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B Introduction

For many years fibres have been used for
the reinforcement of concrete [1 - 5]. The
addition of short fibres effectively reduc-
es the spread of shrinkage cracks and has
a positive impact on concrete parameters.
Fibre-reinforced concrete is more and
more widely used for the construction of
roads and highways, airports, watersides
and many other engineering objects. Due
to their beneficial properties, polypro-
pylene fibres are a subject of particular
interest [6, 7]. For the reinforcement of
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concrete different polypropylene fibres
are offered. The offer comprises staple
monofilaments, multifilaments, fibril-
lated fibres as well as other deformed fi-
bres. These fibres are produced from pure
polypropylene or polypropylene copoly-
mers. Their geometry as well as surface
and mechanical properties influence the
effectiveness of the reinforcement [8].
Fibrillated fibres and those deformed by
crimping or twisting possess better adhe-
sive capacity to the cementitious matrix.
Especially fibrillated fibres seem to have
a distinct advantage [5] as they form an
open network, which will increase the
specific surface area. As a result the ad-
hesion of fibres to the cement matrix is
considerably improved.

Fibrillated fibres are produced by split-
ting narrow polypropylene strips, The
formation of fibrillated polypropylene
fibres is a multistage process and in-
volves melt extrusion through a flat or
annular die, film solidification through
water quenching or air cooling, uniaxial
stretching of the film, heat stabilisation,
cutting the film into narrow tapes, split-
ting the tapes into finer fibrous material
and final take-up [9 - 11]. Each step ex-
erts a great influence on the fibre struc-
ture and their final properties [12]. The
choice of proper formation conditions
has great significance. The optimal selec-
tion of formation parameters enables the
production of fibres with good mechani-
cal properties, which are greatly demand-
ed for concrete reinforcement. This paper
presents the results of investigations of
the mechanical properties of fibrillated
fibres designed for concrete reinforce-
ment. Fibrillated fibres were produced
and their mechanical parameters in the
function of certain formation parameters

were measured. The results obtained
were analysed by statistical methods. On
the basis of the analysis, optimal parame-
ters for the production of fibrillated fibres
were established.

B Experimental

Samples

Fibres were produced in industrial condi-
tions using a Starlinger StarEx 1500 pro-
duction line. Polypropylene films were
extruded through a flat die into water. So-
lidified films were then cut into narrow
strips. After drawing and heat stabilisa-
tion, strips were locally cut with a needle
roller and split with the final stretching
unit.

The fibres were produced with the fol-
lowing parameters:

temperature of heating zones of the

extruder - 250 °C,

extrusion velocity - 14 m/min,

film thickness - 152 pm,

film width - 1485 mm,

strip width - 87 mm,

temperature of stabilisation - 120 °C.

Fibres with a linear density of 1000 tex
were produced. Two draw ratios: 10 and
12 and four velocities of the needle roll-
er: 155, 175, 195 and 215 m/min were
applied.

Commercial polypropylene resin Moplen
HP 456J (Orlen Polyolefins) character-
ised by a melt flow index of 3.4 g/10 min
was used. Fibres were also produced with
the addition of a small amount (2% by
weight) of polyethylene Bralen FB 2- 30
(Slovnaft Petrochemicals)
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Realization of the plan and execution

a) Results of the investigations of strength parameters

c) Determining of the measures of position, variation,

Assessment of the significance of differences between
strength properties of the PP filaments fibrillated and not

Assessment of the influence of the speed fibrillation

The test of the variance analysis according to the single

Assessment of the simultaneous influence of the speed of

- Rr on the strength

Determination of the regress function and the assessment of

Step 1:
of experimental investigations

Step 2: Creation of a database:

b) Assessment of the statistical parameters

of the distribution
concentration and skewness

Step 3:

fibrillated

a) F-Snedecor’s test for two variances
b) t-Student’s test for two averages

Step 4: Ve on the strength proprieties of PP filaments PP

classification
StepS: | fipriliation Vi and draft of fbrillation

proprieties of PP filaments. A test of the variance

analysis according to the double classification

y

Step 6: their significance

Straight line: Y = By + B; - V,

Parabola: Y = By + By - Ve + Byy- V&

v

Step7:

Selection of technologically useful settings of the extruder

Figure 1. Algorithm of modelling the fibrillation process of polypropylene fibres.

