress-strain curve or load-path. When assessed

from the tensile test engineering diagram, the deformation work
is calculated from mechanical properties as follows:

Rpo2+Rm Ag (3)
2 100’

Wpl,necking =

where: Rm - ultimate tensile stress, Ag — uniform elongation.

When assessed from load-path curve from 3-point bending
test with fixed ends, the deformation work is calculated as follows:
Wpl = FmaTx'M, )
where: F,,, — maximum bending force, Al — punch path to frac-
ture.

The bending force-punch path dependence when 3-point
bending with fixed end have been performed is shown in Fig. 6.
The results of calculated values according to eq. (1) to eq. (4)
is shown in Tab. 4 for base material and in Tab. 5 for laser-beam
welded material.

The graphs for calculated properties before and after welding
are shown in Fig. 7 and Fig. 8 when strength and stiffness are

) o ) ) compared.
Fig. 5. The bending fixture on the testing machine TIRAtest 2300
Tab. 3. The properties (90° to rolling dir.) of base material and laser welded one
Material Rpo22 Rm Ag Aso At K r n
[MPa] [MPa] [%] [%] [%] [MPa] [] [l
BM average 380 449 17 29 29 728 0.659 0.178
H220PD stdev 2 1 1 1 1 2 0.004 0
LW average 366 462 17 26 26 733 0.753 0.167
stdev 2 2 1 1 1 5 0.026 0
BM average 302 765 58 62 62 1594 0.931 0.462
AIS| 304 stdev 1 1 3 2 2 12 0.005 0.002
LW average 304 753 57 62 62 1563 0.958 0.451
stdev 3 1 2 1 1 7 0.009 0.002
BM average 300 477 20 30 29 796 0.871 0.195
AIS| 430 stdev 3 4 2 3 3 4 0.026 0.002
LW average 318 437 6 6 6 802 0.870 0.194
stdev 2 4 0 0 0 15 0.020 0.006
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H220PD - BM

= AISI 304 - BM

= = = AISI 430 - BM

H220PD - LW

+ = AISI 304 - LW

= = = AISI 430 - LW

LW

778

LW

E H220PD
EJAISI 304
[IAISI 430

9. Deformation work calculated from eq. (3) based on tensile test

E H220PD
OAISI 304
#AISI 430

Laser welding of austenitic steel AISI 304 has shown only mi-
nor influence on strength and stiffness; the stiffness increased
about 0.7 % (188.7 to 190) and strength 1.3 % (0.170 to 0.172)
compared to the base material. The greater influence has been
found for ferritic steel AISI 430 when the strength increased about

35
—
& :
—_ 30 P I
2 25 /// ' .
o, e | | _'
2 20 P O
Nl ull l |
téb 15 ! .
T
£ 10 || _—
o0 L
5 | |
0 .
0 10 20 30 40 50 60 70 80
Punch path [mm]
Fig. 6. Bending force — punch path dependence
Tab. 4. Calculated values of safety characteristics — base material 350 - —
ension
Material Strength | Stiffness Wpl Wpl = 300 ]
ST STF eq. (3) eq. (4) :
H220PD | 2375 0.269 705 356.6 5 2°0 1
AISI 304 188.7 0.170 309.4 1063.5 E 200 -
AISI 430 187.5 0.167 7.7 3748 2 150 4 - e
- . S
£
- , o 100 -
Tab. 5. Calculated values of safety characteristics - laser welded material S S S
Material Strength Stiffness Wpl Wpl S 50 1 I .
ST STF Eq. (3) Eq. (4) 0 -
H220PD 228.8 0.249 70.4 337.7 BM
AISI 304 190.0 0.172 301.3 1278.5
AlS| 430 198.7 0.188 2217 183.1 Fig.
1400 -
250 1 Bending
= 1200 -
= 200 - =
o i‘é 1000
2150 1 [} /// B H220PD 2 800
£ /7 5
® 100 { N % CIAISI 304 £ 600
- L = E
. [}]
4 a 200
0 n A T 1
BM 0
BM
Fig. 7. Strenght comparison
Fig. 10. Deformation work calculated from eq. (4) based on 3-point
bending test with fixed ends
0,3 -
0,25
" 0.2 W H220PD
o 0,15
£ CJAISI 304
= 0,1
A @AISI 430

0,05
0

BM

Fig. 8. Stiffness comparison
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LW

6.0 % (187.5 t0198.7) and stiffness 12.4 % (0.167 to 0.188) com-
pared to the base material. The calculated values for reference
material H220PD decreased for strength about -3.7 % (237.5 to
228.8) and stiffness -7.2 % (0.269 to 0.249) compared to the base

material.
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The graphs for calculated deformation work according to eq.
(3), based on tensile test properties and eq. (4), based on the
bending force-punch path, are shown on Fig. 9 and Fig. 10. As it
is shown in graphs, the laser welding has shown the major influ-
ence for ferritic stainless steel AISI 430 when the deformation
work decreases about -70.8 % (77.7 to 22.7) as calculated from
tensile test results and -51.1 % (374.8 to 183.1) as calculated
from 3-point bending test results. There is only minor influence of
laser welding on the deformation work for austenitic stainless steel
AISI 304 (-2.6 % for tensile test and 20.2 % for 3-point bending
test). The calculated deformation work for reference material
H220PD decreased about 0.12 % when calculated according to
eq. (3) from tensile test results or 5.3 % when calculated accord-
ing to eq. (4) from 3-point bending test results.

Fig. 13. Macrostructure of laser-beam welded AlSI 430

The weld joint of high strength low alloyed steel H220PD
when laser-beam welded is shown in Fig. 11. The base material

acta mechanica et automatica, vol.10 no.3 (2016)

microstructure is fine-grained ferritic with secondary additions
of carbides and nitrides. In the weld material hypocutectoid ferrite
is created on the grain boundaries of initial austenitic grains. The
fine acicular ferrite has been found inside austenitic grains. Some
islands of bainitic structure also have been found in the weld
metal. The weld metal and heat affected zone is polyedric with the
grain size reducing toward the base metal. The results are similar
to (Wang, 2015).

The weld joint of austenitic stainless steel AISI 304 when la-
ser-beam welded is shown in Fig. 12. Delta ferrite arranged
in rows has been found in the base material microstructure as well
as large amount of globulitic carbides. It complies to (Yan, 2010;
Hanninen, 2001). The microstructure of weld metal and heat af-
fected zone is austenitic with delta ferrite mainly in the grain
boundaries. According to (Yan, 2010), the fast cooling in the laser-
beam welding process does not offer sufficient time to complete
the phase transformation delta to gamma ferrite. The microstruc-
ture is polyedric and the grain size reduces towards the heat
affected zone.

Some martensite arranged in rows has been found in the fer-
ritic stainless steel AISI 430 base material structure — Fig. 13 —
and it complies with (Berretta, 2007). The weld metal microstruc-
ture is created by columnar ferrite grains growing from the bound-
ary to the middle. Some martensite has been found in the inter-
dendritic space. The microstructure of heat affected zone is also
ferritic with martensite in the grain boundaries.

The results of calculated characteristics of strength, stiffness
and deformation work for austenitic stainless steel AISI 304
are comparable to the results for H220PD considering its tenden-
cy. There is only minor influence of laser-beam welding to the
strength, stiffness and deformation work calculated. It is given by
their proper microstructure which is not substantially affected
when they are laser-beam welded. There are any improper com-
ponents in the weld metal influencing the material microstructure
after welding; the fine grained ferritic microstructe of H220PD
and austenitic with delta ferrite mainly in the grain boundaries
for austenitic stainless steel AISI 304. But, there is a major influ-
ence of laser-beam welding to the deformation properties of ferrit-
ic stainless steel AISI 430, which creates martensite in the inter-
dendritic space of weld metal. The strength and stiffness for ferrit-
ic stainless steel AISI 430 improves about 6.0 % and 12.4 %,
but the deformation work gets worst considerably, i.e. -70.8 %
when calculated from tensile test results according to eq. (3). This
result has been confirmed by the deformation work when calculat-
ed from 3-point bending test with fixed ends results according to
eq. (4); the deformation work gets worse about -51.1 %. Presence
of brittle phase structure in the weld metal of ferritic stainless steel
AISI 430 has been proven by cracking during the tensile and 3-
point bending test and crack propagation from the weld metal
to the base material.

4. CONCLUSSION

The stainless steel use in the automotive industry has shown
the wide range of implementations in recent years, such as re-
movable chassis components (bumper beams, frame crossmem-
bers, suspension control arms, subframes), safety/intrusion man-
agement components (side impact beams, roof bows, roof rails,
B-pillars), entire chassis frame rails, exhaust system components,
etc. They present good energy absorption ability when used
for safety components. The austenitic grades are applicable when
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laser-beam welding is used at production of tailored welded struc-
tures due to preserving its properties, such as strength, stiffness
and deformation work, as it has been presented in the paper.
Otherwise, the ferritic grades applications are strongly influenced
by its microstructure that create embrittling phases after welding.
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Abstract: Identification of isomorphic kinematic chains is one of the key issues in researching the structure of mechanisms. As a result the
structures which duplicate are eliminated and further research is carried out on kinematic chains that do not duplicate. This dilemma has
been taken up by many scholars who have come up with a variety of ideas how to solve it. The review of the methods for identifying the
isomorphism of kinematic chains suggested by researchers is contained in this study, including Hamming Number Technique, eigenvalues
and eigenvectors, perimeter graphs, dividing and matching vertices. The spectrum of methods applied to the issue of identifying the iso-
morphism of mechanisms reflects the researchers’ efforts to obtain a precise result in the shortest time possible.

Key words: Isomorphism, Structure of Planar and Spatial Kinematic Chains

1. INTRODUCTION

Topological methods are applied in researching the structure
of mechanism. Topology is the study of those properties of objects
that do not change when homeomorphisms are applied. Homeo-
morphism or topological isomorphism is a continuous function that
has a continuous inverse function. The word ‘isomorphism’
is used when describing the structure of mechanisms. Structural
invariants are the following:

— number of links with their conjunctivity,

— number of kinematic pairs with their classes,

— joining of links of a specific conjunctivity through kinematic
pairs of given classes (Conjunctivity of a link is a number
of kinematic pairs that the link is composed of, which equiva-
lently determines the number of links it can be joined with).
Fig. 1 presents an exemplary topological transformation that

kinematic chains are subject to. Those kinematic chains are com-

posed of seven links: three binary and four ternary links as well as
nine kinematic pairs. A closer analysis of the figure indicates that
individual links in all kinematic chains are joined together via
identical kinematic pairs. For example, in all kinematic chains

a kinematic pair A joins a binary link 1 with a ternary link 4. Other

kinematic pairs are involved in similar connections. Each kinemat-

ic chain selected for this example, is made of four loops that
consist of three, four, five and six links respectively. Individual
contours form the following outer loops: six-link (Fig. 1a), five-link

(Fig. 1b), four-link (Fig. 1c) and three-link (Fig. 1d). In terms

of structure these examples are identical or in other words iso-

morphic because each one of them can be obtained from the
remaining ones by applying isomeric transformation in which the
earlier mentioned invariants have been maintained.

To identify isomorphic structures is significant because after
defining the structure of mechanisms further research is carried
out for non-repeating solutions. It relates to structural synthesis in
particular, whereby a sets of solutions can be obtained that fulfill
specific structural formulae (Ding et al., 2011; 2012; Romaniak,
2010; 2011).

Fig. 1. Isomorphic kinematic chains

The isomorphism of kinematic chains has been taken up
by many researchers who came up with a number of methods
for solving this dilemma. This study discusses selected solution
methods. It presents how the isomorphism of kinematic chains
can be identified with the use of Hamming Number Technique
(Rao and Raju, 1991), eigenvalues and eigenvectors (Chang
et al., 2002; Cubillo and Wan, 2005; He et al., 2003; 2005; Uicker
and Raicu, 1975), perimeter graphs (Ding and Huang, 2007;
2009), dividing and matching vertices (Zeng et al., 2014). This
methods relate exclusively to the isomorphism of plane kinematic
chains and do not cover spatial mechanisms. In study attempts to
extend the research regarding the isomorphism of kinematic
chains to the mechanisms of all groups by using new notation
of spatial mechanisms.
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2. METHODS FOR IDENTIFYING THE ISOMORPHISM
OF KINEMATIC CHAINS

The isomorphism of the three seven-link kinematic chain spa-
tial mechanisms with 1-DOM was investigated. The set of labels
for those mechanisms in group 0 includes: {555555221,
555555311, 555554321, 555554411, 555554222, 555553331,
555553322, 555544421, 555544331, 555544322, 555543332,
555444431, 555444422, 555444332, 555443333, 554444441,
554444432, 554444333, 544444442, 544444433, 444444443},

Researching isomorphism required that the mechanisms were
presented in a form of diagrams and structural graphs, and the
adjacency matrices were determined of which elements took the
value of 1 when links were adjacent and 0 when links were not
adjacent. The kinematic chains were marked C1, Cz, C3 and
structural graphs G+, Gz, Gs respectively.

The kinematic chains as shown were used to illustrate a few
isomorphism identification methods. The first method selected
is the one in which the Hamming Number Technique is applied
(Rao and Raju, 1991). This method defines a specific equivalence
whereby number sx= 0 is ascribed to two elements ai, aj in rows
i, j and a column k when these elements are the same (ai = aj),
or the number sk = aik + ajk , which is the sum of the numbers
when the elements are different (aix = au). For example, the
number s1 = a1 + a1 = 1 was calculated for an adjacency matrix
Mp1 where a11 # a21. Then the Hamming number matrix has been
generated with Hamming numbers as elements obtained from the
following formula:

hij = Yk=1Sk - (1)

The h12 element of the H1 matrix is the sum of sk numbers with

k =1,..., 7 ascribed to the elements a1, ax of the adjacency

matrix Mp1 (h2=1+1+1+1+0+1+1=06).

For adjacency matrices Mpt, Mp2, Mps the three Hamming
matrices H1, Hz, Hs were determined respectively.

When identifying the isomorphism of kinematic chains the
following definitions are in use:

— the Hamming link which corresponds to the i — th link
of a kinematic chain and is the sum of all elements in the i — th
row of the Hamming matrix H. For example the Hamming link
for the first link of a kinematic chain (see Fig.2a) is the number
28 obtained by summing up all elements from the first row
of the Hamming matrix Hi,

— the Hamming chain for any kinematic chain is a sum of all
Hamming links. The Hamming chain for Hi, H2, Hs matrixes
equals the number 152,

— the string of the Hamming link for any 7 - th link of a kinematic
chain is a string of numbers made up of the Hamming link and
all the integers from 0 to n in the i — th row of the Hamming
matrix (n is the dimension of the adjacency matrix and the
Hamming matrix). For example, for the first row of the
Hamming matrix H1 a corresponding string of the Hamming
link are the numbers: 28 and 13000111, where the Hamming
link is 28 implying that the first row of the Hamming matrix Hj
comprises of one 7, three 6s, no 5s, no 4s, no 3s, one 2, one
1 and one 0,

— the Hamming chain string contains a Hamming chain and the
Hamming chain strings in diminishing order.
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The following sequences of Hamming chains have been
obtained:

— matrix H 152, 28, 13000111,
01301011, 21, 11100031,
01110211, 18, 01110112,

— matrix Hz 152, 28, 02121001, 20, 01012201, 22,
00131101, 25,01203001, 21, 01103011, 18, 00022201,
18,01100311,

— matrix Hs 152, 28, 02121001, 20, 01012201, 22,
00131101, 25,01203001, 18,01100311, 21, 01103011,
18, 00022201.

The ultimate criteria when identifying isomorphism is a com-
parison of the sequences of Hamming chains. In the case of the
example discussed, the sequences of Hamming chains for H.
and Hs matrices are identical, hence the kinematic chains Cz, Cs
are identical in terms of structure.

Another method identifies the isomorphism of kinematic chains

by applying eigensystem i.e. those kinematic chains are not

isomorphic for which the eigenvalues of adjacency matrix are
different (Chang et al., 2002; Cubillo and Wan, 2005; He et al.,

2003; 2005; Uicker at al., 1975).

The following sequences of Hamming chains have been
obtained:

— matrix H 152, 28, 13000111,
01301011, 21, 11100031,
01110211, 18,01110112,

— matrix Hz2 152, 28, 02121001, 20, 01012201, 22,
00131101, 25,01203001, 21, 01103011, 18, 00022201,
18,01100311,

— matrix Hs 152, 28, 02121001, 20, 01012201, 22,
00131101, 25,01203001, 18,01100311, 21, 01103011,
18, 00022201.

The ultimate criteria when identifying isomorphism is a compari-

son of the sequences of Hamming chains. In the case of the

example discussed, the sequences of Hamming chains for H.

and Hs matrices are identical, hence the kinematic chains C2, Cs

are identical in terms of structure.

18, 01110112, 25,
22, 00131101, 20,

18, 01110112, 25,
22, 00131101, 20,
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wil|0O 1 0 1 0 1 1
wil1 0 1 0 0 0 0
w0 1 0 1 0 0 1
Mai= wi|1 0 1 0 1 0 0
|0 0 0 1 0 1 0
wl 1 0 0 0 1 0 0
wi| 1 0 1 0 0 0 0 |
Gz
3 4
5
2
6

=
s
S
=
P
S
s

vi |0
v |1
vs | 0
Mp= v4a | O
vs | 1
ve | 1
aE

OO OO —-~0O —
OO ~~0 -0
O 20O 200 —
OO 200 O —

V1 V2 V3 Vo V5 Ve V7
vi |0 1 0 0 1 1 1
v2 | 1 0 1 0 0 0 O
|0 1 0 1 0 0 O
Ma= wva| 0 0 1 0 1 1 0
vs | 1 0 0 1 0 0 O
w|1 0 0 1 0 0 1
v 1 0 0 0 0 1 0|

Fig. 2. Seven-link kinematic chains of mechanisms presented
in a form of structural diagrams, adjacency matrices
and structural graphs

The following sequences of Hamming chains have been
obtained:
— matrix H 152, 28, 13000111, 18, 01110112, 25,
01301011, 21, 11100031, 22, 00131101, 20,
01110211, 18,01110112,
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— matrix Hz2 152, 28, 02121001, 20, 01012201, 22, 00131101,

25,01203001, 21,01103011, 18, 00022201, 18,01100311,
— matrix Hs 152, 28, 02121001, 20, 01012201, 22, 00131101,

25,01203001, 18,01100311, 21,01103011, 18, 00022201.

The ultimate criteria when identifying isomorphism is a com-
parison of the sequences of Hamming chains. In the case of the
example discussed, the sequences of Hamming chains for H
and Hs matrices are identical, hence the kinematic chains Cz, Cs
are identical in terms of structure.

Another method identifies the isomorphism of kinematic
chains by applying eigensystem i.e. those kinematic chains
are not isomorphic for which the eigenvalues of adjacency matrix
are different (Chang et al., 2002; Cubillo and Wan, 2005; He et al.,
2003; 2005; Uicker at al., 1975).

For the adjacency matrix discussed (Fig.2) the following ei-
genvalues were obtained: Mp+: 0.441, -0.441, 0, -1.178, 1.178, -
2.724, 2.724, Mp2: -1.751, -0.934, -2.165, 0.252, 0.708, 1.157,
2.733, Mps: 0.708, 0.252, 1.157, -0.034, -1.751, -2.165, 2.733. As
the eigenvalues for C+ are different from those obtained for C and
Cs, the kinematic chain C1 is not isomorphic with the C2 and Cs
chains. To identify the isomorphism of C2 and Csit is necessary to
determine the eigenvectors. If the eigenvectors are not equivalent,
the chains are structurally different. The eigenvalues and eigen-
vectors for C2 and Cs are presented in Tab. 1. The kinematic
chains Cz and Cs have the same eigenvalues and corresponding
eigenvectors, hence they are isomorphic.

Tab. 1. Eigenvalues and eigenvectors for kinematic chains C2 and Cs

C2 | Eigenvalues
1751 [-0934 |-2165 |0.252 [ 0708 [1.157 | 2733
Eigenvectors
0421 [-0121 | 052 [ 0346 [028 |-0.259 | 0.523
0.535 | -0.268 | -017 [ 0088 | 0659 |0.307 | 0.279
0516 | 0371 | -0151 | 0.324 [ 0186 | 0.614 | 0.24
0.368 | -0.079 | 0498 [ -017 [-0527 | 0403 | 0.377
0159 | 0512 | -0456 | 0417 | 021 | -0.272 | 0.461
0.331 | 0.679 | -0.029 | -0281 | 0.098 | -0.459 | 0.3
003 | 0215 | -047 [-0697 | 0349 | 0.125 | 0.329
Cs | Eigenvalues
0.708 [ 0252 | 1157 | -0.034 | -1.751 | -2.165 | 2.733
Eigenvectors
028 |0346 [0259 [0121 [o0421 |052 | -0.523
0659 | 0088 |-0307 | 0.268 | -0535 | -0.17 | -0.279
0.186 | -0.324 | -0614 [ 0371 | 0516 | 0.151 | -0.24
0529 | 017 | -0403 | 0.079 | -0.368 | 0498 | -0.377
0.349 | 0.697 | -0125 [ 0215 | 003 | 047 | -0.329
021 | -0417 [ 0272 [ 0512 [ 0159 | -0.456 | -0.461
0.098 | -0.281 | 0459 | -0.697 | -0.331 | -0.029 | -0.36

Graphs such as: perimeter, canonical perimeter, characteristic
perimeter, together with adjacency matrices obtained for each
individual graph are used by the authors of yet another kinematic
chain isomorphism identifying method (Ding and Huang, 2007;
2009). The loops that form a given kinematic chain constitute the
base for research. Tab. 2 presents six loops which were obtained
for each kinematic chain. In further discussions the key elements
are the loops with the highest number of links i.e. the longest. The
kinematic chain C1 takes two loops i.e. K3 and Ks, whereas
kinematic chains Cz and Cstake the Ks loop.