X= Ve = [155 175195 215] (m/min)

X,=Re=[10 121"

d

Fibrillation v
of PP —
filaments

Figure 2. Plan of experimental investigations; X; = Vg (m/min) — needle roller velocity,
X5 = Rp—draw ration of fibrillation, Z — non-measurable disturbances of fibrillation proc-

ess.

Methods

For the fibres, the following mechanical
parameters were determined: tenacity,
elongation at break and Young modulus.
The measurements were performed ac-
cording to Standard PN-EN ISO 5079:
1999 using the tensile machine IN-
STRON 1026. Analysis of the results was
carried out according to the algorithm
presented in Figure 1.
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For every parameter analysed, the basic
statistical parameters were calculated.
For evaluation of the influence of the
needle roller velocity on the mechanical
parameters of the fibres, the t-Student test
for two averages was applied. The test
was preceded by the F-Snedecor’s test.
Using this test, the degree of dispersion
of the parameters measured was deter-
mined. Furthermore, using variance anal-

ysis according to the single classification,
the influence of the roller velocity Vg
on the mechanical parameters: tenacity,
elongation at break and Young modulus
was examined [14, 15]. The simultane-
ous influence of the needle roller velocity
VE and draw ratio Ry on the mechanical
parameters of the fibres was evaluated by
a test of the variance analysis according
to the double classification [14, 15]. For
the assessment of the influence of the
needle roller velocity Vg on the mechani-
cal parameters of the fibres, functions of
the regress were used, approximated by
a straight line and parabola according to
equations:

Y=B,+B,V,, (1)

YA:BO+BI'VF+BII'V;9 ()

where:

I},- — value of the regress func-
tion of i-th parameter of
the fibrillated fibres,

[By;B,; B,;]" — vector of the coefficient
of the regress function,
Vi —needle roller velocity.

For each function the coefficient of the
multiple correlation of regress Ry, was
determined and its significance checked
[14, 15].

I Results

Step 1. Realisation of the plan and ex-
ecution of experimental investigations

A plan of the experimental investigations
is presented in Figure 2.

Step 2. Creation of the database: a) Re-
sults of the investigations of strength
parameters, b) Assessment of the statisti-
cal parameters of the distribution, ¢) De-
termination of the measures of position,
variation, concentration and skewness

The values of the tenacity W, of the fibres
measured for a draw ratio of 10 and 12
are presented in Tables I and 2.

Analysing the results of the investiga-
tions, presented in Tables 1 and 2, one
can notice that:
larger values of the tenacity Wy are
shown by fibres drawn at ratio
RF = 12,
the two largest values of tenacity Wy
are demonstrated by fibres fibrillated at
Vi =155 m/ min (W =47.97 cN/tex)
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and Vg = 175 m/min

(W¢=47.66 cN/tex),

the most beneficial, i.e. the smallest
power of the coefficient of variation
of the tenacity V(W) =2.76% is
shown by the fibres fibrillated at

Vg =155 m/min and Rg = 12,

the most beneficial value of skewness
Ag=-0,004 is demonstrated by the
fibres fibrillated at Vg = 195 m/min
and Rgp =12,

the most beneficial value of kurtosis
is shown by fibres fibrillated at

Vg =215 m/min and Rg =10
(K=0,24) and Vg = 155 m/min and
Rp=12 (K=1,64).

Tables 3 and 4 present the values of elon-
gation at break &, measured.

Analysing the values of elongation at

break &, one can state that:
larger values of the elongation at
break are exhibited by fibres drawn at
ratio Rg = 10,
the two largest values of elongation
at break are demonstrated by fibres
fibrillated at
Vi =195 m/ min (g, = 24.94%) and
Vg =215 m/min (g, = 25.28%),
the most beneficial, i.e. the smallest
power of the coefficient of the varia-
tion in the elongation at break V(g,) is
shown by fibres fibrillated at
Vg =175 m/min and Rg = 10
(V(gr) = 6.02%) and Vi = 195 m/min
(V(ep) = 6.72%),
the most beneficial value of the skew-
ness Ag=-0.21 is demonstrated by
fibres fibrillated at Vg = 175 m/min
and Rp =10,
the most beneficial value of kurtosis
K is demonstrated by PP filaments
fibrillated at Vg =215 m/min and
draft Rp =10 (K =-0.02) and also
Vg =155 m/min and draft Rg = 12
(K =0.58).

Tables 5 and 6 (see page 72) present the
values of Young modulus E measured.

Analysing the results of Young modulus
— E, one can notice that:
larger values of Young’s modulus E
are shown by fibres drawn at ratio
RF = 12,
the two largest values of Young’s
modulus E are demonstrated by fibres
fibrillated at Vg = 155 m/ min
(E =3.55 cN/tex) and
Vg =175 m/min (E = 3.20 cN/tex) ,
the most beneficial, i.e. the smallest
power of the coefficient of the varia-
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Table 1. Breaking tenacity — W, of fibres drawn at ratio Rg = 10.

Parameter analysed

Mean value

Standard deviation
Coefficient of variation
Absolute error
Relative error
Minimum value
Maximal value
Median

Kurtosis

Skewness

Table 2. Breaking tenacity — W; of fibers drawn at ratio R = 12.

Parameter analyzed

Mean value

Standard deviation
Coefficient of variation
Absolute error
Relative error
Minimum value
Maximal value
Median

Kurtosis

Skewness

Table 3. Elongation at break — ¢, of fibres drawn at ratio R = 10.

Parameters analyzed

Mean value

Standard deviation
Coefficient of variation
Absolute error
Relative error
Minimum value
Maximal value
Median

Kurtosis

Skewness

Table 4. Elongation at break — ¢, of fibres drawn at ratio Rp = 12.

Parameter analysed

Mean value

Standard deviation
Coefficient of variation
Absolute error
Relative error
Minimum value
Maximal value
Median

Kurtosis

Skewness

Unit

cN/tex
cN/tex
%
cN/tex
%
cN/tex
cN/tex
cN/tex

Unit

cN/tex
cN/tex
%
cN/tex
%
cN/tex
cN/tex
cN/tex

Unit

%
%
%
%
%
%
%
%

Unit

%
%
%
%
%
%
%
%

155
42.30
1.48
3.49
0.55
1.30
39.40
44.60
42.29
-0.73
-0.33

155
24.67
217
8.80
0.81
3.28
21.25
28.75
24.07
-0.49
0.33

155
22.84
1.98
8.68
0.74
3.24
20.00
27.50
22.50
0.58
1.03

Needle roller velocity — Vg, m/min

175
41.70
1.66
3.97
0.62
1.48
39.60
46.00
41.25
0.61
0.96

175
47.66
1.64
3.45
0.61
1.29
44.16
50.51
47.84
-0.47
-0.35

Needle roller velocity — Vg m/min

175
24.83
1.49
6.02
0.56
2.25
22.50
27.50
25.00
-1.18
-0.20

Needle roller velocity — Vg m/min

175
23.15
2.14
9.26
0.80
3.46
20.00
27.50
22.50
-0.82
0.27

195
41.43
1.556
3.74
0.58
1.40
37.80
43.70
42.00
-0.41
-0.61

195
42.49
1.36
3.20
0.51
1.19
39.39
45.00
42.57
0.02
-0.04

195
24.94
1.68
6.72
0.63
2.51
22.50
28.75
24.38
-0.54
0.62

195
21.56
2.14
9.92
0.80
3.70
18.75
26.25
21.25
-0.41
0.76

215
38.95
1.40
3.59
0.52
1.34
35.53
41.58
38.96
0.24
-0.17

215
41.15
1.56
3.80
0.58
1.42
38.42
44.60
41.24
-0.40
0.21

215
25.28
3.42
13.55
1.28
5.06
22.25
32.50
23.75
-0.02
1.13

215
21.48
2.84
13.23
1.06
4.94
17.00
27.50
20.63
0.22
0.73

Not
fibrillated

47.24
2.26
4.79
0.85
1.79

42.36

51.20

47.43

-0.61
-0.25

Not
fibrillated

51.02
1.55
3.03
0.58
1.13

47.24

53.92

50.63
0.25

-0.04

Not
fibrillated

29.52
2.46
8.35
0.92
3.12

24.38

35.00

29.38
-0.36
0.18

Not
fibrillated

26.13
2.27
8.69
0.85
3.24

22.50

30.00

25.32
-0.82
0.47
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Table 5. Young modulus — E of fibrillated fibres drawn at ratio Rp =10.