197




] DE GRUYTER
OPEN

G

Krystyna Romaniak
Identifying the Isomorphism of Kinematic Chains

Tab. 2. Loops forming kinematic chains in Fig. 3

Loops Kinematic chain Kinematic chain Kinematic chain
C1 Co Cs

Ki 12371 123471 123451

K2 12341 123451 123461

Ks 1234561 1234561 1234671

Ka 17341 17451 1761

Ks 1734561 174561 176451

Ke 14561 1561 16451

Perimeter graphs were formed adopting the longest loop as
external. The Ks loop was selected for all kinematic chains (Fig.3).

a) 1234561
101011
010000
10100 1
010100
001010
000100
01000 0
100 1 1 1]
010000
101000
01010 1
001010
000100
100100 0
) 1234671 1234561

1
0 100 1 1 1]
1010000
0101000

M,=[0 0 1010 1
1001010
1000100
100100 0

Fig. 3. Structural graphs: perimeter = canonical perimeter and adjacency
matrix for the C1 chain (a), perimeter = canonical perimeter
and adjacency matrix for the Cz chain (b),perimeter, canonical
perimeter and adjacency matrix for the Cs chain (c)

The structural graphs in Figs. 2a and 2b are simultaneously
perimeter graphs in Figs. 3a and 3b. Renumbering the vertices
so that each external vertex takes a consecutive integer trans-
forms a perimeter graph into a canonical perimeter graph.
By analogy, for consecutive longest loops two graphs are formed.
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In the example for both loops Kz and Ks the same canonical pe-
rimeter graph was obtained. For a graph with several elements
in the canonical adjacency matrix set, the matrix with the highest
number of the binary string contained in the upper-right triangle
of the matrix in the canonical adjacency matrix is defined as char-
acteristic adjacency matrix, and the corresponding canonical
perimeter graph is defined as characteristic perimeter graph. If for
any two given graphs their characteristic perimeter graphs are
identical, then the graphs are regarded as isomorphic. In the
example the canonical perimeter matrices are identical for C2 and
Cs hence these kinematic chains are isomorphic.

In another method for detecting the isomorphism of kinematic
chains, the authors applied structural graphs and adjacency ma-
trices (Zeng, 2014). Within an adjacency matrix the sub-blocks
were selected which are defined as square sub-matrices of the
adjacency matrix along the principal diagonal (Fig 4). The degrees
of vertices of a graph are organised in a descending sequence
making up lists denoted as List (d). If lists are different, the graphs
are not isomorphic. In the case in question the degree lists for
graphs G1, Gz, Gs are identical and form a list {4, 3, 3, 2, 2, 2, 2}.
Each list of the List (d) constitutes the base for an adjacency
matrix and the lists’ vertices follow the order set up by the lists.
Within those matrices, sub-blocks made by vertices of the same
degree are selected (Fig. 5ab,c). Then in the sub-blocks
for individual vertices a sum of squares of degrees of the vertices
adjacent to them is calculated, which is called the expanded
square degree of the vertex and denoted by S. For example,
in the sub-block made up by vertices {vz, vs, v4} in Fig. 4 the vertex
v2 has one adjacent vertex vs; vertex vs has two adjacent vertices
v2 and v4; vertex v4 has one adjacent vertex vs. Thus the sum
S of the vertex vz is the square of degree of v3 and equal to four,
S of vsis the sum of squares of the degrees of v2and v4and equal
to five; S of vais the square of the degree of vsand equal to four.

In the next step a list of expanded square degrees is created,
which contains the descending sequence of S sums of all vertices
in a sub-block and is denoted as List (S). For the sub-block
{v2,vs,va} in Fig.4 the list(S) is {5,4,4} and corresponds to vertices
{va,va,v2}.

V1 V2 V3 V4 V5 3 V7

v[0]1 o 1 0 1 1
w[1]0 1 0]0 0 0
wlo]l1 o 1]0 0 1

M= v |10 1 o1 0 o0
[0 0 0 1]0 1 0

w1 0 0 of1 0o o0
w1 0 1 olo 0 o0

Fig. 4. Exemplary sub-blocks obtained for graph G+

The equivalence of the expanded square degree lists
is a necessary condition for isomorphism. For individual graphs
(Fig. 5 a,b,c), the expanded square degree lists were established
for three sub-blocks. The following was obtained:

— G List(S) sub-block {v1} — {0}; List(S) sub-block {vs,va} —
{4,4}; List(S) sub-block {v2,vs,ve,v7} — {1,1,0,0} corresponding
to vertices {vs,ve,v2,v7},

— Gz List(S) sub-block {v1} — {0}; List(S) sub-block {va,vs} —
{4,4}; List(S) sub-block {v2,v3,ve,v7} - {1,1,0,0},

— Gs: List(S) sub-block {v1} — {0}; List(S) sub-block {va,ve} —
{4,4}; List(S) sub-block {v2,vs,vs,v7} - {1,1,0,0}.
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a) b)

Vi V3 V4 V2 V5 V6 V7 Vi Va4 V5 V2 V3 Ve V1
vifoo 1 1 0 1 1 wloJo 11 0 1 1
wioflo 1 1 0 0 1 vlio o 110 1 0 1
vlt]t 0o 1 0 0 vt 0o 0 1 0
wit1 0o 00 0] M=we|t 0 00 1 0 0
w00 10 0 10 o1 01 00 0
w10 0fJo 1 00 wi|il 0 110 0 0 0
vt 1 0o 0 0 0 vl 1 0o o0 00
c) d)

Vi V3 V4 V2 V5 Vo V7 Vi_V3 V4 V5 Ve V2 V7
vifoo 11 0 1 1 wloJo 1.0 1 1 1
wliofo 1 Jo 1 1 0 oo 110 0 1 1
vlt]t 0o 0 0 1 vt 01 1 0 0
w10 0fo 1 0 0]l Mi=ws|o 0 110 110 0
w01 01 0 0 0 wi|il 0 01 0o 0
w11 010 0 0 O w1 1 0 0 010 0
vt 0 1§00 0 0 vt 1 0 0 010 0
e) f)

Vi V3 V4 V2 V5 VB V7 Vi V3 V4 V5 Ve V2 V7
vifoo 1 1 0 1 1 wlo Jo 11 0 1 1
wliofo 1 Jo 1 0 1 wwiofo 110 1 1 0
vlt]t 0o 0 1 0 vt i 0o 0 0 1
w10 0fo 110 0 Ma=ws|1 0 010 1 0o 0
w01 01 0o 0 w0 1 01 0o 0
w10 1 0 010 O wit 1. 0 0 010 0
vl 1 0 0 0o o0 vI1. 0 10 010

Fig. 5. Adjacency matrices with sub-blocks: according to List(d)
for graphs G1 (a), Gz (b), Gs (c), according to List(S)
for graphs G (d), Gz (e), Gs (f)

According to the lists the vertices of the same expanded
square degree make a sub-block (Fig. 5d,e,f). For example, after
obtaining List (S), the vertices in sub-blocks in Fig.5a form sub-
blocks in Fig.5d. Then the correlations between individual sub-
blocks within an adjacency matrix is investigated. For this purpose
the correlation degree is defined and denoted as vi(gm).
It specifies the number of vertices from the gm sub-block which the
vi vertex from the gn sub-block is adjacent to. In the adjacency
matrix in Fig.bd, for example, there are four sub-blocks denoted
as g1, g2, 93, g4 The vertex v4 in g2 has one adjacent vertex vs
in g3, hence va(gs) = 1. Another correlation degree list from gn
to gmis made and denoted as List(gn(gm)) with correlation degrees
vi(gm) in descending sequence of vertices in the gn sub-block. The
following correlation lists have been obtained for sub-blocks
shown in Fig.5d, e, f:

— graph Gr: List(g1(g2)) - {1}, List(g1(ga3)) - {1}, List(g1(gs)) - {2},
List(g2(ga3)) - {1,0} corresponding to vertices {va,v3}, List(g2(g4))
- {2,0} corresponding to vertices vs, va, List(ga(g4)) - {0,0},

— graph Ga2: List(g1(g2)) - {1}, List(g1(g3)) - {1}, List(g1(gs)) - {2},
List(g2(g3)) - {1,0} corresponding to vertices v, v, ( List(g2(g4))
- {1,1}, List(gs(g4)) - {0.0},

— graph Ga: List(g1(g2)) - {1}, List(g1(g3)) - {1}, List(g1(gs)) - {2},
List(g2(g3)) - {1,0} corresponding to vertices va, vs, List(g2(g4)) -
{1,1}, List(g3(gs)) - {0,0}.

The equivalence of the correlation degree lists of graphs is
a necessary condition for isomorphism. The correlation degree list
for the G1 graph is not equivalent with the lists for G2 and Gs ,
hence the G1 graph is not isomorphic with the G2 and Gs.

Each vertex of the adjacency matrix of the Gz and Gs graphs
belongs to the same sub-block made via the expanded square
degree division and via the correlation degree division in both
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matrices, which means that both matrices are equal and that the
Gzand Gs graphs are isomorphic.

3. RESEARCHING THE ISOMORPHISM OF SPATIAL CHAINS

Methods presented in Chapter Il relate exclusively to the iso-
morphism of plane kinematic chains and do not cover spatial
mechanisms. It is mainly because the base in these methods are
diagrams in which kinematic pairs are noted by one symbol i.e.
a circle. This is possible only for plane mechanisms whereby both
the revolute and prismatic kinematic pairs are noted with such
a symbol.

For spatial mechanisms the class of kinematic pairs has to be
considered in their structural diagrams. As an example in the
parallel mechanism presented in Fig.6 there are four kinematic
pairs of class lll (The class of kinematic pairs depends on the
number of parameters of kinematic bonds which a given pair
imposes on the motion that one link can make in relation to the
other. A link's free motion can be described by six parameters
such as three revolutions and three translations along the orthog-
onal axis of the coordinate system. Each independent move which
one link is able to make in relation to the other is called a degree
of freedom W. Any constraints imposed on that movement
is called a parameter of a kinematic bond H with values ranging
from 1 to 5. Thus W=6-H. Hence a kinematic pair that enables one
revolution or one translation is a pair of class V, as five out of its
six degrees of freedom have been restricted. The pair of class IV
means that four parameters of a kinematic bond have been im-
posed, the remaining two determine two degrees such as,
for example, a revolution and a translation.) (three spherical pairs
at the platform which make three revolutions around a coordinate
axis possible and one at the base enabling two translations and
one revolution), one kinematic pair of class IV (the pair at the base
enabling a translation and a revolution) and one pair of class V
(at the base enabling one revolution). Hence a structural diagram
of these mechanisms contains information about the class
of kinematic pairs (Fig. 6b).

Fig. 6. Parallel mechanisms (a, d) in the traditional (b, €)
and in the generalised structural notation (c, f)
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Structural analysis of spatial mechanisms indicates that the
mechanisms can be grouped according to the same graphic
notation in which individual mechanisms differ in the classes
of kinematic pairs (Romaniak, 2010; 2011; Uicker and Raicu,
1975). For example, the parallel mechanism in Fig. 6d can have
a graphic representation corresponding to the parallel mechanism
in Fig.6a having provided appropriate classes of kinematic pairs.
A new generalised notation for spatial mechanisms has been
proposed whereby classes of kinematic pairs are noted in a form
of labels next to a graphic diagram (Fig. 6¢, f).

Splitting the structural notation of spatial mechanisms into two
parts i.e. graphic representation and a label enables the structural
research used for plane mechanisms to be applied to spatial
chains whose graphic diagram is identical to that of plane mecha-
nisms. Therefore the methods of structural synthesis as well as
methods for researching the chains’ isomorphism, presented in
Chapter I, can be used in here. Closely linked with the graphic
diagram and determined following current structural formula, the
labels are the sequences of numbers whose isomorphism is easy
enough to check.

The proposed notation of spatial mechanisms attempts to ex-
tend the research regarding the isomorphism of kinematic chains
to the mechanisms of all groups. However, it is not an ideal meth-
od as the notation in a form of a graphic diagram and a label
provides a certain set of solutions restricted to various locations
of kinematic pairs in a given diagram (Fig. 7).

543333

3) 3 )
G ofc ¥ e

Fig. 7. A parallel mechanism with the three non-isomorphic solutions (b)
obtained from the generalized notation (a)

After linking the graphic notation with labels the solutions ob-
tained need to be checked again in order to eliminate isomorphic
chains.

4. CONCLUSIONS

A rapidly increasing number of new methods applied to the is-
sue of identifying the isomorphism of mechanisms reflects the
researchers’ efforts to obtain a precise result in the shortest time
possible. In the examples presented in this paper an attempt has
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been made to expand the area of research to include spatial
mechanisms. It has been made possible by applying a special
notation for spatial chains, in which the classes of kinematic pairs
are noted next to their graphic representations. Thus the research
for diagrams and the labels is carried out separately, and then any
method developed for flat chains can successfully be used when
graphic representation is concerned. Every method discussed
herein leads to an equally correct solution in terms of the isomor-
phism of the chains presented. Although eliminating chains of the
same graphic representation, those methods do not fully sort out
the problem of duplicating spatial kinematic chains. What remains
to be checked is the isomorphism of chains after graphic repre-
sentation has been joined with labels. Then structurally identical
solutions need to be selected and eliminated.
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Abstract: The article presents influence of modification of the low-alloy cast steel G17CrMo5-5 by rare earth metals on stress distribution
in front of the crack at the initial moment of the crack extension. Experimental studies include determination of strength and fracture tough-
ness characteristics for unmodified (UM) and modified (M) cast steel. In the numerical computations, experimentally tested specimens
SEN(B) were modelled. The true stress—strain curves for the UM and M cast steel are used in the calculation. The stress distributions
in front of the crack were calculated at the initial moment of the crack extension. On the basis of data on the particle size inclusions in the
UM and M cast steel, and the calculated stress distributions was performed an assessment of the possibility of the occurrence of cleavage
fracture. The analysis results indicate that at room temperature for the UM cast steel, there is a possibility of cleavage fracture, while

for the M cast steel occurrence of cleavage fracture is negligible.

Keywords: Fracture Toughness, Stress Distributions in Front of the Crack, Cast Steel, Fracture Mechanisms

1. INTRODUCTION

Elements made of low-alloy cast steel are widely used in dif-
ferent branches of industry, especially in power industry. One
main problem observed during utilization of these elements was
occurence of a sudden destruction. In the studies (Bolanowski,
2005; Gajewski and Kasirska, 2009; Heon et al., 2006; Luniov,
2002) were received wide scatter intervals of the impact energy
data. The modification of cast steels by rare earth metals (REM)
leads to an increase of mechanical properties (Gajewski and
Kasinska, 2009; Kasinska, 2014). These changes were caused by
microstructure transformations, which were occurred because
of adding the REM. For low-alloy cast steel G17CrMo5-5, espe-
cially a significant increase was obtained for the fracture tough-
ness characteristics (Dzioba et al., 2015).

According to the local approach to fracture, the fracture pro-
cess begins if the level of stresses (or strains) in front of the crack,
exceeds the critical value on the critical distance (Beremin, 1983;
McClintok, 1968; Ritchie et al., 1973; Seweryn, 1994). By Ritchie-
Knott-Rice’s modified criterion, the fracture process occurs if the
tensile (opening) stresses in front of the crack exceed the critical
value at the critical distance (Dzioba et al., 2010; Neimitz et al.,
2010).

In the present study, the authors focused on the analysis
of the process of cast steel cracking G17CrMo5-5 in an original
condition (UM) and after modification of the REM (M). Main objec-
tive of the analysis is to evaluate the possibility of the occurrence
of cleavage fracture in the tested types of steel. The analysis was
based on the approach taking into account stress values, that
arised in front of the crack tip, and microstructural constituents
of the material - particle sizes, the particle size of the inclusions
(Dzioba, 2011; 2012).

2. TEST METHODS AND MECHANICAL PROPERTIES
OF G17CrMo5-5 CAST STEEL

Experimental studies including determination of strength
and fracture toughness characteristics were carried out on two
melts of the low-alloy cast steel G17CrMo5-5 (Tab. 1) (EN-
10213-2:1999). The difference between the two melts based on
a modification of one of them with the addition of rare earth metals
(REM), introduced in the form of mischmetals, having the follow-
ing composition: 49.8% Ce, 21.8% La, 17.1% Nd, 5.5% Pr, 5.35%
the remainder of REM. Heat treatment after casting included
normalizing (940 °C) for 1 hour and tempering (710 °C) for 2 hours
(Gajewski and Kasinska, 2009; Kasirska, 2014).

Tab. 1. Chemical composition of the low-alloy cast steel G17CrMo5-5

C Si | Mn | Cr | Mo Ni Al S P

017 | 04 | 06 | 1.2 | 0.53 | 0.1 | 0.034 | 0.012 | 0.018

Modified and unmodified cast steel after a heat treatment has
a ferritic-pearlitic-bainitic microstructure. An addition of REM
to alloy caused a reduction of an average grain size. The modifi-
cation also caused changes in the morphology of nonmetallic
inclusions. Irregular shape of nonmetallic inclusions of the UM
cast steel changed to spherical (Fig. 1) (Gajewski and Kasinska,
2009; Kasinska, 2014).The sizes of the spherical particles are
smaller (about twice) and they are uniformly dispersed in the
metal matrix for the M cast steel (Fig. 2) (Gajewski and Kasiriska,
2009; Kasinska, 2014).
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a) b

(Fe,Mn)S

Fig. 1. Shape of nonmetallic inclusions in cast steel G17CrMo5-5:
a) irregular — for UM; b) spheroidal — for M
(Gajewski and Kasinska, 2009)
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Fig. 2. The size distributions of the inclusions, d;, in UM and M cast steel

Al tests were performed at temperature Tiest=+20 °C.
Strength characteristics were determined in the uniaxial tensile
test on the standard, 5-times round specimens on the testing
machine UTS/Zwick-100, which is equipped with an automated
control and data recording system. The tensile specimens were
cut-out directly from the tested SEN(B) specimens. The results
are shown in Tab. 2, where oo is a yield strength, ouis an ultimate
strength, nis a power exponent in the Ramberg-Osgood law, As is
an elongation, Z is an area reduction. We can observe that modi-
fication by REM of the cast steel caused an increase of strength
characteristics and plasticity.

Tab. 2. Strength characteristics of the UM and M cast steel G17CrMo5-5

Specimens | Ou n As z
MPa | MPa % %

UM_1 444 587 12.08 19 52
UM_2 442 595 11.47 19 62

UM_3 441 596 | 11.47 20 59
Average 442 593 | 11.67 19.7 58

M_2 468 620 | 12.45 22 69
M_3 457 618 1 22 56
Average 463 619 | 11.73 22 63

Fracture toughness was determined on the SEN(B) speci-
mens: B=12mm, W=24 mm, S=96 mm. Fatigue cracks were
derived from the notches. During derivation of the fatigue cracks,
loading was performed on the testing machine MTS-250 under
conditions of controlled force and at a frequency of 20 Hz.
In accordance with the requirements of the standard (ASTM E1820-
09), the length of the fatigue crack was about 1.5 mm, and the
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total dimension of the notch and the fatigue crack was about
ao/W=0.5. The method of a potential drop changing was used to
measure the growth of the crack length during the test (ASTM
E1737-96). In case of the specimens made of the UM cast steel
after ductile crack growth, occurred a brittle fracture. However
a ductile extension of the crack was large (Fig. 3), so that it ena-
bled to determine the Jr curve (Fig. 4). For the M cast steel was
observed a fully ductile increment of the crack extension, in the
whole range of loading (Fig. 3). The Jr resistance curves for the M
cast steel are placed higher than the Jr resistance curves for the
UM (Fig. 4). The critical values of J integral, Jc, and values at the
initial moment of the crack extension, J;, for the tested specimens
are presented in Tab. 3.

16
u, y=1.41mm
129
U, yy=1.16mm V ‘:
g 8- :
Q‘ l
i
T =+20°C
4 —_
----UM
M
0 T T T T T T T —
0 1 2 3 4
u (mm)

Fig. 3. Load-displacement curves of the M and UM cast steel and points
coresponding to the Ji values

600 —

400
T=1+20°C

test

J (kN/m)

200

0 —_—
0 04 08 12 16 2
Aa (mm)
Fig. 4. Jr curves for the M and UM cast steel for the specimens analyzed

in FEM

Tab. 3. Jiand Jc values for the M and UM cast steel
(* - the spesimen analyzed in FEM)

Ji Je Type of crack extension,
kN/m | kN/m | length of crack extantion

Ductile-Brittle;

Specimens

UM_17 194 | 299

Aap=1.80mm

. Ductile-Brittle;

UM_18 160 246 Aap=0.87mm
Average UM | 177 273

M_16 210 317 Fully Ductile

M_18* 207 312 Fully Ductile

Average M 209 | 315
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3. NUMERICAL ANALYSIS OF STRESS DISTRIBUTIONS
IN FRONT OF THE CRACK

Numerical analysis was performed on SEN(B) specimens.
Computations were carried out in Adina 8.9. The % part of the
three-dimensional specimen was modeled, because two sym-
metry planes exist. The specimen in thickness direction was
divided into ten layers. The layers became thinner in the direction
of the free surface. This was caused by a greater gradient of the
component stress changes near the side surface of the specimen.
Tip of the crack was modeled as a quarter of an arc of a radius
10 ym. The finite element mesh size was reduced in the radial
direction to the crack tip. In the computations there were used
20-nodal three-dimensional finite elements. The load in calculation
was defined by a displacement of the loading roll of the testing
machine at the moment, which corresponded to the J-integral
value, at the initiation of crack extension. Those moments are
points on the load-displacement curves for the UM (ui_um) and M
(ui_m) cast steel (Fig. 3). In computation the load increased linearly
to reach a certain value. The real o-¢ curves derived on the basis
of the plots obtained during uniaxial tensile tests for the UM and M
cast steel (Fig. 5), which were used in FEM calculation. The mod-
el of a large strain was adopted.