. Needle roller velocity — Vi, m/min Not
Parameter analysed Unit -
155 175 195 215 fibrillated
Mean value cN/tex 2.61 2.55 2.70 2.40 2.73
Standard deviation cN/tex 0.27 0.33 0.14 0.39 0.25
Coefficient of variation % 10.39 12.77 5.25 16.11 9.33
Absolute error cN/tex 0.10 0.12 0.05 0.14 0.09
Relative error % 3.88 4.77 1.96 6.02 3.48
Minimum value cN/tex 2.09 1.56 2.26 1.70 2.08
Maximal value cN/tex 3.03 2.98 2.86 3.10 3.17
Median cN/tex 2.64 2.66 2.74 2.40 2.78
Kurtosis - -0.97 2.31 1.94 -0.88 0.24
Skewness - -0.19 -1.52 -1.36 -0.17 -0.31
Table 6. Young modulus — E of fibrillated fibres drawn at ratio Rp =12.
. Needle roller velocity — Vi, m/min Not
Parameter analysed Unit fibrillated
155 175 195 215
Mean value cN/tex 3.55 3.20 3.14 2.95 2.98
Standard deviation cN/tex 0.40 0.30 0.32 0.44 0.36
Coefficient of variation % 11.34 9.33 10.33 14.90 12.10
Absolute error cN/tex 0.15 0.1 0.12 0.16 0.13
Relative error % 4.23 3.48 3.86 5.56 4.52
Minimum value cN/tex 3.04 2.69 2.37 2.03 2.20
Maximal value cN/tex 4.40 4.02 3.60 3.76 3.70
Median cN/tex 3.46 3.20 3.17 2.94 2.97
Kurtosis - -0.22 0.77 -0.05 -0.27 -0.15
Skewness - 0.78 0.50 -0.60 -0.30 -0.11
Table 7. Values calculated for F-Snedecor s and t-Student s tests.
Rg =10 Rp=12
VE, Item Parameter of F-Snedecor’s | t-Student’s | F-Snedecor’s | t-Student’s
m/min | number fibres analysed | test, a =0.05 |test, a =0.05 test, a =0.05 test, a =0.05
Feaic. | Ferit. | tealc. | terit. | Feale. | Ferit. | tealc. | terit.
1 Tenacity 1.60 14.48 1.36 8.21
155 2 Elongation at beak | 2.56 = 1.86 | 13.09 | 2.00 1.31 | 1.86 | 5.98 @ 2.00
3 Young modulus 2.57 18.08 1.24 5.77
1 Tenacity 2.16 8.42 1.13 186 8.15
175 2 Elongation atbeak | 2.72 & 186 | 891 | 200  1.12 | 1.86 | 5.23 @ 2.00
3 Young modulus 1.93 5.51 1.45 1.86 2.65
1 Tenacity 2.14 11.59 1.29 22.68
195 2 Elongation atbeak | 1.87 & 1.86 | 10.81 | 2.00 @ 1.13 | 1.86 | 8.01 @ 2.00
3 Young modulus 2.62 17.06 1.23 1.88
1 Tenacity 3.24 0.59 1.02 24.57
215 2 Elongation atbeak | 1.64 | 1.86 @ 233 | 2.00 | 1.57 | 1.86 | 6.99 2.00
3 Young modulus 2.31 3.87 1.49 0.21

Table 8. Results of the test of the variance analysis according to the single classification.

D.re.zw ltem Parameter analysed
ratio: Re | number

1 Tenacity

10 2 Elongation at break
3 Young modulus
4 Tenacity

12 5 Elongation at break
6 ‘Young modulus
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Values of F-Snedecor’s test,

a=0.05

Fealc.
28.122
0.368
5.319
168.255
4.160
13.262

Ferit.