B8E+8

6E+8

Ure(PaJ
-
m
+
(o=}

T T T T
0 0.04 0.08 0.12
Ere
Fig. 5. Plot of modeled materials used in numerical computations - true
G-€ Curves

L
P
N

0 — T
0 0.001 0002 0003 0.004
r(m)
Fig. 6. Normalized opening stresses distribution in the specimen axis

The stress distributions in front of the crack tip oy, o622, o33
in the particular layers were obtained. The value of the maximum
opening stresses, o2, for the UM and M cast steel reaches
the highest level ~3.600 in the axis of the specimen (Fig. 6).
The maximum opening stresses decrease with a distance
in a direction to a free surface of the specimens (Figs. 6-9). How-

acta mechanica et automatica, vol.10 no.3 (2016)

ever, a lower max levels of the opening stresses in the thickness
direction obtained for the SEN(B) specimens made of the M cast
steel (Figs. 6-9).

0 A
0 0.001 0.002 0.003 0.004
r(m)
Fig. 7. Normalized opening stresses distribution in the 5t layer

D T | T | T ] T I
0 0.001 0002 0.003  0.004
r(m)

Fig. 8. Normalized opening stresses distribution in the 8th layer

Parameters of the triaxiality stress state in front of the crack
at the critical moment for the UM and M cast steel were calculat-
ed. The parameters T; (Guo, 1993) and 3R (Rice and Tracey,
1969) are used in fracture mechanics to evaluate the triaxiality
stress state level. The weighted average value of T — Tm, and the
weighted average value of 3R — 3Rm were proposed to evaluate
the triaxiality stress state in the paper (Neimitz et al., 2015). These
parameters take into account the specimen thickness.

4.0

T2/ Ty

2.0 ; — — |
0 0.002 0.004 0.006
B/2(m)

Fig. 9. Distribution of the maximum values of the normalized opening
stresses in thickness direction
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T, =, g

Th = %Zil& T,iB;, (2)

3R = Tutdeztoss)/s 3)
0o

3Rm = = %1% 3RB;, (4)

where: 011, 022, 033 are stress components in the stress plane,
opening and in the thickness direction, respectively; oo is a yield
stress; i is a layer number; B is a layer thickness.

0.5
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[
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Fig. 10. Distributions of the Tz parameter in a direction
of the specimen thickness
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T T T 1
0 0.002 0.004 0.006
B/2 (m)
Fig. 11. Distributions of the 3R parameter in a direction
of the specimen thickness

The parameters Tm and 3Rm were calculated for specimens
made of the UM and M cast steel. A higher level of these parame-
ters was obtained for the UM cast steel G17CrMo5-5 (Tab. 4).The
higher level of stress triaxiality indicates higher restrictions on the
growth of a plastic zone in front of the crack, reducing the amount
of energy stored, and, as a result, decreasing the fracture tough-
ness characteristics. The derived experimental results confirmed
that increase of the triaxiality stress state in the specimen indi-
cates a reduction of fracture toughness (Tab. 4).

Tab. 4. The weighted average parameters Tm and 3Rm for UM and M cast
steel

Tm 3Rm Ji (kN/m)
UM 0.46 2.16 160
M 0.42 1.91 207
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4. EFFECT OF MICROSTRUCTURE ON FRACTURE
PROCESS OF G17CrMo5-5 CAST STEEL

The results of numerical calculations indicate more favourable
conditions for the implementation of cleavage fracture in the un-
modified cast steel, which quantitatively expressed at higher
values of the triaxiality parameters, especially 3R parameter.
Detailed studies of microstructure revealed some differences
in the microstructure of the UM and M cast steel. In both variants
of steel, there is a similar microstructure of ferrite with large areas
of perlite-bainite (Figs. 12a, 12b). But for the UM cast steel
a characteristic feature is a larger quota of a ferritic component
in the microstructure and larger size of ferrite grains (D; =8-25 um
for UM; D; =3-15 um for M).

a)

Fig. 12. Cast steel G17CrMo5-5 microstructure: a) for UM; b) for M

According to the concept of a local approach to the process
of fracture, cleavage fracture will be made if the level of stress
exceeds the critical levels, necessary for the development
of micro-cracks inside the grain, and to overcome the grain
boundary and the development of cracks in the adjacent grains
(Pineau, 2006). In order to evaluate these critical levels, we may
use the formulas proposed in the works of Knott et al. (Curry
and Knott, 1978; Dolby and Knott, 1972; Knott, 1977). Critical
level of stresses of the microcrack initiation from micro-defect can
be assessed using the formula:

1/2
(4w
Oci = 2 (11'(1—112 )di) ’ (5)

While the stress level required for the development of micro-
crack from the grain into neighbouring one by the formula:
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oeg = (22 )" ®)

(1-v2 )Dg

In the formulas (5) and (6): E is Young's modulus; v is the
Poisson's ratio; » is a unit surface energy of cracks that propa-
gates in ferrite; y is a unit surface energy of the crack propagat-
ing through the grain boundaries; di is a diameter of the inclusion
particle; Dq is a diameter of the ferrite grain.

The results of the analysis of the cracking process in the UM
and M cast steel G17CrMo5-5 are shown in Fig. 13. A solid line
o =f(d) shows the dependence of critical stresses of the micro-
crack initiation from the micro-defect (by the formula 5). A dash
line o =f(D) shows the dependence of the critical stresses of the
microcrack growth through the grain boundary (by the formula 6).
The lower horizontal dash and point line indicates the stress level,
at which in the UM cast steel cleavage fracture may initiate from
the particles of the largest size di =10 um, (by the formula 5 and
data from the Fig. 2). The upper horizontal dash and point line
indicates the maximum level of the opening stresses for the UM,
which were calculated numerically in the axis of the specimen
(oc=1580 MPa). Respectively, for the M cast steel horizontal
lower solid line indicates the level of the microcrack growth initia-
tion from the particles of the maximum size, di =6 um. The upper
horizontal solid line corresponds to the maximum level of the
opening stresses for the M cast steel (cc =1650 MPa). The analy-
sis shows that in the M cast steel, cleavage fracture at the possi-
bly highest level of loading (oc=1650 MPa) is likely because
of microdefects nucleations and growth on the particles of inclu-
sions d>3.7 um. Also the microcrack growth through grain
boundary is possible, because of the boundaries in grains
of values Dg>12 pum. From the distribution of particles size pre-
sented in the Fig. 2, follows that there is about 5% inclusions of
the appropriate size in the cast steel, simultaneously with a small
part of ferrite grains of the appropriate size (~15%), which means
that probability of the cleavage fracture occurrence is very low,
less than 1%. Given that the part of the pearlite-bainite component
of the microstructure construction of the M cast steel is dominant,
and the growth of cleavage fracture in the microstructures of this
type is difficult (Lewandowski and Thompson, 1987), the probabil-
ity of realization of material cleavage fracture is negligible. Thus,
the fracture process in the M cast steel will be realized by ductile
mechanism. However, the probability of the cleavage fracture
occurrence exists, it can be rarely realized locally in the individual
ferrite grains.

G _
MPa
1600 —
1200 —
] 10 15 20 25 D,, um
800 1 I\ L | | | | [I | — J‘
0 4 8 d, um

Fig. 13. Plots of the critical stresses for the M and UM cast steel
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In the UM cast steel at the highest level of stresses (cc =1580
MPa) the initiation of cleavage fracture is possible beacuse the
microcracks growths in the ferrite grain from inclusions di>4.0 um.
The growth of microcracks by a grain boundary is possible
if Dg >13 um. There is ~30% of the particles of the right sizes and
~40% of the ferrite grains of the right size. Taking into considera-
tion that the ferrite grains occupy ~35% in the microstructure
of the UM cast steel, the possibility of the occurrence of the global
cleavage fracture is 4.2%. It is an assessment for the maximum
value of stress loading. However, if we take into account the
demand criteria of fracture, according to which for the realization
of the cleavage fracture, stresses should reach the critical level in
a material in a critical length, the probability of the occurrence of
the global cleavage fracture in the UM cast steel will decrease.
However, the probability of the occurrence of the cleavage frac-
ture in the local limited areas is higher (~10%). On the basis of the
conducted analysis, it can be stated that in the UM cast steel, the
fracture process will be realized at the dominance of ductile
mechanism. In the local areas, the occurrence of cleavage frac-
ture is possible. In this material, there is also a low probability of
the global occurrence of cleavage fracture.

In the Figures 14a and 14b are shown the photos the speci-
mens of the M and UM cast steel. In the specimen of the M cast
steel was observed only ductile fracture mechanism, realized
through the nucleation and growth of voids around large particles
(Fig. 14a), which is confirmed by the results of the assessment
presented above. Fracture mechanism in the UM cast steel is also
consistent with the presented above the results of the analysis.
Generally dominates ductile fracture mechanism, however we can
also observe scarce local areas, where cleavage fracture occurs.
It is also worth mentioning, that in the specimens of the UM cast
steel after increase of the subcritical fracture (Aa > 0.8 mm), the
fracture mechanism changed into cleavage type. The change may
be explained that for the moving fracture, the level of stresses
increases in front of the crack tip (Neimitz at al., 2010), which
leads to the increase of the probability of cleavage fracture.

a)

Fig. 14. The fracture surface of sub-critical rack
for the cast steel G17CrMo5-5: (a) M; (b) UM
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5. CONCLUSIONS

Addition of rare earth metals to melting of the low-alloy cast
steel G17CrMo5-5 increases the strength, plasticity and fracture
toughness characteristics. The FEM analysis results indicate that
for the initial moment of the crack extension in the modified (M)
and unmodified (UM) material is required to obtain a similar level
of the opening stresses in the specimen axis, c22~3.600. Howev-
er, in the M cast steel the length of the critical interval is about
twice greater than in the UM cast steel. Increasing of the critical
interval indicates a higher fracture toughness of a material
(Luniov, 2003; Seweryn, 1994). Distributions of the main stresses
and parameters of the triaxiality stresses state T; and 3R in the
thickness direction were presented. The weighted average values
Tm and 3Rm were calculated. For the M cast steel, the level
of triaxiality stresses state parameters are lower, that indicates
lower constraint on plasticity growth and higher fracture toughness
in the specimens.

Assessment of the probability of cleavage fracture was carried
out, based on the numerically calculated stress distributions
in front of the crack tip and the data distributions the size of non-
metallic inclusions and ferrite grains. The results of assessment
allowed to predicted the mechanisms of crack propagation in the
UM and M cast steel, that is consistent with the results observed
during specimens tests.

These results confirm the beneficial effect of the cast steel
modifying by the REM, thus leading to preferred microstructure
changes - to reduce the particle size of the inclusions, the reduc-
tion of grain sizes, increasing the part of the pearlite-bainite com-
ponent. These changes will decrease the maximum value of the
stress levels in front of the cracks, which leads to increased frac-
ture toughness and crack growth by only safe ductile mechanism.
Then, in the unmodified cast steel there is a real possibility of the
brittle fracture occurrence.
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Abstract: The aim of this paper is the numerical analysis of the one of main part of car engine — piston sleeve. The first example is for pis-
ton sleeve made of metal matrix composite (MMC) A356R. The second improved material structure is layered. Both of them are compari-
son to the classical structure of piston sleeve made of Cr-Ni stainless steel. The layered material structure contains the anti-abrasion layer
at the inner surface of piston sleeve, where the contact and friction is highest, FGM (functionally graded material) interface and the layer
of virgin material on the outer surface made of A356R. The complex thermo-elastic model with Archard's condition as a wear law is pro-
posed. The piston sleeve is modelling as a thin walled cylindrical axisymmetric shell. The coupled between the formulation of thermo-
elasticity of cylindrical axisymmetric shell and the Archard’s law with functionally changes of local hardness is proposed.

Key words: Piston Sleeve, Wear, Thermo-Elasticity, Archard's Law, Metal Matrix Composite MMC, Functionally Graded Material FGM

1. INTRODUCTION

The aim of this paper is the numerical analysis of wear of the
one of main part of car engine — piston sleeve. The wear process
can be described as a removing a thin layer from the surface
of the material (Sarkar, 1976). Wear process depends of various
types of mechanisms responsible for removal of material from
surfaces. At the instant of wear, the rate of volume removed per
unit sliding distance must be a function of the volume of material
available atthe junctions. In general, this definition can be de-
scribe as:

=B, §)
where: term V denotes volume, S is the sliding distance and f3; is
a constant which depends, possibly, on the applied loads. The
constant 3, usually has negative sign describes a situation, where
the original volume at the junctions diminishes with sliding dis-
tance (Sarkar, 1976).

In alternative model proposed by Archard (1953) two nominal-
ly flat surfaces contact each to other at the high asperities which
flow plastically, because of the concentrated localised stresses
there. As this happens, the compliance between the couple im-
proves, that is the gap between the two surfaces diminishes re-
sulting in further protuberances making contacts elsewhere.

For a large distance S, the total volume of wear per unit slid-
ing distance can be represented as:

F
V=g ES’ (2)
where: F denotes applied load, g — wear coefficient, o, - yield
surface limit. Denominator in (2) can be represented by local
hardness / of the material, where H = 30,

Constitutive relation, contains the thermo-elasticity formulation
combined with Archard's law, is described by the decrease of the
thickness due to wear at the inner layer of the piston sleeve (Wa-
jand and Wajand, 2005).

2. TEMPERATURE FIELD IN CYLINDRICAL SHELL

The axisymmetric distribution of temperature and its change
through the longitudinal direction x is assumed. Moreover, a linear
distribution of temperature through the thickness is considered as
a loading:

T
T(x,y) = T(x) + T2y, 3)
where: Tx is a mean value of temperature of the shell wall,
T stands for temperature gradient inner and outer layer, x is the
axial coordinate, h stands for thickness of cylindrical shell.

self-acting ignition spark ignition
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Fig. 1. Temperature distribution of piston: 1-four phase engine (Otto
engine), 2-two phase engine (Diesel engine), after Le$niak (1964)

Experiments confirm that almost whole heat flux which enters
the upper piston surface goes towards rings and cylindrical part
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of the piston, whereas the lower surface subjects to adiabatic
conditions. On the other hand, the temperature distribution
at upper piston surface is not uniform (LeSniak, 1964). Above
observation is confirmed by Fig. 1, where it is shown the distribu-
tion of the temperature in Otto and Diesel engines. In this case,
the temperature distribution of piston sleeve may be well approxi-
mated by square function as follows:

T(x) = 150x2 — 300x + 250, (4)

T, (x) = 75x? — 150x + 175, (5)

It is assumed that the value of temperature is equal to

T,, = 100 °C - approximately the temperature of boiling of the
cooling liquid in pressure at the inner layer, whereas the value

of the temperature at the outer layer is equal to T, = 250 °C.
3. MECHANICAL MODEL
3.1. Bending of shell

The Piston sleeve is a thin structure of cylindrical shape,
where the thickness is smaller in comparison with convenient its
length. According to that properties, the simplest mechanical
model is based on cylindrical axisymmetric thin walled shell. It is
assumed:

— Body forces and pressure on circumference surface are
constant, hence the assumption of axisymmetric is true.
Above variables can change allow the axial direction.
All forces are moved to middle layer, where the radius
of cylindrical surface is equal R (see Fig. 2).

— Radial displacement is very small in comparison to thickness
h.

— The temperature is changed trough the thickness h and axial
coordinate x.

— Influence of axial force on bending moments are small and it
is omitted.

— Young modulus E, Poisson ratio v and coefficient of thermal
expansion a are not depend on temperature.

Fig. 2. Bending cylindrical shell: a) geometry, b) internal forces,
¢) distribution of stresses, d) deformation of middle layer;
after Zyczkowski (1988)
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When the axial forces n are omitted, the internal equilibrium
equation in displacement form coupled with Eq. (3) is following as:

Lo (S -att+ )]+
Eha (6)

R

where: w(x) — unknown radial displacement function, x — axial

3
coordinate, D(x,N) = f:(l(fvlg

coefficient of thermal expansion, /- thickness of shell, R - radius
of shell, £- Young modulus, p— pressure, v — Poisson’s ratio.

The bending stiffness D cannot be shifted before the
differential operator, like in classical form, because the thickness
of piston sleeve is not constant. There is a function of axial
coordinate x-and number of cycles in wear process N.

— bending stiffness, a -

3.2. Boundary condition

Uniqueness of the solution of the boundary value problem
described by equation (6) requires formulation of an appropriate
set of boundary conditions. Classical formulation is not favourable
because its incompatibility between thermal and mechanical
boundary conditions. This effect can be solved by adding two
axisymmetric elastic ribs. The first one is located at the upper part
of piston sleeve (x = 0) and the other one in the below part
(x = 1), both modelling as disks, where [ denotes the length
of piston sleeve.

Differences of the temperature distribution in ribs are not
taken into account because the dimension of ribs is small
in comparison to dimension of the structure. A radial displacement
of ribs is a function of temperature & and transverse force g
is given by formula:

qr; (1-v)7%+(1+v)
Eh 1-72

u(g) = aerl = fb (0! q, r) ’ (7)

where: ¥ =1, /r,, 1, = R - outer radius of piston sleeve,
r, = R + [, l; - height of rib.
The boundary conditions are as follows:

w(0) = f,(6,q,r = 1),
w(l) = f,(6,q,7 = 1),
m,(0) =0,
w'(0) =0,

(8)

where: the m, is a radial moment and w'is an angle of
deflection.

4. FORMULATION OF WEAR FOR PISTON SLEEVE

The inner surface of piston sleeve is degraded by rings and
the thickness of piston sleeve is decreasing. Some experiments
lead to special kind of wear in this type of structure — wedge
shape wear (see Fig. 3).

All facts above considered the formulation of the thickness
function can be described as follows:

{ h(x, N) — hO fOFx < xo (9)
h(x,N) = hy + 6h(x,N) for x = x,,



where: N—number of cycles, §h(x, N) is an infinitesimal change
of the thickness at one cycle depends on variable x, xo is the
point where the wedge’s shape wear starts. Application of Eq. (1)
in the problem of thin shell, where the sliding distance is collinear
to coordinate x and total volume is reduced to the problem
of change of thickness, previous equation can be rewritten
as follows:

dh _ _om, (10)
dx

where: constant a stands for a certain material parameter [1/m]
having essential role in modelling of wedge’s shape wear, see
Egs. (10)-(15). Other words, Eq. (10) can be read as: the rate
of thickness removed per unit sliding distance is a function of the
thickness of material available at the junction, see Sarkar (1976).
After solve very simple differential equation (10), we can
introduced:

Sh(x,N) = C(N)e™, (11)

wedge's shape wear

Fig. 3. Wedge’s shape wear of piston sleeve

On the other hand the total volume of removed material can
be described as:

X1

AV = f 2mRSh(x, N) dx, (12)
X0
where: the x; — x, is a sliding distance in one cycle. Comparison

Archard’s law and result of integration from Eq. (12), we can
describe the following equation:

e—ax1

BEs =21R C(N) (13)

Next it is assumed e™*1 = 0, e™@*0 ~ 1 and summarise
sliding distance S = N(x; — X,), we can easily find that:
CN) = == B= N(xy — xo). (14)

2mR

Substituting (14) to (11) and after that introduced both of them
into equation (9) we have finally relation describing change
of thickness in the following form:

h(x,N) = ho
a FS
R P e

The constant wear parameter p = 2 - 10~ is experimentally
determined and substituting to all numerical examples after
Natarajan et al. (2006). The load F is calculated as follow:

for x < x,
(15)

h(x,N) = hy — T for x = x,.

acta mechanica et automatica, vol.x no.x (xxxx)

F = 2nRh,p, , (16)

where: p, denotes the constant gas pressure in the cylinder in the
one cycle of sliding and h,. is a medium height of the cylinder
rings (LeSniak, 1964). Obviously the original problem is not
axisymmetric since wedge’s shape wear occurs in the plane
perpendicular to the axis of piston pin. However, for simplicity the
axially symmetry of the problem is assumed.

5. RESULTS

Numerical integration of the problem takes advantage of step-
-by-step procedure and the shooting method presented in Press
et al., 1983 and Skrzypek et al., 2008.

a) b)
| ——®HE/e8 — ) -
P 3 >
’} N ZZAE S \i \
X)) | g
'g. \7;( | /
8/ 3 ¢HE/e8 —

Fig. 4. Wet piston sleeves: a) piston sleeve with upper flange,
b) piston sleeve with bottom flange (Wajand and Wajand, 2005)

From the technological point of view there are two types
of wet piston sleeve. One of them has got flange on the upper
surface (see Fig. 4a). The bottom part of the piston can extend
after heating up. In another type of piston a flange is in the bottom
part (see Fig. 4b), where the flange rest on ring-shaped sprue
(Wajand and Wajand, 2005). Aforementioned it is assumed
mechanical model presented with all geometrical parameters
in Fig. 5 and it is used in all numerical examples in this paper.

wedge's shape wear
~.

f X

Fig. 5. Mechanical model and geometrical data of piston sleeve.
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First numerical example is the reference problem necessary to
calibrate material data. The sampling piston sleeve is made of Cr-
Ni steel and detailed material data is shown in Tab. 2 and another
parameter of analysis is presented in Tab. 1.

Tab. 1. Geometrical and material parameters

formula of this material, called A356R, is Al-SizMgos + 6% TiBe.
Material data of this material is shown in Tab. 3.

Tab. 3. Material data of MMC A356R,; after Egizabal [2].

Young Poisson’s Thermal Hardness
modulus ratio expansion H[MPaq]
E [GPa] v[] coefficient

a [1/K]
79.0 0.33 224 x10°6 338.0

. Medium height Constant
Wear coeffi- Gag PIESSUIEIN | it the cylinder geometric
! cylinder [5] p .
cient [3] S [-] MP g rings [5] parameter
[MPa] h,, [mm] a[1/mm]
2-10°° 5.0 3.0 5-1072
Outer radius Length of shell thickness of Height of rib
shell R [mm] [ [mm] rib hy, [mm] 1 [mm]
90.0 140.0 5.0 5.0
Initial thickness
of shell hy [mm]
5.0

Tab. 2. Material data of Cr-Ni steel; after http://www.matweb.com

Young Poisson’s ratio Thermal Hardness
modulus v[] expansion H[MPa]
E [GPa] coefficient

a [1/K]
170.0 0.33 18.5x 104 66.9

From the experimental point of view, maximum wear (drop
of the thickness) is 0.1 mm. If the length of the wedge is equal
as below, the piston sleeve will absolutely be unserviceable. Fig. 6
clearly shows wedge-shaped wear, coordinate is equal x/I, where /
is the length of piston sleeve. It is where the dimensionless worth
to notice that the number of cycles leading to destructive wear
is equal N = 2.2 - 107 in the first, reference example.

wedge's shape wear

510"

wall thickness
S
w
o
T

494 - 1.8410
493
492 1.8:107
491 )
2.210
49 1 1 1 1 1 1 ]

1 1
0 01 02 03 04 05 06 07 08 09 1
dimensionless coordinate x/I

Fig. 6. Distribution of thickness function for piston sleeve made
of Cr-Ni steel

5.1. Piston sleeve made of metal matrix composite
MMC A356R

In the next numerical example piston sleeve is made
of special kind of aluminium-based composite. The chemical
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Thickness drop is presented in Fig. 7. Character of the plot is
the same like in previous example (see Fig. 6). It is well visible
that similar wedge-shaped wear appears, however the number of
cycles leading to destruction increases (N = 1.06 - 108). This is
the advantage of application of A356R composite.

wall thickness
-
&
T

10.7-10°

1 1 1 1 1 1 1 1 1 ]
0 01 02 03 04 05 06 07 08 09 1
dimensionless coordinate x/1

Fig. 7. Distribution of thickness function for piston sleeve
made of aluminium composite A356R

017 0.0055

0.004:

effective stress

L L L L
0075 008 008 009 0.1

6 01 02 03 04 05 08 07 08 09
dimensionless coordinate %1

Fig. 8. Distribution of von Mises stress using the shell theory
in piston sleeve made of A356R.

Next plot shows von Misses effective stress (see Fig. 8). De-
tailed analysis reveals existence of smoothness of effective stress
near the point where wedge appears. It is a very dangerous effect,
because it can lead to fracture in micro level. This is a conse-
quence of stress concentrate at this point. Solution for this prob-



lem is applying the anti-abrasion thin layer. However combination
of two material of huge differences of material hardness can be
provided to huge concentration of stress at this point. Remedy for
this problem is introduced the functionally graded materials (FGM)
as an interface between the anti-abrasion layer with huge local
hardness and virgin material.

5.2. Piston sleeve made of A356R composite material
with abrasion resistant thin layer

There was presented the comparison between pistons sleeve
made of classical Ni-Cr steel and composite material A356R in the
previous sections. Material A356R is very sophisticated, however
its wear properties is not perfect. The solution for this problem is
introduced the abrasion resistant thin layer.

virgin material
[eLI9JEW UISIIA

Fig. 9. Material model of piston sleeve with anti-abrasion thin layer

On the other hands connection of two materials with huge dif-
ference of properties can lead to micro fracture on interface.
In this case application of middle layer from FGM (functionally
graded material) is necessary. FGM is special kind of structural
concept with spatial varying thermomechanical properties. Varying
volume fraction of both constituents ceramic and metal deter-
mines the local macroscopic (effective) properties of a composites
at the given point of structure. This structures was developed by
Japanese engineering and scientists in 1980 (Suresh and Morten-
sen, 1998).

In the presented example it is introduced layer material of pis-
ton sleeve. In the inner side, where the rings contact with piston
sleeve, it is applied thin layer of ductile iron as an anti-abrasion
layer, because the hardness of ductile iron is huge (see the mate-
rial data presented in Tab. 4). On the opposite side it is introduced
composite material A356R (virgin material) and between them,
itis applied the FGM interface with functionally changes of local
hardness (see Fig. 9).

Tab. 4. Material data of ductile iron; after http://www.matweb.com

Young Poisson’s Thermal Hardness
modulus ratio expansion H[MPa]
E [GPa] v[] coefficient

a [1/K]
172.0 0.29 12.0 x 106 583.8

In this example it is applied that the failure wedge is 0.1 mm.
This is the same value like in previous examples. From engineer-

acta mechanica et automatica, vol.x no.x (xxxx)

ing practise point of view, the maximum wear of piston sleeve
should not be greater than thickness of thin anti-abrasion layer.
However, from the cognitive point of view, the value of thickness
of anti-abrasion thin layer is applied as h,e,; = 0.09 mm, which
is smaller than maximum wear. The thickness of FGM layer is
applied as hggy = 0.03 mm.

The main parameter, which is determined the velocity of wear
process, is local hardness, hence this material property is intro-
duced in form presented in Eq. (17) in the FGM interface layer.

H(y) = H, — H[1 + tgh(y — yo)] (17)
where it is substituted:
I:i == O.S(HC - HVM)

(18)
Yo = hwear + EhFGM

Symbol H. means the local hardness of anti-abrasion layer
and Hyy is a local hardness of virgin material. Distribution
of hardness function through the FGM interface is presented
in Fig. 10.

L L L L L s L L L
Q.05 oo oo7 oos 00e o1 o1 o.12 o1z 0.14 015

Fig. 10. Distribution of local hardness function H(y)

T
4,99
498 =
497
n 498 1.56-10°
g 495
I 4saf 8.16:107
£ :-93 r 1.15-10°
5 of
! = 8
S ok 1.63:10
b 49
2 4Baf
E 4.88 - e
vk | [e—1.6610
4.86 =
4.85
484 1 1 1 1 L 1 1 1 1
4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

undimmensional coordinate

Fig. 11. Thickness function of piston sleeve with anti-abrasion layer
and FGM interface

The first layer from y = 0.05 to y = 0.09 is made of ductile
iron with huge value of local hardness. The next layer of thickness
0.03 is FGM interface, where the local hardness varying spatial to
the value of local hardness of virgin material - A356R.

Applying an anti-abrasion layer in the piston sleeve leads to
more effective resistant of wear (see Fig. 11). The number
of cycles, after that the wear reaches the critical value
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is N = 1.66 - 108, It is worth to noticed that the velocity of wear
process progresses rapidly, when the value of wear is greater
than the thickness of anti-abrasion layer.

02r
0175
0.15 0.156E+08
0.816E+08
0.125 0.115E+09

0.163E+09
0.166E+09

o
T

0.075

o
o
G

undimmensional von Mises stress
s
]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
undimmensional coordinate

Fig. 12. Von Mises stress of piston sleeve with anti-abrasion layer
and FGM interface

The next figure is presented the distribution of equivalent H-M-
H stress. When the degradation of surface is grater then anti-
abrasion layer, the distribution of stresses are changed. It is
a consequence of modification of material. It is going to change
from the ductile iron to the composite material A356R, hence the
material coefficients change too.

L

CONCLUSIONS

— Numerical model presented in this paper with complex
thermo-elastic phenomena and linear wear law (Archard’s
law) is proposed to describe wear process in piston sleeve.

—  Wear resistance of piston sleeve made of composite material
A356R s higher in comparison to the wear of the sampling
piston sleeve made of Cr-Ni steel.

— The layered structure of material with FGM interface between
the anti-abrasion layer and virgin composite material A356R
improves the strength of piston sleeve, because the graded
interface eliminates the concentration of stresses.

List of symbols: V — total volume of material, S — sliding distance,
n — material constant in wear law, F — applied load, 8 — wear coefficient,
oy — yield surface limit, H - local hardness of the material,
T = T(x, y) — function of temperature, x — axial coordinate, y — radial
coordinate, T,(x) — mean value of temperature of the shell wall,
T (x) - temperature gradient inner and outer layer, h, — initial thickness
of shell, §h - infinitesimal change of thickness, h = h(x, N) - function
of thickness of cylindrical shell, T,, — approximately the temperature
of boiling of the cooling liquid, T, - temperature at the outer layer of shell,
R - radius of shell, E - Young modulus, v — Poisson’s ratio,
a - coefficient of thermal expansion, w(x) - radial displacement
function, D = D(x, N) — bending stiffness, p — pressure, N — number
of cycles in wear process, [- length of piston sleeve, 6 = 6(r) - function
of temperature in ribs, g — transverse force in ribs, 1; — height of rib,
X, — coordinate of points where the wear process is start, a — material
constant, h, — medium height of cylinder rings, p, — constant gas
pressure in the cylinder in the one cycle of sliding, H. — local hardness
of anti-abrasion layer, Hy, - local hardness of virgin material,
hyear — thickness of anti-abrasion layer, hpsy — thickness of FGM
layer.
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Abstract: In the paper the effect of selected technological parameters of shot peening on process intensity of 51CrV4 steel was presented.
The experiments were conducted according to statistical 3-level completed plan PS/DC 32. Technological parameters were changed
in the range: shot peening time t = 1-3 min and pressure p = 0.2-0.4 MPa. In the article the analysis of experiment reproducibility, impact
parameters significance and adequacy of equation were done. As the result of investigations the adequate equation was obtained describ-
ing the effect of technological parameters. Significant influence on process intensity was found in case of pressure and interaction of both
analyzed technological parameters. The biggest energy of stream shots was gained at the maximum pressure of 0.4 MPa and the shot
peening time of 3 minutes. As the result of analysis according to design of experiment (DOE) the adequate equation describing the de-
pendencies between technological parameters and process intensity was found.

Keywords: Almen Intensity, Shot Peening, Plan PS/DC 32

1. INTRODUCTION

Machines parts operating under cyclic loading are particularly
exposed to cracking. Prevention of this harmful phenomenon
could be realized by the appropriate materials and suitable treat-
ment application.

The vibrating screener used for the separation of the fine-
grained and wet materials worked on the basis of parametric
resonance. During exploitation of separating screener the large
deformation and cracks occurred near the edges of sieve plate
(Sledz et al., 2014). The traditional steel is usually used in such
type of the screeners. The comparative examinations (Sledz et al.,
2013; 2014; 2015) allowed to choose the most appropriate mate-
rial for the sieve plate. The spring steel 51CrV4 was selected and
the shot peening technology was proposed to improve the fatigue
strength. This method is widely used to increase the fatigue
strength of materials by compressive residual stress creation
in their surface layers (Llaneza and Belzunce, 2015; Tekeli, 2002;
Torres and Voorwald, 2002; Zielecki, 1987). The reasons for
compressive residual stresses arising during shot peening are
plastic deformation, temperature and structural transformations
(Nakonieczny, 2002). Because plastic deformations after the
strengthening process form the homogenous layer with compres-
sive stresses in metal surface the increase in durability of pro-
cessed parts occures.

The new peening methods are also discovered that could be
more effective than classical shot peening. Soyama and Takeo
(2016) found that cavitation peening led to the fatigue life en-
hancement of duralumin plate with a hole. Shot peening was
succesfully implemented in chromium coated elements processing

to restore the fatigue strength that was impaired by chromium
electroplating (Korzynski et al., 2009). Application of the shot
peening to process the AZ91 alloy surface allowed to enhance up
to 87% greater fatigue strength compared to turned surface
(Korzynski, 2011). Shot peening was also combined with other
processes to get better fatigue performance. Lv et al. (2016)
combined the shot peening with laser surface melting treatments
and found that the shot peening intensity strongly affected the
microhardnes, residual stresses and fatigue life of processed
20CrMnTi steel gears. Shot peening is commonly used for surface
cleaning after previous treatment to obtain premium quality
(Zyzak, 2010) or to assure the high adhesion of the coating.

Shot peening intensity is the measure of the shot stream en-
ergy. The process intensity is also one of the basic measure
ensuring the process repeatability. The energy of the shot stream
is directly related to the compressive stresses that are imparted
inthe machined parts (http://www.metalimprovement.com).
The intensity can be increased by the large shots application,
the velocity enhancement of shot stream, the impact angle modifi-
cation and also by the extension of process time.

Taking into account the high cost and experiments duration
the suitable planning, realization and analysis seem to be very
important task (Jebahi et al., 2016; Skowronek, 2007). Experi-
mental design and optimization are tools often used to examine
different type of problems in research, development and produc-
tion (Lundstedt et al., 1988). The main aim of planning of experi-
ments is to obtain the answer for the question: how to plan the
experiment regarding possible low costs and a lot of useable
information at the same time (Pietraszek, 2004). There are
a number of technical limitations in machines technology so the
DOE enables the test realization and obtaining results that could

213


mailto:magdabucior@prz.edu.pl
mailto:lgktmiop@prz.edu.pl
mailto:stafel@prz.edu.pl
mailto:wzktmiop@prz.edu.pl

]

G

DE GRUYTER
OPEN

Magdalena Bucior, Lidia Galda, Feliks Stachowicz, Wiadystaw Zielecki

DOI 10.1515/ama-2016-0032

The Effect of Technological Parameters on Intensity of Shot Peening Process of 51CrV4 Steel

be impossible to get in any other way or could determine high
costs. It is possible to find the appropriate design of the experi-
ment allowing the rational application (Korzynski, 2013).
The mathematical basis and methodology of results elaboration
is well described in technical literature. The main classification
of experimental plans is for dynamic and static type (Polanski,
1984). Also numerical simulation of shot peening process could
be provided as the suplementation of experiment but the matter
of simplification assumption of the model always remain. Devel-
oped robust simulation is promising technique that enables to get
properly simulated shot peening models (Jebahi et al., 2016).

For the assessment of the influence of technological parame-
ters the full 2-factorial design of 3-levels (PS/DC 32) was used.
This plan enables the optimum achievement if it appears in exam-
ined area. The determined experiment designs are characterized
by values of input factors in precisely described way that excludes
the accidental choice. Such DOE is formulated to gain the possi-
bly fast results with minimal costs. Great advantage of DOE is the
facility of the mathematical results calculation (Korzynski, 2013).

2. METHODS

The effect of selected technological parameters of shot
peening on process intensity was examined with 51CrV4 usage.
Chemical composition of 51CrV4 steel is presented in Tab. 1.
The experiments were conducted according to the static
2-factorial 3-level completed plan PS/DC 32. All experiments were
realized with triple repetition. The significance level of a = 0.05
was assumed. The process intensity was assessed by value
of the Aimen strip deflection fa measured with the usage of Aimen
Gage TSP-3 (Fig. 1a) in compliance with SAE standard
J442_ 201302 (2013). According to SAE standard J443_201006 it
is recommended that the test strip of A type should be applied for
intensities that produce arc heights of 0.10 mm to 0.60 mm (SAE
standard J443_201006, 2010). Because of the thickness of the
peened sample and the medium process intensity the control
samples A-2 with hardness of 44-50 HRC were used. The Almen
strips were peened on one side only. The residual compressive
stresses brought by shot peening caused the Almen strip bend
in arc convex towards processed side (Fig. 1b). Almen strip arc
height fa is the function of the shot stream energy and it is the
quantity measure of intensity. Steel and control samples were
processed in device shown in Fig. 2.

Tab. 1. Chemical composition of 51CrV4 steel

Chemical composition %

Steel C Mn Si S P Cr Ni \

51CrV4 | 046- | 05- | 0.15- | 003 | 003 | 0.8- | 04 | 0.1-
054 | 0.8 0.4 max | max | 1.1 | max | 0.2

The plan of the experiment implies the adoption of three levels
of controlling factors coded as x;
— the minimum (-),
— the central (0),
— the maximum (+),
and their normalization is described by the following relations:

k= Xpo (1)

X, =
k Afk’
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Rro = M )

A%y = M‘ ()

where: x;, - coded form of input factor, X, - real value of input
factor, Xy, - the central value of the factor in real scale,
Ax, - step change of controlled factor.

Almen strip
a) [ & /

Fig. 1. Photo of Almen gage TSP-3 (a) and scheme of Almen strip after
shot peening (b)

| Almen strip

cap

working chamber

compressed air connection

Fig. 2. Device for shot peening process

Technological parameters were changed in the range: shot
peening time t = 1-3 min and pressure p = 0.2-0.4 MPa. The
values of these parameters are presented in Tab. 2. In the
experiment the constant parameters were: the ball diameter d» = 2
mm and the distance from the strip to the nozzle | = 250 mm. In
the preliminary test the biggest degree of surface coverage
was obtained with the ball diameter equal to 2 mm.

Tab. 2. Values of technological parameters set in the experiment

Input factors t, min p, MPa
the minimum (-) 1 0.2
the central (0) 2 0.3
the maximum (+) 3 0.4
Output factor fa
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3. RESULTS AND DISCUSSION

The matrix of the 3-level completed plan PS/DC 32 with two
input factors x1, x, their interactions and average process
intensity is presented in Tab. 3.

Tab. 3. Matrix of plan PS/DC 32 and results

Nr | xo | x1 | x2 | xt2 | x22 | xix fa; Y

1 + + + + + + 0.474 0.024
2 + + 0 + 0 0 0.330 0.020
3 + + - + + - 0.162 0.020
4 + 0 + 0 + 0 0.358 0.005
5 + 0 0 0 0 0 0.274 0.026
6 + 0 - 0 + 0 0.143 0.019
7 + - + + + - 0.274 0.014
8 + - 0 + 0 0 0.162 0.024
9 + - - + + + 0.089 0.003

where: x; - coded value of time t, x, - coded value of pressure p,

fai - average of three measurement results of Almen strip in the i-th
experiment, g - standard deviation.

Methodology of 3-level plan requires to perform a few steps.
The central values of time t and pressure p were calculated by the
following relations:

Y tmaxt tmin

X10 = T =2 min: (4)

220 = pmax-; pmln = 0-3 MPa- (5)

Variability units of time t and pressure p were calculated
by the following relations:

tmax; tmin =1 mL'n, (6)

AR, = Pmex=Pmin _ (1 Mpq, (7)
2

Ak\i =

Coding factors of time t, pressure p and Almen intensity fa
were got by the following relation:

_ X—Ryo _ -2 .
X, = T = o min, (8)
x, = T = P23 ypg, (9)
2 »
y=fa (10)

As the result of experiments conducted according to the plan
PS/DC 32 and matematical analyses the function was obtained:

y= fCo. (1)

The function f(x) is approximated by a polynomial function and
represents a good description of the relationship between the
experimental variables and gives the response in a limited exper-
imental domain (Lundsted, 1998). To determine the function
optimum the quadratic terms should stay in the model. It is possi-
ble to determine non-linear relationships between the experi-
mental variables and responses by introducing these terms in the
model. The polynomial function below describes a quadratic
model with two variables x1 and x2:

y= bo + blxl + bzXZ + bllxlz + bzzx% + bllexZ, (12)

where: by, ..., by, - regression factors.
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The regression factors were calculated according to formulas:

1 _ _ _ _ _ _ — _
by = 5 (=¥1+ 2y, = V3 + 294 + 575 + 2V — y7 + 2Y5 —

Vo) = 0.262, (13)

b, = % 1+ Y2+ y3— V7= Y — o) = 0.074, (14)
1o o oo o=

b, = E(}ﬁ_ Y3+ Ya— Yo+ ¥7— ¥o) = 0.119, (15)

by = %(}_’1"‘ Y2+ V3= 2V = 2Ys— 2V6 + Y7 + Vs
. o o =

byo =1 (71— 2V2+ 3+ Y~ 2Vs+ Yo + V7~ 2 +

F5) = —0.005, 7)
1 — — —_ —

biz = 3 G1— ¥3— y7 + ¥9) = 0.032. 18)

In order to assess the relevance of regression factors the
following values were calculated - egs. (19-25).

G — empirical value was calculated by the relation:

_ Sz(Y)imax —

G = S 0.2039, (19)
where: S2(y); — variation of measured values, N — total number
of experiments according to planned matrix.

The numbers of freedom degrees were calculated according
to formulas:

f, = N=09, (20)
fr=r—-1=2, (21)
where: G- critical value specified by Cochran's statistic:
Gkr = G(aif1ifz) = 04775 (22)
In case of G < Gy, (0.2039 < 0.4775) the experiment was
realised in sufficient reproducibility.
To evaluate the relevance of regression factor some neces-
sary values were caltulated. The number of freedom degrees f,

the value of the coefficient form Student's t statistics ty,
and critical value by were calculated by the relations:

f=N@r-1)=18, (23)
tkr = t(a;f) = 21009, (24)

52
br = tap) /% = 0.0076. (25)

In case of |by|> by, the regression coefficient has
significant influence otherwise the factor was rejected.

As the effect of calculation the assesment of regression
coefficient relevance was done and the results are presented
in Tab. 4.

Tab. 4. Results of significance assesment

Regression factors Relevance
by significant
b, significant
b, significant
bi1 significant
b,, insignificant
by, significant

After the reduction of insignificant regression factors the func-
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tion is as follow:
y =0.262 + 0.074 x; + 0.119 x, — 0.010 x2 + 0.032 x;x,. (26)

After decoding and calculation the searching equation repre-
senting the theoretical model is presented below:

fa=

The adequatness of obtained equation was examined with
application of the Fischer-Snedecor statistics. Firstly, the variance
adequatness was calculated with formula:

—0.091 — 0.010¢2 + 0.018¢ + 0.55p + 0.32¢p. 27)

I‘V—l Vi I)*
§2, (y) = ZEREEID — 0,0009,

(28)

where: r — number of replication, §; — values calculated from the
regression equation for all levels of input factors, y; — average
of measured values in i-th experiment, N — total number of exper-
iments, k — number of regression equation expressions (without
free expresssion) after rejection the insignificant expressions.

Next the empirical value of the F coefficient was calculated
and compared to critical value Fkr got from the statistics
Fir = Feaspiin) = Foosung = 2.9277.