2.683

2.683

tion in the Young modulus

(V(E) =9.33%) is shown by fibres
fibrillated at Vg = 175 m/min and

RF = 12,

the most beneficial value of skewness
A is demonstrated by fibres fibril-
lated at Vg = 175 m/min and Rg = 10
(Ag=-1.36) and also Vg = 175 m/min
and Rg = 12 (Ag =-0.60)

the most beneficial value of kurtosis
K is demonstrated by fibres fibrillated
at Vg = 175 m/min and Rg = 10
(K=2.31).

Step 3. Assessment of the significance of
differences between strength properties of
PP filaments fibrillated and not fibrillated;
a) F-Snedecor’s test for two variances,
b) t-Student’s test for two averages

Table 7 presents values calculated for the
F-Snedecor’s and t-Student’s tests.

Analysing the results of the tests, one can
conclude that all the mechanical param-
eters of the fibrillated fibres differ in a
statistically essential way from those of
the not fibrillated fibres.

Step 4. Assessment of the influence of
the speed fibrillation -V on the strength
proprieties of PP filaments PP; Test of the
variance analysis according to the single
classification

Table 8 presents values calculated for the
test of the variation analysis according to
the single classification.

Analysis of the results of the test shows

that:
at draw ratio Rg = 10 the change in te-
nacity W and Young modulus E of the
fibrillated fibres caused by a change in
the needle roller velocity Vg is larger
than that produced by non-measurable
disturbances of the fibrillation proc-
ess. The changes in needle roller ve-
locity Vf do not influence significant-
ly the value of elongation at break ;.
at draw ratio Rg = 12 the change in
all parameters measured produced by
a change in needle roller velocity Vg
is larger than that produced by non-
measurable disturbances of the fibril-
lation process.

Step 5. Assessment of the simultane-
ous influence of the speed of fibrillation
Vg and draft of fibrillation - R on the
strength proprieties of PP filaments. Test
of the variance analysis according to the
double classification
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Table 9. Results of the test of the variance analysis according to the double classification;
Fyq— calculated value of F-Snedecor statistics, F , — calculated value of F-Snedecor sta-
tistics, Fepriz. = 10.128 — critical values of F-Snedecor statistics determined for r; = 1 and
ry = 3 degrees of freedom at t significance level - a = 0.05, F..;; = 9.277 — critical values
of F-Snedecor statistics determined for r; = 3 and ry = 3 degrees of freedom at significance

level - a. = 0.05.
Needle roller velocity Vg Draw ratio Rg
Item
ber Parameter analysed ) )
num " FV,a F1z:r|t. FR,a F2¢:nt.
1 Tenacity 9.133 3.765
2 Elongation at break 24.850 10.128 0,406 9.277
3 Young modulus 37.430 2,449

Table 10. Setting-up of statistical parameters of the distribution of analyzed strength pro-
prieties of the fibrillated PP filaments chosen for the selection of optimum parameters.

Parameters analysed Symbol
Tenacity VV
Elongation at break E‘r
Young modulus E
Coefficient of variation of tenacity V([/Vt)
g:tosrffelta::(ent of variation of elongation V(E,)
ngzftf;ﬁ:nt of variation of Young V(E)
Skewness of tenacity AS (VK )
Skewness of elongation at break AS (gr)
Skewness of Young modulus Ax (E)
Kurtosis of tenacity K(Wt )
Kurtosis of elongation at break K(gr)
Kurtosis of Young modulus K(E)

The values calculated for the test of the
variance analysis according to the double
classification are presented in Table 9.

Analysis of the data shows that:

the changes in the needle roller veloc-
ity Vg and draw ratio Ry do not have
a significant influence on the tenacity
W; of the fibers,

the changes in the needle roller veloc-
ity Vg statistically affect the value of
the elongation at break & and Young
modulus E.