2
F =30 _ 35387,

$200) (29)

The obtained regression equation was adequate because
F < Fy (2.5381 < 2.9277) at the assumed significance level
a = 0.05. Graphically the obtained relations are presented
in Fig. 3.

p [MPa] 02 1

t [min]

Fig. 3. The effect of technological parameters of shot peening on process
intensity of 51CrV4 steel

Duration of the shot peening in the analysed range influenced
the process intensity but not as much as the pressure. The
maximum value of fa = 0.474 mm was obtained at the highest
settings of both technological parameters while the minimum fa =
0.089 mm was at the lowest values of shot peening technological
parameters. For the implementation in production companies the
most interesting are technologies which are economically
explained so taking into account the process time the best variant
could be at minimum t = 1 min but maximum p = 0.4 MPa. Then
the process intensity is equal to 0.274 mm and is the same as at t
=2 min and p = 0.3 MPa and also close to the value obtained at t
=3 min and p = 0.3 MPa (fa = 0.33 mm). But if there is greater
intensity needed the time duration should be longer at least 3 min
and pressure higher. The maximum pressure of 0.4 MPa gives the
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highest energy of the shot stream but the time of exposition
is important too.

The values of shot peening intensity fa obtained in the experi-
ment and calculated from the model are presented in Fig. 4.

B experiment B model

0.5

£ o4
=
oS

0.3

0.2

0.1

0

1 2 3 4 5 6 7 8 9

Number of experiment

Fig. 4. The theoretical and experimental values of shot peening intensity
fa according to PS/DC 32

Comparing the theoretical and experimental values the good
agreement is observed. Almost all values calculated from the
model are in the limits of 5% error amount of measured values
obtained in the experiments.

4. CONCLUSION

The most significant effect on process intensity was found
in case of pressure and interaction of both analyzed technological
parameters. The maximum value of shot peening intensity was
obtained at maximum technological parameters values p = 0.4
MPa and t = 3 min. The time duration of the process is important
factor as well. The analysis of experiment repeatability, impact
significance and adequacy of equation were made according to
statistical 3-level completed plan PS/DC 32. As the result
of investigations the adequate equation was obtained describing
the effect of technological parameters. The theoretical model was
in accordance with experimental data.
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Abstract: In this paper the local and distortional buckling analyses of axially loaded cold-rolled channel and sigma profiles were per-
formed. The critical buckling load was computed by solving the linear eigenvalue problem for different numerical models using Finite Ele-
ment Method and simplified formulas implemented in Eurocode and proposed by Hancock and Schafer. The buckling analyses were con-
ducted to prove that the sigma cross-section can be successfully replaced by channel cross-section with additional elastic supports placed
in folds of the web. It was demonstrated that the folds in the web of the sigma cross-section (additional elastic supports) reduce
the slenderness of the web. So, the critical distortional stress can be calculated based on analytical formulas derived for the channel cross-

section taking into account the web height between the folds.

Key words: Cold Rolled Sigma Profiles, Local And Distortional Buckling, Eurocode 3, Finite Element Method

1. INTRODUCTION

Application of thin-walled cold—formed sections increased
the importance of local and distortional buckling phenomena
which may appear at a similar or lower load level as global insta-
bility. In engineering approach buckling modes presented
in the Tab. 1 are investigated separately. Global buckling is ana-
lysed based on Vlasov theory, which do not takes into account
a local instability. Whereas the local buckling is considered based
on the concept of effective cross-section. While the distortional
buckling is analysed using the simplified analytical formulas de-
rived for equivalent cross-sections including flange with an edge
stiffener. An alternative design procedure for cold-formed steel
member is the Direct Strength Method widely discussed
in (Schafer, 2008). This method employs gross cross-section
properties, but requires an accurate calculation of member elastic
buckling behaviour. It equals or betters the traditional Effective
Width Method implemented in Eurocodes (Eurocode 3).
The efficiency of Direct Strength Method is analysed in (Yua and
Schafer, 2007) for cold-formed steel C- and Z-section beams
through the comparing study of experimental data and results
obtained from nonlinear finite element model. It was found that
the moment gradient effect on distortional buckling failures can be
conservatively accounted for in the Direct Strength Method by
using an elastic buckling moment that accounts for the moment
gradient. On the other hand in (He et al., 2014) based on experi-
mental data of fixed-ended web-stiffened lipped channel columns
eroded by mode interaction behaviour combined with distortional
and local deformations authors concludes that the Current Direct
Strength Method (DSM) provides very unsafe predictions. There-
fore the they proposed two DSM-based design approaches,
namely, the nominal strength against local-distortional (NLD) and
distortional-local (NDL) procedures. Similar conclusions were
drawn in (Wang and Young, 2014) for cold-formed steel channels
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with stiffened webs subjected to bending. This studies have
demonstrated that the local and distortional buckling still a need
for of scientific research.

It is worth to mention that distortional buckling of compression
members is associated with the deformation of the contour
inaform of symmetrical or asymmetrical closing or opening
of the section and change of the angle between adjacent walls.
Distortional buckling of compression members has been widely
discussed in literature. InLau and Hancock (1990) the authors
proposed distortional buckling formulas for columns made of cold-
rolled channel cross-sections. The distortional buckling analysis
was also carried out by (Schafer, 2000). The Schafer’s report data
was used by Pala (2006) for training and testing a new neural
network (NN) to determine of the elastic distortional buckling
stress (EDBS) of cold-formed steel C-sections with both
end sections pinned. It was found that the proposed NN based-
formula can be used for the explicit formulation of various anal-
yses of EDBS, especially when an analytic expression could not
be obtained from the results of experimental and numerical stud-
ies. The effectiveness of new NN based-formula was tested by
parametric study for distortional buckling stress on cold-formed
steel presented in Pala and Caglarb (2007). The comparative
analysis conducted by Szymczak and Werochowski (2005)
showed that the critical distortional stresses calculated according
the designing code are overestimated in relation to the formulas
proposed by Hancock and Schafer.

An analytical model for predicting the critical stress of distor-
tional buckling of zed and sigma cold-formed steel sections was
proposed by Long-yuan and Jian-kang (2008). They derived
and validated closed-form formulas providing a good prediction
of the distortional buckling stress, despite its simplicity. Next,
analyses of distortional buckling of cold-formed sigma purlins
using EN1993-1-3 was performed by Long-yuan (2009). He ana-
lysed the influence of different support conditions at both
the tension and compression ends of the web on the critical stress
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of distortional buckling of sigma purlins. Moreover he performed
the comparison with finite strip analysis. The general explicit
analytical formulae to provide distortional critical stress for cold-
formed steel C-section columns subjected to uniform compression
was derived in Zhou et al. (2015) by employing the Lau and Han-
cock model and by introducing a new factor for considering
the web rotational restraint reduced by web bending.

Tab. 1. The buckling modes of axially loaded thin-walled sigma profile

Buckling modes

local buckling distortional buckling

Global buckling

vertical translation horizontal translation rotation

In this paper the local and distortional buckling analyses
of cold-rolled sigma profiles were performed. In the first part
of the study three numerical models were created using Finite
Element Method. The buckling analyses were conducted to prove
that the sigma cross-section can be successfully replaced
by channel cross-section with additional elastic supports placed
in folds of the web. Then, based on the assumption that the folds
of the web (additional elastic supports) reduce the slenderness
of the web  the critical distortional stress was calculated basing
on Eurocode recommendations and Hancock and Schafer formu-
las. In the second part, the FEM numerical model corresponding
to Eurocode recommendation was created in order to verify
the assumptions introduced in the analytical analysis and to inves-
tigate the interactive buckling, which is not taken into account
in analytical formulas.

2. BUCKLING FEM ANALYSIS
2.1. Linear eigenvalue problem

In the numerical computations the values of critical buckling
load for axially loaded channel and sigma bars were computed by
solving the linear eigenvalue problem:

(K° + AKS)U = 0, (1)

where: K° - is the small-displacement stiffness matrix, K¢ - is

acta mechanica et automatica, vol.10 no.3 (2016)

the initial stress matrix, A — is the load multiplier and U - is eigen-
vector represents the buckling mode shapes. In Eg. (1)
the proportional loading and linearization of the pre-buckling state
was assumed. The critical buckling loads are given by
the following formula:

Per = )P, )

where: P —is the reference load (the base state).

2.2. Numerical model 1

The real and simplified numerical model was created using
Abaqus CEA software (Abaqus 6.13 Documentation). In the sim-
plified model the sigma cross-section was replaced by channel
cross-section with supports as shown in Fig. 1. The main aim
of this part of the study was to verify the influence of supports
on the value of critical stress.

r/ . -
LJ L J

Fig. 1. Geometry of numerical model 1: a) real cross-section, b) simplified
model: channel with additional supports

The element was meshed by four nodes shell finite elements
S4R with dimension 4 x 4 mm. R means that the reduced integra-
tion was used. The axially compressive forces were applied to
the special defined reference points. The reference points were
created in the gravity centre of the cross section on he both side
of the beam as shown in Fig. 2. The reference points were con-
nected with the cross-section by coupling constraints. The bound-
ary conditions were created to imitate a static shame of simply
supported beam and then were also applied to the reference
points. The computation were performed in Abaqus CEA program
using Buckling Type of analysis in order to calculate the load
proportionality factor.

=<
-

—

Fig. 2. The reference points in one of the created models
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The analysis was performed for several cold-formed symmet-
rical channel and sigma profiles with dimensions shown in Fig. 3
(flange width b = 70 mm, wall thickness t = 1.5 mm and the lip
width ¢ = 16 mm). The six different values of height of the cross
section (H= 140, 200, 230, 260, 300 and 350 mm) and different
slenderness ratio of the bar (L/imn= 10, 25, 50, 75, 100, 125, 150,
200 and 250) were analysed.

t=15mm

235

" 35 }Q_i

Fig. 3. Dimensions of the analysed models
2.3. Results - numerical model 1

The values of critical stress were calculated for several values
of slenderness ratio (the beam length vs radius of gyration).
In majority of the analysed cases the local and global interactive
buckling phenomena was observed.

Exemplary results obtained in buckling analysis for the cross-
section of the height of 230 mm and different slenderness ratio
were presented in the Fig. 4.

P.[kN] 4

TR - OO

8- p-a0--g--8--0--'F - 8.

60 + s
<
e -O---0---@ o o---- e
20 + e |:

0 25 5 75 100 125 150 200

Ziﬂ T_/imin [-]

Fig. 4. The values of the critical load (Per) as a function of concentric
axially loaded thin-walled bar slenderness radio (L/imin)

It was found that for the large values of the slenderness ratio
(200 + 250) the dominant buckling mode was the global one. This
buckling mode was successfully described by Vlasov theory. As it
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was mentioned before, for the lower slenderness ratio the local
and global interactive buckling occur. The same phenomena was
observed as well in the case of the channel, sigma and simplified
model.

It is worth to mention that obtained results for the sigma
and simplified model (Fig. 1) remained in the compliance for the
slender ratio (10 — 150). The slightly different behaviour was
observed for the higher slenderness ratio when the global buck-
ling occurred.

For slenderness ratio equal less than or equal to 100 the pure
local buckling mode was extracted. The obtained results for this
case were presented in Tab. 2. The local forms of buckling for
the cross-section for the height of 230 mm were presented
in the Fig. 5.

Tab. 2. The values of critical stress for different height
of the cross-section

The critical stress
Ocr [MPa]

. -
) e

L/imin < 100 — local buckling

140 134.30 44549 455.60
200 79.90 293.79 32291
230 45.66 162.60 170.62
260 52.19 120.62 145.11
300 44.06 84.98 97.03
350 40.60 67.87 7414
a) b) c)
. &

z x

Fig. 5. The local forms of buckling for: channel (a), channel
with additional supports (b) and sigma (c) cross-section

One can noticed that applying the simplified model (Fig. 5 b)
provides the similar results comparing to the real sigma cross-
section both in the shape of the buckling mode and the value
of critical buckling stresses (Tab. 2).

3. DISTORTIONAL BUCKLING
3.1. Theoretical background
The critical distortional buckling stress for edge or intermedi-

ate stiffener according to (Eurocode 3, 2006) is evaluated from:

2,/KEI
Ocrs = A >, (3)

where: K - is the spring stiffness per unit length according to
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the formula (4), A - is the area of the effective cross-section,
I; —is the moment of inertia of the effective cross-section.
_ B3 1

T 4(1-v2) bZhy+b3+0,5b1byhyks’

K

(4)

where: t - is flange thickness, h,, - is the web depth, by, b, —is
the distance between the web-to-flange junction and the gravity
centre of the effective area of the edge stiffener of flange respec-
tively 1 or 2, ks — is the ratio which is equal to 1 for a symmetric
section in compression.

- b ]'“\qs I

Fig. 6. The model used to analyse distortional buckling
according to  EN-1993-1-3 (Eurocode 3, 2006)

Alternatively, the critical distortional buckling stress can be
calculated from the equations formulated by Lau and Hancock (5)
or from formula proposed by Schafer (8).

O = % [(al +a,) - \/(al +ay)? — 4“3]1 (5)

where: A¢ — is the cross-sectional area of the flange and lip,
ay, oy, a5 — are coefficients dependent on the geometrical char-
acteristics and the value of elastic rotation spring stiffness kg,
(Fig. 7).

The main idea of the Lau and Hancock method is to determine
the flexural — torsional buckling critical stress of the model shown
in the Fig. 7, where hy, and h, are the coordinates of the centroid

of flange and lip and k,, is the translational spring stiffness.

| he |

ke
P f\
4’\'\2/“ ae

O - center of gravity

Fig. 7. The Lau and Hancock model

This method can be used only in the case when the value of
rotation spring stiffness is greater than 0. The modification of Lau
and Hancock method for the case when the value of rotation
spring stiffness is less than 0 was proposed by Davies
and Jiang (1996). Two additional variables were introduced:
o'¢r — stress determined by the formula (5) assuming k4 = 0
and o, — the web critical buckling stress (6).

2 2 4 92\2
__m“D (hW+A ) , (6)

g =22
W thd A

where: D - is plate stiffness, A —is the half — wavelength.
Finally the distortional critical buckling stress (when k4, < 0)
can be determined using following formula:

acta mechanica et automatica, vol.10 no.3 (2016)

20" crAft+owthy
Ocr = 2 ) (7)

where: A - is the total area of the cross-section.

However, the critical stress proposed by Schafer is given as
afunction of rotational stiffness of the support at the point
of the flange-web junction.

kpfetkowe (8)

O- =
T kergtkowg’

where: kg re, kywe —are elastic rotational spring - stiffness
of the flange and web and kg, kw4 — are geometric rotational
spring stiffness of the flange and web.

3.2. Numerical model 2

RP-11
RP-1D
RP-9
RP-8
RP-7
RP-6
RPS

RP4

RP2

KRP-1

Fig. 8. The numerical model 2

To verify the analytical models presented in the paragraph 3.1
the numerical model 2 using finite element method and shell
elements S4R was created. In numerical model 2 (Fig. 8)
the boundary conditions and geometry were applied according to
the Eurocode 3 recommendations (Fig. 6). The elastic spring
supports were modelled with the stiffness equal to the value de-
termined from the formula 4.

The numerical examples were carried out for the simplified
model which corresponded to the sigma cross-section with
the high H= 140, 200, 230, 260, 300 and 350 mm. Based on
the conclusions drawn from analysis conducted in paragraph 2.3,
during the calculations of critical distortional stress using Euro-
code, Hancock and Schafer formulas the reduce value of the web
height (hw) was applied (distance between two additional elastic
supports Fig. 1). The obtained results was compared with
the FEM numerical model corresponding to Eurocode equivalent
cross-section. The results of the calculations were presented
in Tab. 3.

Tab. 3. The critical distortional buckling stress

H hw Shafer | Lau-Hancock EN 1993-1-3 FEM
[mm] | [mm] | [MPa] [MPa] [MPa] [MPa]
140 50 423.01 341.56 323.61 308.49
200 110 | 266.90 245.75 250.69 262.83
230 140 | 216.18 211.25 228.85 242.66
260 170 | 172.60 177.27 211.89 220.76
300 210 | 124.87 129.06 194.19 213.57
350 260 81.65 102.43 117.28 129.21
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4. CONCLUDING REMARKS

In this paper the local and distortional buckling analyses of ax-
ially loaded cold-rolled channel and sigma profiles were per-
formed. The special attention was focused on creating the simpli-
fied models of sigma cross-sections which allowed for applying
the analytical formulas for calculation of distortional buckling
derived for the channel cross-section. For this purpose the finite
element models were created in order to verify simplified formulas
implemented in Eurocode and proposed by Hancock and Schafer.
The performed buckling analyses proved that the sigma cross-
section can be successfully replaced by channel cross-section
with additional elastic supports placed in folds of the web. It was
demonstrated that the folds in the web of the sigma cross-section
(additional elastic supports) reduce the web slenderness. So, the
critical distortional stress can be calculated based on analytical
formulas derived for the channel cross-section taking into account
the web height between the folds (hw).
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Abstract: The braking system is one of the most important systems in any vehicle. Its proper functioning may determine the health and life
the people inside the vehicle as well as other road users. Therefore, it is important that the parameters which characterise the functioning
of brakes changed as little as possible throughout their lifespan. Multiple instances of heating and cooling of the working components
of the brake system as well as the environment they work in may impact their tribological properties. This article describes a method
of evaluating the coefficient of friction and the wear speed of abrasive wear of friction working components of brakes. The methodology

was developed on the basis of Taguchi’s method of process optimization.

Key words: Brakes, Taguchi's Method, Friction

1. INTRODUCTION

Brakes are one of the most important components of any ve-
hicle. Their proper and effective work determines the life
and health of drivers, passengers, and other road users. That is
why a lot of research is conducted in order to identify the prob-
lems connected with the construction and work of brakes, and
making them more effective.

The most common types of brakes in today’s vehicles are fric-
tion brakes. This type of brake uses friction in order to transform
mechanical energy into thermal energy. The amount of heat pro-
duced during braking, as well as the speed of its distribution de-
pends, among other things, on the material that was used to
manufacture the brake system components. Results of simula-
tions (performed using MES) show, that the elements that get
heated the most during braking are brake discs and pads (Yevtu-
shenko et al, 2014, 2015, 2016). Thermal energy is then released
into the atmosphere and to other parts of the brake system,
as well as the vehicle’s suspension.

Multiple instances of heating (to temperatures of up to several
hundreds degrees Celsius) and cooling may change the tribologi-
cal properties of brake pads and discs. Consequently, this may
reduce the braking force (Sniezka, 1998). The corrosive environ-
ment brake systems work in (salt and water, especially during
winter) are also significant. Increasing the braking distance has
a direct influence on the level of danger in traffic. Therefore it is
important to determine if and how the tribological properties
of brake friction components change.

2. METHODOLOGY

Proper planning of the test is not an easy task. However, it al-
lows obtaining the best results with minimum work (Polarski,

1984), which contributes to limiting the time and costs generated
by the research. Among numerous possibilities used by research-
ers (Kaminski, 2013; Borawski, 2015; Szpica, 2015a, 2015b),
Taguchi’'s method of process optimisation was used to plan the
experiment. The experiment itself will be conducted using the ball
cratering test which allows examination of abrasive wear re-
sistance (Osuch-Stomka et al, 2013).

Counterweight

Abrasive feed

Load

Sample dise

Fig. 1. Abrasive wear testing set

In this method, the friction pair is composed by the studied
material's sample and a counter sample, a 1” (25.4 mm) ball.
When the ball is moving it grinds against the sample causing it to
wear (Fig. 1). Its smooth, polished surface may influence the tests
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results (Allsopp et al, 1998). In extreme cases it may turn out that
no results were obtained (no abrasive wear occurred). That is why
in order to enhance the effect of abrasive damage it is suggested
to use hard abrasives suspended in water and fed onto the friction
surface (Fildes et al, 2012).

As a result of the test, a crater is formed in sample. The diam-
eter of the crater depends on, among other things, the working
parameters of the friction pair (load, rotational speed and sliding
distance). Proper adjustment of these elements determines ob-
taining accurate test results (Cozza, 2014).

2.1. Test object

In accordance with the applicable standard (PN-EN 1071-
6:2008) the test objects are samples which are 1" (25.4 mm)
in diameter and 10 mm thick. It is recommended to cut 2 samples
from each studied component of the braking system (from each
disc and each pad). The samples should be prepared using
a method that prevents the material from heating, such as water-
jet cutting. This prevents further changes in the structure of the
material. Next, the sample should be sanded, remembering about
minimizing the temperature of the sample during sanding. Other-
wise, the obtained results will not correspond with the actual value
of the K factor. Fig. 2 shows samples that were first cut from
a brake disc and then sanded.

Fig. 2. Examples of samples prepared for ball-cratering tests

2.2. Planning the experiment

The first step of planning the experiment should involve con-
ducting preliminary research. The obtained results will allow to
evaluate what ranges of input parameters produce satisfying
craters. Recommended input parameters (based on the norm and
results of preliminary research) that produce reliable results
in most cases are presented in Tab. 1. Experience shows, how-
ever, that setting these parameters does not produce satisfactory
results for some materials. In such cases, the parameters should
be adjusted, for example by increasing the load or the sliding
distance (resulting in extending the time of the experiment)
(Cozza, 2014). Increasing the ball's speed of rotation is not rec-
ommended, as it tends to result in increased relative error of the
measurements. The preliminary parameters of the experiment will
be set properly if the relative error of the crater diameters created
in the preliminary tests do not exceed 0.01.
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Tab. 1. Recommended input parameters based on the norm
(PN-EN 1071-6:2008) and own preliminary research

Load [N] Distance [m] Speed of rotation
[rpm]
02 50 38
04 100 80
0.6 150 150

In the example presented in Fig. 3, the relative error for all fric-
tion distances obtained in 5 tests fits into the assumed value.
If the relative error exceeded 0.01 for any distance, this value
should be rejected and replaced with the arithmetic mean of the
other two values.

0,012
0,01 4
0,008
g 0,006 -

8 | I

0,004 J. ¥ T

0,002 T +

0 :

0 50 100 150 200

Distance [m]

Fig. 3. Example diagram showing the relative errors of measured crater
diameters (results of five tests, minimum, maximum
and mean values).

After finding the preliminary ranges for input parameters of the
experiments, the next step is to find their optimal values. This
is done with an orthogonal array. In the discussed case there are
three entry parameters, and each of theses has three values.
Therefore, the orthogonal array will have the form presented
in Tab. 2.

Tab. 2. Example orthogonal array of the experiment

Experimentno.| Load [N] Distance [m] Sptg ed of rofa-
ion [rpm]
1 0.2 50 38
2 0.2 100 80
3 0.2 150 150
4 04 50 80
5 0.4 100 150
6 04 150 38
7 0.6 50 50
8 0.6 100 150
9 0.6 150 80

Each of the nine tests should be conducted at least three
times. In accordance with the “less is best” criterion and using the
results obtained previously, the next step is finding the ETA func-
tion following the relation:
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1
n = —10logyo [(3)] £ v:? (1)
where: n — number of measurements, y; — value of analysed
parameter.

Example graphs of ETA functions for particular parameters
are presented in Fig. 4.

ETA Function
n

o
’6 T T
0,2 0,4 0,6
Load [N]
-15
-1.7 A
-19
21 /l/
g -273 ~>
= 25
5 /
c 27
3 29 /
i /
< -3,1
h 33 I/
—3,5 T T 1
50 100 150
Distance [m]
-1
)

ETA Function
do
[S]
/]
N

38 80 150

Speed of rotation [rpm]
Fig. 4. Example ETA function graph based on preliminary research

After analysing the value of ETA functions, the optimal pa-
rameters for the experiment are:
- load: 0.6N;
— distance: 150 m;
- speed of rotation: 150 rpm.

2.3. Course of the experiment

Using the optimal input parameters for the experiment that
were determined using Taguchi's methodology, it is possible to
plan the proper experiment (Tab. 3). Its results will make it possi-
ble to determine the abrasive wear factor (K,). In order to avoid
random errors, it is recommended to repeat every test at least
three times (for each sample, 1+i). It is also necessary to calculate
the relative error of the crater diameters which, as mentioned
earlier, should not exceed 0.01.

acta mechanica et automatica, vol. 10 no.3 (2016)

Tab. 3. Example plan of the proper experiment,
aiming at determining the K factor

Sample no Parameters Numtt)i«tairozgrepe-
Load: {0.6N
1 Distance: | 150 m 23
Speed of rotation: | 150 rpm
Load: [0.6N
2 Distance: | 150 m 23
Speed of rotation: | 150 rpm
Load: [0.6N
Distance: | 150 m 23
Speed of rotation: | 150 rpm
Load: {0.6N
i Distance: | 150 m 23
Speed of rotation: | 150 rpm

For the purpose of this article, the tests were carried out using
a T-20 slurry abrasive testing machine, which allows testing fric-
tion pairs with abrasive suspensions (Fig. 5). The recommend
abrasive is a silicon carbide water suspension.

Fig. 5. T-20 Workstation

The machine is capable of recording the coefficient of friction
during the test. In order to keep the measured value as close as
possible to the actual value (unlike in tests aimed at determining
K.) it is recommended to perform a “dry” run, without feeding the
abrasive suspension to the friction pair. This is because the slurry
may underestimate the results of the test.

3. COMPILING THE RESULTS

The direct results of the tests are craters created in the sam-
ples. Examples of grooves created by ball friction are presented
in Fig. 6.

The diameter of the crater should be measured in two planes
(Fig. 7) to calculate the arithmetical mean:

bl+b2
b= @

The volume of the crated can be calculated using the relation:

v=nl, (3)

64R

where: R - Ball radius.
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V = K:SN, 4)

where: K- — Abrasive wear factor, S — distance, N - load.
Transformation of Archard’s equation (4) produces the formula
for the rate of abrasive wear:
b4

KC =T .
64RSN

(%)

The K, factors and the coefficients of friction should be calcu-
lated and measured for each sample cut from the brake system
component and then compared.

Fig. 6. Examples of craters created in the samples as a result
of ball-cratering tests, photographs taken with an OLYMPUS
BX51M microscope, 10x zoom.

I
T

Fig. 7. Crater diameter measurement diagram

Direction of ball rotation

4. SUMMARY

1. The developed method is a quick, economical and effective
way of measuring abrasive wear.

2. The method is characterised by repeatability and reprodu-
cibility, and it requires significantly less testing time than other
methods, such as ball-on-disc.

3. Proper planning of the experiment requires conducting
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preliminary research in order to determine input parameters
(ball rotation speed, load and sliding distance).

. Precision in preparing the sample determines the quality
of the results. Specialised equipment, such as water-jet
cutting, is helpful at this stage.

5. The results of K, factor calculations and the results of the
coefficient of fraction measurements enable the comparison
of tribological properties of the samples taken from the
components of the brake system.
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Abstract: The paper presents the results of investigations on the air gages dynamic characteristics in the measurement of the round
profiles of motor cylinders. The principle of the measuring device is explained, and the analysis of the air gages dynamics is described.
The results of dynamic calibration enabled to eliminate those configurations of air gages that may not meet the requirements
of the measurement they were designed for. After the proper air gages were chosen, the entire system underwent the accuracy test
and passed it successfully revealing the method accuracy better than 10% compared to the reference measurement.

Key words: Air Gage, Back-Pressure, Out-of-Roundness

1. INTRODUCTION

The quality management in 25 years has shifted researches
away from TQM to focus on the tools and techniques and improv-
ing measurement systems (O’Neil, 2016). Especially valuable
inthat context are non-contact measuring techniques (Valicek
etal., 2007), among others air gages (Shiraishi, 2002). Despite
the air gages are unable to perform a measurement with na-
noscale accuracy, they still find their application in the industrial
precise measuring tasks like in-process inspection (Vacharanukul
and Mekid, 2005) both passive and active type (Wang et al., 2005;
Menzies and Koshy 2009) or automatic control (Wieczorkowski,
1995).

Even though the investigations on the dynamic properties
of the air gages had been performed since the middle of the 20t
century both in Western countries and in the Soviet Union (Yribar-
ren, 1955; Dmitriev and Chernyshev, 1958), the long response
time of the devices seemed to be the main obstacle for their de-
velopment (Tsidulko, 1965). Nowadays, however, application
of the piezoresistive pressure transducers and reduction of the
measuring chamber volume (Jermak and Rucki, 2012) allowed to
apply the air gage in the fast non-contact measurement of compli-
cated geometrical features like roundness and cylindricity. The
goal of the present study was to analyze dynamic properties of the
air gauges and to choose the ones with proper dynamic character-
istics to be implemented in the Geoform device dedicated for the
roundness assessment. The device with chosen air gauges un-
derwent overall accuracy test through a comparative analysis with
the reference measurement data.

2. OUT-OF-ROUNDNESS MEASUREMENT
WITH THE AIR GAGES

The team of the Division of Metrology and Measurement Sys-
tems (Poznan University of Technology) has proposed the innova-
tive device Geoform designed for the complex measurement

of the cylinders for the motor industry. The series of investigations
proved the capability of the air gages to measure within assumed
tolerances (Derezynski and Jakubowicz, 2016). In order to
achieve non-contact measurement with high dynamics, the small
chamber air gages (back-pressure type) had been proposed.

A simple one-cascade back-pressure gage consists of two
nozzles (inlet dw and measuring one dp), as it is shown in the
Fig. 1. The pressured air of pressure p. enters the measuring
chamber of certain volume Vi through the inlet nozzle, and leaves
through the measuring one. Here, the surface of the measured
detail serves as a flapper which restricts the air outflow, so the
pressure pk in the chamber in some extend is proportional to the
displacement s. The volume Vi of the chamber depends on its
length Ik and inner diameter dk.

nv oy,

» '
- ) (/\r y‘l/‘ i’\ %

I §
k > -

-

Fig. 1. Scheme of the back-pressure air gage

Typically, engineers do not calculate the exact response time
or amplitude characteristics of the air gages. For instance, Jun Liu
et al. (2012) consider the velocity of the gage head during the
form measurement relatively low so that the dynamic error can be
ignored, or Grandy et al. (2009) use the simplified dynamic mod-
els with reference to the geometric parameters of an air gage.
Itwas proved that the dynamics of the air gages with small
volumes (ca. 0.5 to 4.0 cm3) combined with a piezoresistive pres-
sure transducer could be modelled as a first-order dynamic sys-
tem, but some additional knowledge is required in order to avoid
unexpected dynamic errors (Rucki and Jermak, 2012). Hence,
after exact analysis of their dynamic characteristics, the devices
could be applied for the measurement in dynamic conditions, like
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a cylindricity measurement.

Traditionally, quality control is performed offline, after a part
is produced (Gao et al., 2014), and the Geoform device was
designed for this kind of measurement. It is based on the com-
plete automatic set, where the detail is placed manually (Fig. 2,
left). The measuring head goes up from lower part of the set, and
perform the measurement in three intersections (bottom, middle
and top) turning around 360° (Fig. 2, right). The novelty of the
method consists of following: the measuring head contains three
independent air gages (Fig. 3), it is placed on the flexible rod
(a floating head), and it is based on the original algorithm de-
signed for analysis of three independent signals to determine the
roundness of the measured detail.

Fig. 2. The Geoform equipment (left) and the scheme of measurement
(right) (Jermak et al., 2010)

Fig. 3. Position of three air gages in the Geoform measuring head

The algorithm consists of the following operations:

— data collection which is performed from three air gages inde-
pendently, when the gage head turns 370° (there are up
to 1000 points recorded),

— smoothening of the obtained data in order to eliminate the
eXCcessive errors,

— profile closure which is necessary because of flexible type
of the gage head (the coordinates of the points corresponding
with 0° and 360° are different and need to be adjusted to
each other),

— interpolation according to the Bessel's formula (Pollard, 1977)
performed in order to reduce the number of analyzed points
down to 720,

— calculation of the profile and its out-of-roundness.

The calculations are performed as if the typical V-block meas-
urement is done (Stepien, 2010), only instead of fixed two points
of the V-block, the collected data from two air gages (G2 and G1
shown in the Fig. 3) are used. To obtain the would-be value AW
of V-block measurement from the collected points G1, G2 and G3,
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the following formula is applied (Cellary and Jermak, 2009):
ARy + 4R,

2cosa

Q)
where: ARy, ARz and AR;3 - indication changes for the gages G1,
G2 and G3 respectively, 20, — the angle between gages G1 and G2.

The measuring task was defined by the initial laboratory
measurement of the cylinders for motor industry with the refer-
ence device Talyrond 365. The assumed tolerance was 15 pum
near the upper and lower edges, and 10 um in the middle part
of the cylinder. The highest amplitudes revealed 2" and 3% har-
monics: 2.6 um and 0.98 um respectively. Amplitudes of 4, 5t
and 7t harmonics were of similar distribution type and did not
exceed 0.56 um (mean values lower than 0.08 um).

In order to enable the reliable harmonic analysis up to 15t
harmonics, and to reduce the measurement time down to 10 s,
it was needed to evaluate the dynamic characteristics of the ap-
plied air gages, and to shape them to ensure the acceptable error
level.

3. SINE INPUT ANALYSIS

Dynamic variables are time or space dependent in both their
magnitude and frequency content. A dynamic calibration deter-
mines the relationship between an input of known dynamic behav-
iour and the measurement system output. Usually, such calibra-
tions involve applying either a sinusoidal signal or a step change
as the known input signal (Figliola and Beasley, 2006). When the
input signal forms a simple periodic function, F(t) = A-sinwt, and
the initial conditions are y(0) = yo, then the function could be writ-
ten as following:

Ty +y=KAsinat, (2)

where: T — time constant, K — static sensitivity (multiplication),
A - amplitude, w=2xnf - rotational speed, f- frequency.

The amplitude of the steady response depends on the value
of the applied frequency f.

In order to generate a sine input signal, the dedicated labora-
tory equipment has been developed (Fig. 4). It consists of re-
placeable model of the air gage (1) with the pressure transducer
(3), eccentric shaft of highly smooth surface and eccentricity
e =20 ym (2) which rotary speed can be changed from w=0.1
rad/s up to 20 rad/s, and the electronic devices for conditioning
and acquisition of the measurement signals (4). Fig. 5 presents
the block diagram of the sine input analysis system.

Fig. 4. Laboratory equment for the sine input analysis of the air gages
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Control signal
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Input data

m
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Results of
measurement
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calculations

Filtered pressurized air
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Geometrical parameters:
diameters of nozzles d.. d,.
d,, . volume of measuring
chamber 1.

Fig. 5. Block diagram of the dynamic calibration setup (Rucki and Barisic, 2009)

The system presented in the Figs. 4 and 5 enables to analyse
the air gages of various geometrical parameters (nozzles diame-
ters and dimensions of the measuring chambers explained in the
Fig. 1). The data of the examined air gauge is input into the com-
puter, as well as the conditions of experiment. The computer
controls the measurement process generating the sinusoidal
changes of slot s and processes the collected measurement data.

The measurement system collected 20 periods of the alternat-
ing pressure for each assumed rotational speed with sampling
time 0.001 of the examined period. Then, the corrected (true)
value of the sine input was calculated, as well as the amplitude of
the air gage response. The calculation algorithm was based on
the spline functions of the 2nd order and the least square method.
The obtained results are the amplitude—frequency characteristics
as well as the time constant and frequency. The value foos means
a frequency when the dynamic error &(w) is smaller than 5%.

During the roundness measurement, the measured cylinder
typically rotates with a speed of ca. 6 rpm. Therefore, to perform
the registration of at least 15 harmonics of the profile with the
acceptable amplitude error below 5%, the upper frequency bound
foss could not be lower than 1.5 Hz. From the metrological per-
spective, it should be even higher to reduce the dynamic error as
well as the measurement time. Hence, the following criteria were
set to evaluate the dynamic quality of examined air gages:

— upper frequency bound should be fo.g5 > 1.5 Hz,
— time constant T should not exceed 30 ms.

Because of strong evidence that the outer diameter of the
measuring nozzle dc have some impact on the dynamical charac-
teristics (for larger dc/d, ratio the time constant T appeared to be
longer) (Rucki, 2011), that parameter was taken into considera-
tion. Thus, the following geometry of the air gages underwent
examinations:

— the measuring nozzles of inner diameters dp = 1.211, 1.405

and 1.610 mm, of the ratios Dc= d¢/dp = 1.5, 2 and 3,

— the volumes of the measuring chambers Vis = 0.25, Vi2=1.22
and Vks=3.90 cm,

— the inlet nozzles of the diameters dw = 0.570, 0.625, 0.720,
0.830 and 1.020 mm.

4. MEASUREMENT RESULTS

From the experimental amplitude—frequency characteristics
obtained with the experimental setup described above, the values
of upper frequency bound fy.g5 and time constant T was calculated
for each examined air gage proposed to be applied in the
Geoform device. The results are presented in the Tables 1 to 6.
The same results for the smallest measuring nozzle dp = 1.211
mm and the smallest chamber volume Vis = 0.25 cm? are pre-
sented graphically in the Fig. 6.

Joos [Hz] A

[
0.570 0.625 0.720 0.570  0.625 0.720

dy[mm] dy [mm]

Fig. 6. Graphs of frequency fo.o5 (left) and time constant T (right)
for the air gage with dp = 1.211 mm and Vs = 0.25 cm?

Using the time constant values (Tabs. 4-6), the amplitude-
frequency characteristics were calculated. Fig. 7 presents the
graph showing the influence of the measuring chamber volume
on the obtained characteristics.
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Tab. 1. Values of the upper frequency bound fo.¢5 [Hz] for the chamber Vis=0.25 cm3

dp[mm] 1.211 1.405 1.610
dv[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=du/dp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 418 5.91 6.85 5.62 8.80 9.67 6.41 9.89 1245
De=2 3.50 5.21 5.94 5.12 6.86 9.04 6.01 9.46 9.74
De=3 3.08 4.79 6.85 488 5.95 8.37 6.04 8.52 9.12
Tab. 2. Values of the upper frequency bound fo.gs [Hz] for the chamber Vi2=1.22 cm?3
dp[mm] 1.211 1.405 1.610
dw[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=du/dp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 3.82 4,02 452 4.31 484 5.01 417 7.31 8.32
De=2 3N 3.38 3.98 3.89 3.98 5.12 5.02 6.80 7.02
De=3 2.62 2.84 3.01 342 4,02 5.46 577 6.45 6.85
Tab. 3. Values of the upper frequency bound fo.9s [Hz] for the chamber Vi3=3.90 cm3
dp[mm] 1.211 1.405 1.610
dw[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=dw/dp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 1.53 1.81 2.27 2.02 2.86 3.10 2.46 4.12 4.96
De=2 148 1.88 2.37 1.95 2.01 3.1 3.32 343 4.08
De=3 1.25 1.68 219 1.68 2.83 3.08 2.06 3.04 3.66
Tab. 4. Values of the time constant T [ms] for the chamber Vis=0.25 cm3
dp[mm] 1.211 1.405 1.610
dw[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=duldp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 12.51 8.85 7.64 9.03 5.94 5.41 8.16 5.29 4.20
De=2 14.95 10.06 8.81 10.21 7.62 578 8.01 5.53 5.37
De=3 16.96 10.92 9.61 10.72 8.79 6.25 8.66 6.14 5.74
Tab. 5. Values of the time constant T [ms] for the chamber Vk2=1.22 cm?3
dp[mm] 1.211 1.405 1.610
dv[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=du/dp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 13.70 13.01 11.57 1213 10.84 10.43 12.54 7.16 6.29
De=2 16.82 15.48 13.14 13.45 13.14 10.21 10.42 7.69 745
De=3 20.00 18.41 17.38 15.30 13.02 9.58 9.07 8.11 7.64
Tab. 6. Values of the time constant T [ms] for the chamber Vi3=3.90 cm3
dp[mm] 1.211 1.405 1.610
dy[mm] 0.570 0.625 0.720 0.625 0.720 0.830 0.720 0.830 1.020
d=du/dp 0.471 0.516 0.603 0.444 0.520 0.591 0.447 0.516 0.633
De=1.5 34.12 28.90 23.04 25.89 18.29 16.87 21.30 12.70 10.54
De=2 35.35 27.83 22.07 26.82 26.02 16.82 22.55 15.25 12.82
De=3 41.88 31.14 23.93 31.14 18.48 16.98 25.39 17.21 14.29
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Fig. 7. Amplitude—frequency characteristics for the air gages
with dp = 1.211 mm and different measuring chambers (K1 to K3)

For the measuring chambers K1 and K2, all the examined
combinations revealed the normalized amplitudes to lay between
0.987 and 1, which meant the dynamic error smaller than 1.5%
for the input frequencies below 1.5 Hz. It proved that those air
gages could be applied even for faster measurements than as-
sumed. However, some configurations combined with the measur-
ing chamber Vi3=3.90 cm3 did not meet this requirement. Consid-
ering the fact that the value of the time constant T could differ

mDe=1,5
HDc=2
ODc=3
ODc=1,5
mDc=2
@ Dc=3
mDc=15
ODe=2
mDc=3

dp=1.211mm

dp=1.405mm

dp=1.610mm
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100% between the initial and final values of the measuring range
(Rucki and Jermak, 2012), the measuring chamber Vi3 =3.90 cm?
is not recommended for the discussed measuring task. It provides
values of fogs mostly lower than 3 Hz, which may led to the dy-
namic error larger than estimated one.

It should be noted that the inlet nozzles apart of the determi-
nation of the static sensitivity (multiplication) K and the measuring
range have impact on the dynamic characteristics. In any configu-
ration, time constant grows longer for smaller inlet nozzles. On the
other hand, the values of the upper frequency bound fo.95 are
larger for larger inlet nozzles, and they are more sensitive to dw
when the measuring chamber volume is smaller and measuring
nozzle is larger.

From the perspective of the roundness measurement with the
air gages, the dynamic characteristics are better if the upper fre-
quency fo.gs is larger (ability to measure faster with the acceptable
dynamic error). Thus, among the examined combinations of geo-
metrical parameters of the air gages, the best dynamics revealed
those of the smaller measuring chamber volume, smaller outer
diameters of the measuring nozzles, and bigger inlet nozzle diam-
eters. It can be seen in the diagram (Fig. 8) showing frequencies
fogs for various inlet and measuring nozzles combined with the
measuring chamber of volume Vks = 0.25 cm3.

fo.05 [HZ]

Fig. 8. Upper frequency bound fo.g5 values for the air gages with the measuring chamber volume Vi1 = 0.25 cm3

5. FINALLY APPROVED AIR GAGES
AND METHOD EVALUATION

The above analysis enabled to evaluate the dynamic charac-
teristics of the air gages of different geometrical parameters pro-
posed to perform the measuring task in the Geoform device with
required accuracy. Those configurations that met static require-
ments on the multiplication and measuring range, underwent
dynamic calibration and analysis to eliminate the ones of too large
dynamic error. As a result, the following air gages were chosen:

— measuring nozzle dp = 1.610 mm,
—  the normalized parameter of outer diameter Dc = 3,
— inlet nozzle dy = 1.020 mm,
—  the measuring chamber volume Vi ~ 1.2 cm3,
This configuration had the following static characteristics: mul-

tiplication |K| = 0.505 kPa/pum and the measuring range z, = 106
um. The exact values of the multiplication are shown in the Fig. 9
for each air gage installed in the gage head of the Geoform device.

The proposed out-of-roundness measurement method under-
went the overall test through a comparative analysis with the
reference data obtained from Talyrond 365 device made by Tay-
lor-Hobson. According to Adamczak et al. (2010), the relative
error Awp could be calculated as following:

ARy, —ARg,

Ayp = AlTil, ©)

where: AR, — out-of-roundness value obtained by the tested
method from the ith point, AR, - respective value obtained
by the reference method.
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Fig. 9. Experimental graphs of multiplications of the air gages G1, G2 and G3

After the mean value of all measuring points A_Mp is calculat-
ed, the following formula is used for the tested method accuracy MA:

MA=[Ayp +U,s[-100% , (4)

where: up — a coefficient of normal distribution for P=0.95,
s — standard deviation.

The accuracy of a measuring device to be used for measure-
ment of the geometrical surface structure during the product
quality control should lay in the range of 10-25% (Adamczak et al.
2010). After 100 repetitions with different cylinders, the MA factor
for Geoform was calculated as 9.40%, which was highly satisfac-
tory, especially when considering incomparably lower price and
faster work of the tested device Geoform.

6. CONCLUSIONS

Automated quality control is an important aspect of modern
manufacturing process (Milo et al., 2015). The proposed method
based on air gages provides quick, relatively cheap and reasona-
bly accurate device for non-contact measurement of inner cylin-
ders with out-of-roundness tolerances of 10-15 um. The air gaug-
es had been found fully capable to measure with the required
accuracy, but the problem of dynamic errors was to solve. It was
achieved by thorough analysis of the work conditions and dynamic
characteristics of the applied air gages, and by the sine input
analysis. The configurations of air gages, which appeared to
generate too large dynamic errors, were eliminated and replaced
by the ones able to work in even faster dynamic conditions than
assumed. The methodology of dynamic analysis of the air gages
proved to be effective, which resulted in the highly accurate
roundness measurement. The Geoform device successfully
passed the accuracy test with the reference method.
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Abstract: Data mining is the upcoming research area to solve various problems. Classification and finding association are two main steps
in the field of data mining. In this paper, we use three classification algorithms: J48 (an open source Java implementation of C4.5
algorithm), Multilayer Perceptron - MLP (a modification of the standard linear perceptron) and Naive Bayes (based on Bayes rule
and a set of conditional independence assumptions) of the Weka interface. These classifiers have been used to choose the best algorithm
based on the conditions of the voice disorders database. To find association rules over transactional medical database first we use apriori
algorithm for frequent item set mining. These two initial steps of analysis will help to create the medical knowledgebase. The ultimate goal
is to build a model, which can improve the way to read and interpret the existing data in medical database and future data as well.

Key words: Data Mining, Classification, WEKA, J48, MLP, Apriori, Association Rules

1. INTRODUCTION

The past 20 years show dynamic growth in the amount of in-
formation in electronic formats. The accumulation of this data has
taken place at an explosive rate and it has been estimated that
the amount of information in the world doubles every two years
(Dardzinska, 2013; Dardzinska and Romaniuk, 2015a). Collected
data often hold valuable and interesting information.

Intensive rise of the field of knowledge discovery in databases
(KDD) and data mining (DM) is a response to a sharp increase
inthe amount of information collected in databases and data
warehouses. Data mining techniques allow us to find new, previ-
ously unknown relationships and patterns in databases that can
be used later to build support decision-making information system
(Dardzinska and Romaniuk, 2015b). This phenomenon is largely
reflected in medicine, where the progress of information technolo-
gy has contributed to the sudden increase in the amount of data.
Using these technologies, we are able to bring unprecedented
knowledge that can be useful in the treatment of various diseases
(Yoo et al., 2012).

In this paper we present how to choose the best classifier,
verify it, and then extract interesting association rules in medical
database. For the purpose of this paper we use voice disorders
database, which data was collected among academic staff. The
occupational voice diseases are chronic diseases that are directly
related to the profession and working conditions. In the case
of vocal organ teacher, the diseases are the results of continuous
voice strain. Increasingly, it takes into account also the psycho-
physical load occurring in their professional teacher as a risk
factor increasing the likelihood of disease burden and vocal organ
(Sliwinska-Kowalska et al., 2006). Therefore, it becomes extreme-
ly important to find such traits among patients which have
the greatest impact on their recovery.

2. MATERIAL AND METHODS

Based on the survey of 240 people we built a database con-
sisting of 240 objects and 68 attributes. Data refers to issues
related to fonoaudiology, speech therapy and voice diseases. This
database has been prepared in the extension .arff, which is ac-
cepted by Weka 3.6.11. There are 68 original classification attrib-
utes including age, place of residence, workplace, frequency
of voice work, frequency of clinical control, surgical treatments,
smoking and other features important from the point of view
of fonoaudiology.

In this work (for testing and verification) we use Weka inter-
face (Wakaito Environment for Knowledge Analysis), developed
at University of Wakaito, New Zealand. It is a collection of ma-
chine learning algorithms for data mining tasks. Weka supports
several standard data mining tasks, more specifically, data pre-
processing, clustering, classification, regression, visualization, and
feature selection. All techniques of Weka software are predicated
on the assumption that the data is available as a single flat file
or relation, where each data point is described by a fixed number
of attributes (numeric, normally, or nominal attributes, but some
other types of attributes are also supported by this software).

This software has many important advantages, so that we use
it in our work:

— it is fully implemented in the Java programming language,
therefore runs on almost any architecture;

— itis easy to use due to its graphical user interface;

— it is a huge collection of data preprocessing and modeling
techniques.

2.1. Classification

First we focus on finding the best classification algorithm for
given database. The classifier is an algorithm that implements
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classification, especially in a concrete implementation. We use for
this classification — model finding process that is used for portition-
ing data into different classes according to some initial assump-
tions. In other words, we can say that classification is the process
of generalizing the data according to different instances. There
are many different classifiers and many different types of dataset
resulting in difficulty in knowing which will perform most effectively
in any given case. It is already widely known that some classifiers
perform better than others on different datasets. It is always pos-
sible that another classifier may work better. To decide which
classifier will work the best for a given dataset there are two op-
tions. First is to put all the trust in an expert's opinion based on
knowledge and experience. Second is to run through every possi-
ble classifier that could work on the dataset, identifying rationally
the one which presents the best results (Cheng, Greiner, 2001;
Dardzinska, 2013).

Classification is a data mining algorithm that creates a step-
by-step guide for how to determine the output of a new data in-
stance. It is the process of finding a set of models that differentiate
data classes and concepts. We used it to predict group member-
ships for data instances. In first step we describe a set of prede-
termined classes. Each tuple is assumed to belong to a prede-
fined class as determined by class label attribute, the set of tuples
are used for model construction, called training sets. The model is
represented as classification rules, decision trees or mathematical
formulas. Model usage that is used for classifying future data
trends and unknown objects. It estimates the accuracy of the
constructed model by using certain test cases. Test sets are
always independent of the training sets (Dardzinska, 2013; Fraw-
ley et al., 1991).

In Weka we have three basic steps for classification:

— preparing the data;
— choose classify and apply algorithm;
— analyze the result or output.

Tab.1. Classification attributes

Attribute Value

Smoke {0-never, 1-no, but | used, 2-yes}
Allergy {no, yes}
Thyroid_disease {no, yes}

Reflux {no, yes}
Horm_disorders (hormonal

dosorders) {no, yes}
Reflux_treat (reflux tratment) {no, yes}
Cons_therapy (conservative o, yes}

therapy)

Voice_rehabilitation {0 -never, 1-once, 2-few times}

Laring_surgery (larynx
surgery)

Infection_resp (upper
respiratory tract infections)

{no, yes}

{no, yes}

In the following subsections we discussed various classifica-
tion algorithms, which we used in our work (Thair, 2009).

J48 is a popular machine learning algorithm based upon J.R.
Quilan C4.5 algorithm. All data are of the categorical type and
therefore continuous data will not be examined at this stage. The
algorithm will however leave room for adaption to include this
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capability. The algorithm was tested against C4.5 for verification
purposes (Freund, 1999; Ras and Dardzinska, 2011).

Multilayer Perception (MLP) is a network, which can be built
step by step by user, created by an algorithm or both. The net-
work can also be monitored and modified during the whole train-
ing time. The nodes in this network are all sigmoid (except for
when the class is numeric, when the output nodes become
threshold linear units).

Naive Bayes is a numeric estimator, where precision values
are chosen based on analysis of the training set. This classifier
will use a default precision of 0.1 for numeric attributes when built
classifier is called with zero training instances (Bouckaert, 2004).

Based on the knowledge of voice hygiene and factors affect-
ing the occurrence of voice diseases, we chose the class attrib-
utes of classification (Tab.1).

2.2. Association rules

Let us assume that S = (X, A, V) is an information system,
where (Agrawal and Srikant, 1993; Dardzinska, 2013):

— X is a nonempty, finite set of objects;
— Alis a nonempty, finite set of attributes;
— Visasetofall attributes values.

Then, a: X - V, is a function for any a € A, that returns
the value of the attribute of a given object. The attributes are
divided into three different categories: set of stable attributes A,
(the values of such attributes cannot be changed in time), set
of flexible attributes A, and set od decision attributes D (in both of
them the values of attributes can change), such that A = A; U
A, U D (Han et al., 2000; Pauk and Dardzinska, 2012).

Tab.2. Information System

Stable attributes 4, Flexible attributes A,
Object Attribute a Attribute b | Attribute ¢
X1 al b1l L
Xy al b2 L
X3 al b3 H
X4 a2 b3 H
X5 a2 b2 L
Xg a2 b3 L

Example of the information system S = (X, A, V) is present-
ed in Tab.2. The set of objects consists of six elements X =
{X1, X5, X3, X4, X5, X¢ }. The set of attributes consists of two sub-
sets Ay, A,, where A, includes stable attributes {a}, and A, is a
set with only flexible attributes {b, c}. The domain of attribute a
consists of two values {a1,a2}, attribute b can reach three val-
ues {b1,b2,b3}, while the attribute c has two different values
{L, H} (Agrawal and Srikant, 1993; Dardzinska and Ras, 2003).

Information systems can be also seen as decision tables.
In Tab. 3 we have decision System S = (X, A, V U {d}), with one
stable attribute a, two flexible attributes b and ¢ and the decision
attribute d. “Place of birth” is an example of a stable attribute.
‘Blood pressure” or “Glucose level” of diagnosed patient is an
example of a flexible attribute. “Operation”, “Hospitalization”,
“Medical Treatement” are the examples of decision attributes
values.
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Tab.3. Decision System

Object Atribute Attribute Attribute Decision

a b c d

X1 al b1 L +

Xy al b2 L +

X3 al b3 H

X4 a2 b3 H +

X5 a2 b2 L

Xg a2 b3 L +

Extracting association is one of the most important data min-
ing tasks, which works on the principle of association rules be-
tween items that are significant in the database. Obtained results
form the basis for decision-making and forecasting, which is un-
doubtedly a great advantage of the described method (Dardzinska
and Romaniuk, 2015a; Ras et al., 2008). First, each set of items
is called an itemset, if the support for the set is higher than
a minimum threshold of support (Bouckaert, 2004; Ras and Joshi,
1997). Next we generate rules. To confirm the rule, for example
X =Y, where X and Y are itemsets, the support and the confi-
dence of the rule are calculated in a standard way, i.e. by the
support of the rule we mean the number of objects in information
system S satisfying X N'Y (number of transactions that contain
both X and Y) sup(r) = card(X nY), while the confidence
is the ratio between the number of objects satisfying X n'Y and

the number of objects saisfying X: conf(r) = % (Dar-

dzinska and Romaniuk, 2015b; Deogun, et al., 1994; Han
and Kamber, 2006). The rule with support and confidence above
the minimum thresholds (given at the begining by the user) is the
rule which should be added to the knowledge base (Dardzinska
and Romaniuk, 2015b).

3. RESULTS AND DISCUSSION

We adapted the data prepared in the form of surveys and pre-
pared them in the form of a database. Further, the data is saved

Tab.4. WEKA results for Recall, F-Measure, Precison

acta mechanica et automatica, vol.10 no.3 (2016)

with extension ARFF (Attribute Relation File Format) format to
process in WEKA.

Then we start with the Weka tool use the explorer application
and select the preprocess button followed by this open the result
analysis data set. After that we can choose filter, which can be
used to transform the data from one format to other e.g. numeric
attributes into discrete ones. It is also possible to delete instances
and attributes according to specific criteria on the preprocess
screen.

3.1.Mining classification rules

To find the best classifier we should pay attention to the fol-
lowing parameters we receive in output (Bouckaert, 2004; Han et
al., 2000):

— TP Rate - rate of true positives (instances correctly classified
as a given class);

— FP Rate - rate of false positives (instances falsely classified
as a given class);

— Precision - proportion of instances that are truly of a class
divided by the total instances classified as that clases;

— Recall - proportion of instances classified as a given class
divided by the actual total in that class (equivalent to TP rate);

— F-Measure - general indicator of quality of the model;

— ROC Curve (ROC Area) - a graphical plot that illustrates the
performance of a binary classifier system as its discrimination
threshold is varied. The accuracy of the test depends on how
well the test separates the group being tested into those with
and without the disease in question. Accuracy is measured by
the area under the ROC curve;

— Kappa Statistic - it is a measure of conformity between the
proposed allocation instance of the class and the actual,
which is about the overall accuracy of the model;

— Number of correctly classified instances.

As part of the development of data we compared the individu-
al parameters for each classifier. The results are presented
in Tab. 4, Tab. 3, Fig. 1 and Fig. 2.

Recall F-Measure Precision
J48 NaiveBayes MLP J48 NaiveBayes MLP | J48 NaiveBayes MLP
Smoke 0.987 0.992 1 0.987 0.991 1 0.988 0.992 1
Allergy 0.983 0.936 1 0.983 0.937 1 0.983 0.939 1
Thyroid_disease 0.992 0.949 1 0.992 0.97 1 0.992 0.97 1
Reflux 0.966 0.97 1 0.963 0.951 1 0.967 0.954 1
HORM_DISORDES 0.987 1 1 0.987 1 1 0.987 1 1
REFLUX_TREAT 1 1 1 1 1 1 1 1 1
CONS_THERAPY 0.966 0.905 1 0.965 0.906 1 0.965 0.908 1
INFECTION_RESP 0.97 0.894 1 0.97 0.896 1 0.971 0.901 1
VOICE_REHABILITATION 0.992 0.907 1 0.991 0.912 1 0.992 0.935 1
THYROID_SURGERY 0.979 0.967 1 0.977 0.97 1 0.98 0.978 1
LARING_SURGERY 0.996 0.983 1 0.996 0.984 1 0.996 0.986 1
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Fig.1. WEKA results for Recall, F-Measure, Precision

If we compare the Precision parameter, it can be noticed that
in most cases the values are also the highest for the algorithm
MLP (Fig. 1). The highest value (close to 1) indicate a good classi-
fier. However, it should be noted that for some attributes, such us:
Smoke, Allergy, Reflux, we have similar value for all examined
classifiers (Tab. 4).

The chart for Recall (Fig. 1) shows that the highest values,
close to 1, we calculated for Multilayer Perception algorithm. For
every choosen attribute this value is equal to 1 (Tab. 4). In this
case we calculated, that the worse algorithm is Naive Bayes,
because of low values of the proportion of instances classified.

The same situation we have for value of F-Measure. For every
classification attribute the value is close to 1 (Tab. 4). It proves the
high quality of the generated model.

Tab.5. WEKA results for TP Rate, FP Rate, ROC Area

When we describe the quality of the generated model
of a classification, it is important to turn attention into two parame-
ters: Kappa Statistic and number of correctly classified instances.
For J48 algorithm we received the average score 0.92, which
is a satisfying result. The Multilayer Perception algorithm give us
the value of Kappa Statistic equal to 1. It indicates very high quali-
ty. For Naive Bayes we got the lowest values among the consid-
ered classifiers. For properly classified instances distribution
is similar. The value of Kappa Statistic for MLP is equal to 1 and
the number of correctly classified instances was 100%.

We got high dispersion of results for the ROC Area (Fig. 2).
We note that values for J48 and MLP are similar and ranges from
0.883 to 1 (Tab. 5). The largest value equal to 1 has occurred for
Multilayer Perception, which is why it can be expected as the best
classifier.

TP Rate FP Rate ROC Area

J48 NaiveBayes MLP J48 NaiveBayes | MLP J48 NaiveBayes MLP
Smoke 0.987 0.992 1 0.031 0.021 0 0.996 0.994 1
Allergy 0.983 0.936 1 0.046 0.073 0 0.987 0.97 0.974
Thyroid_disease 0.992 0.97 1 0.047 0.119 0 0.952 0.925 0.965
Reflux 0.966 0.949 1 0.299 0.154 0 0.863 0.993 0.989
HORM_DISORDES 0.987 1 1 0.137 0 0 0.882 0.953 0.916
REFLUX_TREAT 1 1 1 0 0 0 0.96 0.981 0.876
CONS_THERAPY 0.966 0.905 1 0.054 0.104 0 0.948 0.953 1
INFECTION_RESP 0.97 0.894 1 0.105 0.154 0 0.984 0.94 0.995
VOICE_REHABILITATION 0.992 0.907 1 0.027 0.015 0 0.996 0.983 1
THYROID_SURGERY 0.979 0.967 1 0.292 0.002 0 0.932 0.996 1
LARING_SURGERY 0.996 0.983 1 0.046 0.002 0 1 1 1
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Fig.2. WEKA results for TP Rate, FP Rate, ROC Area

It can be seen that the value of TP Rate is the best for Multi-
player Perception (Fig. 2). For every attribute this value is close to
1, which is a very good result. Not so impressive results we re-
ceived for Naive Bayes classifier (Tab. 5).

For the best classification algorithm value of FP Rate is close
to 0. In this case the best results we calculated also for Multilayer
Perception (Fig. 2). For the majority of selected attributes classify-
ing this value amounted to 0, which indicates a very good operat-
ing algorithm.

The results indicate, that the MLP is the best performing clas-
sifier for considered voice disorders database.

3.2.Association rules

Based on the survey of 60 people we built a database consist-
ing of 60 objects and 68 attributes. The data refer to issues relat-
ed to fonoaudiology. speech therapy and voice diseases. This
database has been prepared in the extension .arff. which is ac-
cepted by the installation program. Weka. We use the Apriori
Algorithm and we want to find the association rules in our data-
base.

For the purposes of analysis the following values:

— minimum support: 0.9 (54 instances);
— minimum metric <confidence>: 0.9.
are taking into consideration.

During the analysis several interesting association rules were
obtained. Some ot them are given below:

1. REFLUX_TREAT=no, 57==>ASTHMA=no, 57 conf:(1)
2. VOICE_PER=2,REFLUX_TREAT=no,55==>ASTHMA=no,55
conf:(

1)

3. HORM_DISORDES=no0,54==>ASTHMA=no0,54 conf:(1)
4. EDU=2,REFLUX_TREAT=no,54==>ASTHMA=no0,54 conf:(1)
5. EDU=2,57==>ASTHMA=no0,56 conf:(0.98)
6. VOICE_PER=2,57==>ASTHMA=no0,56 conf:(0.98)
7. THYROID_SURGERY=no,56==>ASTHMA=n0,55 conf:(0.98)
8. VOICE_PER=2,ASTHMA=no,56 ==>REFLUX_TREAT=no,55
conf;(0.98)

9. GENDER=K,55==>ASTHMA=no,54 conf:(0.98)

16. LARYNG_SURGERY=n0,55==>ASTHMA=n0,54 conf:(0.98)

These are the best rules extracted from given data. All of them
have the support and the confidence above given minimal thresh-
olds. The attributes forming these rules are described below.
Others, with the support below the minimal value (given by the
user and consulted with the expert) are passed over.

@attribute 'REFLUX_TREAT {'no', 'yes'}
@attribute '‘ASTHMA' {no', 'yes'}
@attribute 'VOICE_PER' {0,121}
0-(0-2y), 1-(2-10y), 2-(> 10 y)
@attribute 'HORM_DISORDES' {'no', 'yes'}
@attribute 'EDU' {0','1',2}
0-primary, 1-secondary, 2-higher
@attribute 'THYROID_SURGERY' {'na', 'yes'}
@attribute 'GENDER’ {K', "M}
@attribute 'LARYNG_SURGERY" {'no', 'yes'}
@attribute 'EDU' {0''1','2}
0-primary, 1-secondary, 2-higher
@attribute 'THYROID_SURGERY' {'na', 'yes'}
@attribute 'GENDER' {K', "M}
@attribute 'LARYNG_SURGERY" {'no', 'yes'}

4. CONCLUSION

In this paper we propose method to find the best classifier and
association rules in voice disorders database using WEKA meth-
ods. The voice disorders database was collected among academ-
ic professionals. The occupational diseases are chronic diseases
that are directly related to the profession and working conditions.
In the case of vocal organ teacher, these diseases are the result
of continuous voice strain. It becomes important to find such traits
among patients have the greatest impact on their recovery. The
obtained results are interesting, however we will wish on finding
new algorithm which will be more useful in people with voice
disorders treatment.
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Abstract: The study summarises the results of quasi-static experimental tests of an MR squeeze-mode damper prototype (MRSQD) performed
at the MTS testing machine. Of particular interests was the influence of MR fluid clumping behaviour in the MRSQD working gap on the
force output of the device. The MRSQD tests were assessed by measuring the damping force output at prescribed sinusoidal displacement
inputs and at various (fixed) voltage levels resulting in the respective average current levels in the control coil. The influence of piston position offset
on the damping force was also investigated. The collected data were shown in the form of damping force time histories and damping force-piston
displacements loops and discussed with respect to MR fluid clumping behaviour.

Key words: MR Fluid, Squeeze Mode, Damper, Clumping Behaviour

1. INTRODUCTION

In consideration of the manner in which the material is utilized
in a controllable device, MR fluid-based hardware is separated
into following categories: flow (valve) mode, direct shear (clutch)
mode, squeeze mode and gradient pinch mode. To date only the
flow mode- and shear mode devices have been commercialized.
No squeeze mode-hardware has been reported beyond the aca-
demia so far with the exception given in (Kim, 2014).

In squeeze mode-devices the flow channel height varies in the
direction parallel to that of the magnetic field. As the distance
between the opposing surfaces changes, the MR fluid is
squeezed out and into the flow channel (Fig.1). In this mode, MR
fluids can generate a large range of controllable force in enve-
lopes that can only accommodate small strokes — stresses ap-
proach 100-150kPa with displacements of the order of several
millimeters. This fact indicates the potential applications of MR
fluids.

Poles
Fig. 1. MR fluid in squeeze mode

A very interesting aspect of the squeeze mode is the clumping
phenomenon. How to minimise the effect of clumping behaviour is
still a challenging problem. Research data reported so far reveal
that if the same test is repeated without mixing the MR fluid, a
progressively increasing force will be developed in consecutive
test runs. This behaviour is suspected to be due to particle aggre-

gation in MR fluid during squeeze process. As the MR fluid is to
be squeezed, iron particles are trapped in the magnetic field in the
gap while the carrier fluid is radially flowing outward. This causes
iron particles to form aggregates in the gap and separate from the
carrier fluid, and this effect is intensified after each test repeat
(see Fig. 2).

Farjud et al. (2011a) proposed the definition to quantify clump-
ing behaviour and revealed that the effect of clumping can be
greatly reduced by a magnetic dither during piston return that can
help the clumped particles re-disperse in the MR fluid. The reduc-
tion of clumping effect is because during piston return the dither
can cause the iron particles to escape aggregates and for new
chains.

3-th test cycle
Fig. 2. lllustration of MR fluid clumping behaviour

The flow and direct shear modes abound in reports in the lit-
erature whilst there is little published data relating to the squeeze
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mode. As regards the pinch mode, there are reports of few stud-
ies. Because many properties of MR fluids in the squeeze mode
are still unknown, this mode has recently received recently a great
deal of attention and still poses a major challenge to researchers.
The studies exploring MR fluids in the squeeze mode and the
involved phenomena are but a few. For example, (Mazlan et al.,
2007; Farjoud at al., 2009a, b) revealed that MR fluids can provide
a much larger range of controllable force in small operational
envelopes compared to flow and direct shear modes. Systematic
investigation of MR fluids reported in squeeze mode research
described in (Mazlan et al., 2012) showed that the fluids experi-
enced rheological changes in three stages during compression
and tension and that fluid-particles separation phenomenon was
the main cause of the unique behaviour of MR fluids. (Horak,
2013) showed that in the presence of a magnetic field, iron parti-
cles are arranged in column-like chain structures which get de-
formed due to compression and the MR fluid provides increased
resistance to compressive loading and its yield stress tends to
increase. Guo et al., (2013) studied compression behaviour of MR
fluids under nonuniform magnetic field and showed that there
exists a magnetic-field gradient-induced normal force when com-
pared to the uniform field.

As regards the MR squeeze-mode dampers, one of the first
major contribution was an MR semi-active damper (Jolly et al.,
1996). Another attempt was a dual-coil mixed-mode damper
which utilized shear and squeeze mode (Manecke et al., 2006).
(Mazlan, 2008) examined the behavior of water-based MR fluids
and hydrocarbon oil based MR fluids under compressive and
tensile loads. (Farjoud et al., 2009) tested a squeeze-mode rhe-
ometer and provided a non-dimensional model which was validat-
ed experimentally. The same author(s) revealed a squeeze-mode
damper prototype and developed a mathematical model of the
damper suitable for design and engineering studies (Farjoud
etal, 2011a; Farjoud, 2011b; Zhang et al., 2011). Gotdasz
and Sapinski (2011) provided a numerical study in which
a squeeze-mode mount was subjected to sweep-sine displace-
ment inputs and characterized the mount model in terms of dy-
namic stiffness and damping vs. frequency. Gong et al. (2014)
tested a dual-cavity high-force damper subjected to sinusoidal
displacement inputs and fixed coil currents. The most recent study
(Sapinski and Gotdasz, 2015) summarises the results of an MR
damper prototype development and performance evaluation
study.

The objective of the study was to analyse MR fluid clumping
behaviour in the MRSQD in quasi-static states. For this purpose
the device was tested in the MTS testing machine under prede-
termined sinusoidal displacement inputs and at various (fixed)
voltage levels resulting in the respective average current levels
in the control coil. Influence of piston position offset on the damp-
ing force was also investigated. The MR fluid clumping behaviour
was discussed basing on the determined performance figures of
the MRSQD (force time histories and force-piston displacement
loops).

The paper is organized as follows. Section 1 outlines state-of-
the art. solutions in the field of squeeze mode of MR fluids, MR
fluid-based hardware and clumping phenomenon of MR fluids.
Section 2 summarises the structure and operation principle of the
MRSQD. Section 3 discusses experimental results of the device in
the context of MR fluid clumping behaviour. The final conclusions
are given in Section 4.
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2. MR SQUEEZE-MODE DAMPER

A schematic diagram of the MRSQD is shown Fig. 3. The nu-
meric symbols in the figure indicate all key components
of the MRSQD (1-8) and the key highlights materials used
for manufacturing of the device. The hardware features two con-
centric cylinders (1, 2). The inner non-magnetic cylinder (2) hous-
es the piston (3), the core assembly (4), and the floating piston
(5). The core assembly incorporates the coil (6). The outer cylin-
der (1) is made of a ferromagnetic material. The distance be-
tween the lower surface of the piston and the upper surface of the
core is referred to as the working gap of time-varying height.
The distance between the piston and the core varies according
to the prescribed displacement (force) input (along the vertical
z-axis). The floating piston below the core assembly separates the
MR fluid from the coil spring located in the compensating chamber
below the floating piston (5). The chamber incorporates a pre-
loaded spring system (not shown in Fig. 2) for fluid volume com-
pensation. Alternatively, the compensating chamber could be filled
in with pressurized gas. The choice of the coil spring was due to
convenience. The current in the control coil induces a magnetic
field of the strength H. The magnetic flux generated by the cur-
rent in the control coil (6) travels through the core and into the
control gap, the outer cylinder, and back into the core through
radially projected arms in the core base. The inner cylinder (2)
of sufficient wall thickness is used to reduce the amount of mag-
netic flux bypassing the control gap, i.e. magnetic short circuit. All
of the components ensure an efficient magnetic flux return path.

[ Forromagnetic

material 1
I Diamagnetic
material :
MR
== Copper
(> o)

Fig. 3. Schematic diagram of the MRSQD

The flux induced in the working gap upon the application
of the coil current effectively modifies the yield stress of the fluid,
and its resistance to flow. As the piston moves downward, the
distance between the core and the piston decreases. The excess
of MR fluid is squeezed out of the working gap into the fluid
volume between the inner cylinder and the outer housing of the
MRSQD, and then into the compensating chamber. The additional
fluid volume that enters the compensating chamber pushes
the floating piston against the coil spring. The structure incorpo-
rates a non-magnetic ring (7), whereas the base cap (8) is used
for fixing the assembly against the ground. The outer cylinder
length is 133 mm and the diameter is 102 mm. The MR fluid type
employed in the MRSQD is BASF Basonetic 4035 (Kieburg, 2010)
with the volume of 110 ml.



DE GRUYTER
OPEN

DOI 10.1515/ama-2016-0037

3. EXPERIMENTS

The MRSQD was tested in a MTS 810 machine driven by
a FlexTest SE type controller (Fig. 4). The displacement
of the piston was measured using a LVDT type sensor, whereas
the force output of was read out by the force sensor).

810 Matorial Test System

Fig. 4. MRSQD ready for tests

Experimental tests were performed to investigate the influence
of the parameters of the sine piston displacement input (amplitude A
and frequency ), the current level in the control cail 7and piston offset
x on the force generated by the device and to obtain the force vs
time and force vs force displacement plots. The experiment involved
two stages. In the first stage the piston was displaced with respect to
its midpoint position x=0 mm, and in the stage — with respect to the
piston position shifted downwards x=1.44 mm (Fig. 5).

z [mm]“
1. |
max
A
L A
©
i >
el I S _t X 0 \\/t [s]
_________ |min
+ 33

Fig. 5. lllustration of sinusoidal displacement of the piston in the gap

The device testing was assessed by measuring the force output
at prescribed sinusoidal displacement inputs x(8)= xo + A-sin(2nf?)
at various (fixed) voltage levels resulting in the average coil current
level 7: 0, 1,2 and 3 A, respectively. For the purpose of experiments
the data were collected within the range of frequency £(1, 10) Hz with
the step 1 Hz and for the following displacement amplitude 4: 0.72,
1.44 and 2.88 mm, respectively. The effect of piston position offset on
the damping force waveform was investigated, too. In the tested
MRSQD the maximum gap height /i was equal to 6.76 mm, and
displacement input amplitude range was limited up to 4=2.88 mm in

acta mechanica et automatica, vol.10 no.3 (2016)

order to preserve a minimum gap of 0.5 mm on either side of the
piston, i.e. between the lower surface of the piston and the upper
surface of the core on one side and between the piston and the stop
position on the other. Throughout the tests at room temperature
of 25°C the signal sampling frequency was 1 kHz.

Selected tests results are depicted in Fig. 6-11, plotting force time
histories in the range (1, 10) s and force-displacement loops regis-
tered in 2-nd test cycle, and 8-th test cycle of the piston motion.
In Figs 6-9 x=0 mm while in Fig. 10 and 11, x%=1.44 mm. Plots
inFig. 6 and 7 compare force time histories and force-displacement
loops for current level 1 Aand 3 A, and displacement input with ampli-
tude 4=2.88 mm, and frequency 1 Hz and 4 Hz. It is apparent that the
when the current is higher, the damping force gets higher, too.
It should be noted that critical value of force measured by the force
sensor was adjusted to be 5000 N. Since the damping force reaches
this value in the 4-th test cycle, the force-displacement loop in this
case is represented by a “point” with force value of about 3900 N and
position of z=2.88 mm. In this case the minimal height of the
squeezed layer of MR fluid is 0.5 mm. A similar tendency is revealed
in plots shown in Fig. 8 and 9, though in these case the damping
force value 5000 N is not exceeded. This is so because the ampli-
tude is 4=1.44 mm, i.e. two times smaller. In this case the minimal
height of the squeezed layer of MR fluid is 1.94 mm. It appears that
for such piston displacement amplitude and current levels in the
control cails, the influence of frequency on the damping force is rather
minor. Plots in Fig. 10 and 11 present force time histories and force-
displacement loops at piston position offset x=1.44 mm for current
level 1 A and 3 A, displacement inputs with amplitude 4=1.44 mm,
frequency 1 Hz and 4 Hz. Note that in this case, the amplitude
of displacement is the same as in case shown in Fig. 8 and 9. Com-
paring the plots in those figures, it is apparent that the influence of the
piston position offset on the damper force is rather minor. Of particular
importance are force-displacement loops in Fig. 10b. The actual
shape of these plots is associated with the restriction of the damping
force measured by the force sensor (similar case to that depicted
in Fig. 6b, see the plot of the 8-th test cycle).

The presented plots clearly reveal a lack of symmetry - the force
values are lower when the piston moves upwards than during its
downward movement. When analysing force time histories in each
test an increase of the damping force is observed with each cycle of
the piston movement. This is caused by the clumping behavior of MR
fluid in the working gap. When comparing the plots through Fig 6a, 8a
to 10a, it is apparent that at the assumed current level in the control
coil (£1 A), the lower height of MR fluid squeezed, the higher damp-
ing force. Moreover, in the assumed time range the damping force
does not reach steady state value. Similar situation refers to the plots
in Fig. 6b and 8b (then ~3 A) but then the damping force reaches
higher values due to the higher level of the current in the control cail.
The plots in Fig. 7a and 9a show that at the assumed frequency
displacement input ( #=4 Hz), the damping force achieves steady
state value the contrary to the situation presented in Fig. 6a and 8a
(then £=1Hz).
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Fig. 6. Force vs. time and force vs. piston displacement; 4=2.88 mm,
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4. SUMMARY

The paper summarises the results of quasi-static experimental
testing of an MRSQD, with the focus on MR fluid clumping behaviour
in the working gap. The influence of displacement inputs’ parameters
(amplitude and frequency), current level in the control coil and piston
position offset on the damping force output of the device was also
investigated. The acquired data are presented in the form of damping
force time histories and damping force-piston displacements loops.

The discussion of the results lead us to the following conclusions:
— plots of damping force time histories and damping force-piston

displacement loops are not symmetrical,

— the influence of current in the control cail is signifficant, the higher
the current level, the higher the damping force,

— the influence of piston velocity (amplitude and/or frequency
of displacement input) and similarly piston position offset on the
damping force is rather smalll,

— in each test a significant increase of the damping force
is observed with each cycle of the piston movement, which is
associated with the clumping behavior of MR fluid in the gap,
Further research efforts will be focused on investigation the influ-

ence of magnetic signal dither to reducing the clumping effect in the

device.
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ABSTRACTS

tukasz Jastrzebski, Bogdan Sapinski
Electrical Interface for a Self-Powered MR Damper-Based Vibration Reduction System

The study investigates the behaviour of an electrical interface incorporated in @ MR damper-based vibration reduction system powered
with energy recovered from vibration. The interface, comprising the R, L and C elements, is connected in between the coil in an electromagnetic
electric generator and the control coil in the MR damper and its function is to convert the output voltage from the generator. The interface model
was formulated and computer simulations were performed to find out how the parameters of the interface should influence the frequency
responses of the vibration reduction system.

Marek Jatbrzykowski
Selected Issues Concerning Degradation of Material in the Production of Injection Molded Plastic Components

This paper presents the problem of thermal degradation of thermoplastic materials processed using the injection method. Attention was paid
to the issue of the optimal selection of a dye for modifying the base materials. For the selected materials and dyes, derivatograph tests
were performed in order to assess their thermal characteristics and breakdown kinetics. Additionally, tribological tests and microscope
observations of selected samples were performed. The obtained test results suggest a diverse level of thermal processes in the analyzed
materials. This is crucial for the appropriate selection of dyes for plastic materials. As it turned out, the tribological properties of materials can also
influence the technological quality of the injected alloy.

Iryna Rakocha, Vasyl Popovych
The Mathematical Modelling and Investigation of the Thermoelastic State of the Three-Ply Thermosensitive Hollow Cylinder

Stationary temperature distribution in a three-layer infinite hollow cylinder based on the thermosensitive body model was determined.
The cylinder is subjected to the steady temperature on the inner surface and on the outer one is present the convective heat exchange.
In the second layer exist heat sources with parabolic dependence on radial coordinate. The components of the thermostressed state have been
found. The influence of the temperature dependence of the thermal and mechanical components characteristics of materials on the temperature
distribution has been investigated.

Emil Evin, Miroslav Tomas, Marek Vyrostek
Laser-Beam Welding Impact on the Deformation Properties of Stainless Steels When Used for Automotive Applications

Materials other than standard and advanced high strength steels are remarkable for the thin-walled structures of the car-body in recent years
in order to safety enhancement, weight and emission reduction, corrosion resistance improvement. Thus, there are presented in the paper
the deformation properties of laser welded austenitic AISI 304 and ferritic AISI 430 stainless steels compared to these one measured for the high
strength low alloyed steel H220PD. The properties were researched by tensile test and 3-point bending test with fixed ends on specimens made
of basic material and laser welded one. The specimens were welded by solid state fiber laser YLS-5000 in longitudinal direction (the load
direction). The deformation properties such as strength, stiffness and deformation work were evaluated and compared. The strength and stiffness
were calculated from tensile test results and the deformation work was calculated from both, tensile test and 3-point bending test results.
There has been found only minor effect of laser welding to the deformation properties for high strength low alloyed steel H220PD and austenitic
stainless steel AISI 304. Otherwise, the laser welding strongly influenced the deformation work of the ferritic stainless steel AISI 430
as well as the elongation at tensile test.

Krystyna Romaniak
Identifying the Isomorphism of Kinematic Chains

Identification of isomorphic kinematic chains is one of the key issues in researching the structure of mechanisms. As a result the structures
which duplicate are eliminated and further research is carried out on kinematic chains that do not duplicate. This dilemma has been taken up
by many scholars who have come up with a variety of ideas how to solve it. The review of the methods for identifying the isomorphism
of kinematic chains suggested by researchers is contained in this study, including Hamming Number Technique, eigenvalues and eigenvectors,
perimeter graphs, dividing and matching vertices. The spectrum of methods applied to the issue of identifying the isomorphism of mechanisms
reflects the researchers’ efforts to obtain a precise result in the shortest time possible.

Robert Pata, Ihor Dzioba
Analysis of Stress Distribution in front of the Crack Tip in the Elements of Modified and Unmodified Cast Steel G17CrMo5-5

The article presents influence of modification of the low-alloy cast steel G17CrMo5-5 by rare earth metals on stress distribution
in front of the crack at the initial moment of the crack extension. Experimental studies include determination of strength and fracture toughness
characteristics for unmodified (UM) and modified (M) cast steel. In the numerical computations, experimentally tested specimens SEN(B)
were modelled. The true stress—strain curves for the UM and M cast steel are used in the calculation. The stress distributions in front of the crack
were calculated at the initial moment of the crack extension. On the basis of data on the particle size inclusions in the UM and M cast steel,
and the calculated stress distributions was performed an assessment of the possibility of the occurrence of cleavage fracture. The analysis
results indicate that at room temperature for the UM cast steel, there is a possibility of cleavage fracture, while for the M cast steel occurrence
of cleavage fracture is negligible.
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Szymon Hernik
Wear Resistance of Piston Sleeve Made of Layered Material Structure: MMC A356R, Anti-Abrasion Layer and FGM Interface

The aim of this paper is the numerical analysis of the one of main part of car engine — piston sleeve. The first example is for piston sleeve made
of metal matrix composite (MMC) A356R. The second improved material structure is layered. Both of them are comparison to the classical struc-
ture of piston sleeve made of Cr-Ni stainless steel. The layered material structure contains the anti-abrasion layer at the inner surface of piston
sleeve, where the contact and friction is highest, FGM (functionally graded material) interface and the layer of virgin material on the outer surface
made of A356R. The complex thermo-elastic model with Archard's condition as a wear law is proposed. The piston sleeve is modelling as a thin
walled cylindrical axisymmetric shell. The coupled between the formulation of thermo-elasticity of cylindrical axisymmetric shell and the Archard’s
law with functionally changes of local hardness is proposed.

Magdalena Bucior, Lidia Gatda, Feliks Stachowicz, Wiadystaw Zielecki
The Effect of Technological Parameters on Intensity of Shot Peening Process of 51CrV4 Steel

In the paper the effect of selected technological parameters of shot peening on process intensity of 51CrV4 steel was presented.
The experiments were conducted according to statistical 3-level completed plan PS/DC 32. Technological parameters were changed
in the range: shot peening time t = 1-3 min and pressure p = 0.2-0.4 MPa. In the article the analysis of experiment reproducibility, impact parame-
ters significance and adequacy of equation were done. As the result of investigations the adequate equation was obtained describing the effect
of technological parameters. Significant influence on process intensity was found in case of pressure and interaction of both analyzed technologi-
cal parameters. The biggest energy of stream shots was gained at the maximum pressure of 0.4 MPa and the shot peening time of 3 minutes.
As the result of analysis according to design of experiment (DOE) the adequate equation describing the dependencies between technological
parameters and process intensity was found.

Katarzyna Ciesielczyk, Katarzyna Rzeszut
Local and Distortional Buckling of Axially Loaded Cold Rolled Sigma Profiles

In this paper the local and distortional buckling analyses of axially loaded cold-rolled channel and sigma profiles were performed. The critical
buckling load was computed by solving the linear eigenvalue problem for different numerical models using Finite Element Method and simplified
formulas implemented in Eurocode and proposed by Hancock and Schafer. The buckling analyses were conducted to prove that the sigma cross-
section can be successfully replaced by channel cross-section with additional elastic supports placed in folds of the web. It was demonstrated
that the folds in the web of the sigma cross-section (additional elastic supports) reduce the slenderness of the web. So, the critical distortional
stress can be calculated based on analytical formulas derived for the channel cross-section taking into account the web height between the folds.

Andrzej Borawski
Suggested Research Method for Testing Selected Tribological Properties of Friction Components in Vehicle Braking Systems

The braking system is one of the most important systems in any vehicle. Its proper functioning may determine the health and life the people
inside the vehicle as well as other road users. Therefore, it is important that the parameters which characterise the functioning of brakes changed
as little as possible throughout their lifespan. Multiple instances of heating and cooling of the working components of the brake system as well as
the environment they work in may impact their tribological properties. This article describes a method of evaluating the coefficient of friction
and the wear speed of abrasive wear of friction working components of brakes. The methodology was developed on the basis of Taguchi's
method of process optimization.

Czestaw Janusz Jermak, Mirostaw Rucki
Dynamics of the Non-Contact Roundness Measurement with Air Gages

The paper presents the results of investigations on the air gages dynamic characteristics in the measurement of the round profiles of motor
cylinders. The principle of the measuring device is explained, and the analysis of the air gages dynamics is described. The results of dynamic
calibration enabled to eliminate those configurations of air gages that may not meet the requirements of the measurement they were designed
for. After the proper air gages were chosen, the entire system underwent the accuracy test and passed it successfully revealing the method
accuracy better than 10% compared to the reference measurement.

Anna Kasperczuk, Agnieszka Dardzinska
Comparative Evaluation of the Different Data Mining Techniques Used for the Medical Database

Data mining is the upcoming research area to solve various problems. Classification and finding association are two main steps in the field
of data mining. In this paper, we use three classification algorithms: J48 (an open source Java implementation of C4.5 algorithm), Multilayer
Perceptron - MLP (a modification of the standard linear perceptron) and Naive Bayes (based on Bayes rule and a set of conditional independ-
ence assumptions) of the Weka interface. These classifiers have been used to choose the best algorithm based on the conditions of the voice
disorders database. To find association rules over transactional medical database first we use apriori algorithm for frequent item set mining.
These two initial steps of analysis will help to create the medical knowledgebase. The ultimate goal is to build a model, which can improve
the way to read and interpret the existing data in medical database and future data as well.

Bogdan Sapinski
Observations of MR Fluid Clumping Behaviour in a Squeeze-Mode Damper

The study summarises the results of quasi-static experimental tests of an MR squeeze-mode damper prototype (MRSQD) performed at the MTS
testing machine. Of particular interests was the influence of MR fluid clumping behaviour in the MRSQD working gap on the force output
of the device. The MRSQD tests were assessed by measuring the damping force output at prescribed sinusoidal displacement inputs and at var-
ious (fixed) voltage levels resulting in the respective average current levels in the control coil. The influence of piston position offset on the damp-
ing force was also investigated. The collected data were shown in the form of damping force time histories and damping force-piston displace-
ments loops and discussed with respect to MR fluid clumping behaviour.
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