Step 6. Determination of the regress
function and assessment of their signifi-
cance

The regress functions were determined
for the mechanical parameters meas-
ured in the function of the needle roller
velocity V. For fibres produced at draw
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Most beneficial formation parameters
Needle roller

Unit velocity — V, Draw ratio — Rf, —
m/min
cN/tex 155 12
% 215 10
cN/tex 155 12
% 155 12
% 175 10
% 195 10
- 195 10
- 175 10
- 175 10
- 155 12
- 155 12
- 175 10

ratio Rg = 10 the supplementary charac-
teristic profile in the form of a straight
line was found only for an elongation

at break g (&, =23.151 + 0.0096 Vg,

R? =0.9404, R,=0.9697, Feqic. = 31.6,
Ferit- = 18.5, where: £ — the value of
the regress function of the elongation

at break of fibrillated fibres, R — the
coefficient of the multiple correlation,
Feale. — calculated value of F-Snedecor
statistics, F.y; — critical values of F-
Snedecor statistics determined for K and
N-K-1 degrees of freedom at significance
level - a = 0.05). For other parameters
the supplementary characteristic profile
in the form of a straight line was not
found. For fibres formed at draw ratio
Rp = 12 the supplementary characteris-
tic profile in the form of a straight line
was found only for Young modulus E

(E=4.9213 - 0.0092 Vg, R = 0.9196,

R, =0.9590,Fcqc =22.9,and F . = 18,5,

where: £ — the value of the regress func-
tion of the Young modulus of fibrillated
fibres). For other parameters the supple-
mentary characteristic profile in the form
of a straight line was not found. The sup-
plementary characteristic profile in the
form of a parabola was not found for all
parameters measured.

Step 7. Choosing of useful settings of the
extruder technologically

Statistical parameters of the distribution
of mechanical parameters of the fibrillat-
ed fibers analysed, which were selected
from the choice of optimum variants, are
presented in Table 10.

Analyzing the data, one can conclude
that the most beneficial combination of
settings for the formation parameters is
the combination Vg = 155 m/min and
Rg = 12. The other possible combina-
tion which also deserves on attention is
Vg =175 m/min and Rg = 10.

B Summary

On the basis of the analysis of literature
of the subject and investigations con-
ducted one can affirm that various ways
of concrete reinforcement exist, one of
which is using to armature classic or fi-
brillated polypropylene filaments. Unfor-
tunately, classic filaments of PP possess
small adhesiveness to the cement matrix
and can be easily removed under the in-
fluence of mechanical strengths. It is now
extremely essential to produce fibrillated
PP filaments at well-chosen parameters
of fibrillation. The investigations con-
ducted showed that the most beneficial
combination of settings for the forma-
tion parameters is Vg = 155 m/min and
Rg = 12. Another possible combina-
tion which also deserves attention is
Vg =175 m/min and Rg = 10.
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INSTITUTE OF BIOPOLYMERS
AND CHEMICAL FIBRES

LABORATORY OF ENVIRONMENTAL PROTECTION

The Laboratory works and specialises in three fundamental fields:
R&D activities:
research works on new technology and techniques, particularly envi-
ronmental protection;
evaluation and improvement of technology used in domestic mills;
development of new research and analytical methods;

research services (measurements and analytical tests) in the field of en-
vironmental protection, especially monitoring the emission of pollutants;

seminar and training activity concerning methods of instrumental
analysis, especially the analysis of water and wastewater, chemicals
used in paper production, and environmental protection in the paper-
making industry.

Since 2004 Laboratory has had the accredi-
tation of the Polish Centre for Accreditation
No. irmi

o. AB 551, confirming that the Laboratory ﬁ\\‘ Qﬁ
meets the requirements of Standard PN-EN fufil b =

BADANIA

ISO/IEC 17025:2005. AB 388

BLsnn CruTeem

Investigations in the field of environmental protection technology:
Research and development of waste water treatment technology, the
treatment technology and abatement of gaseous emissions, and the
utilisation and reuse of solid waste,

Monitoring the technological progress of environmentally friendly technol-
ogy in paper-making and the best available techniques (BAT),

Working out and adapting analytical methods for testing the content of
pollutants and trace concentrations of toxic compounds in waste water,
gaseous emissions, solid waste and products of the paper-making indus-
try,

Monitoring ecological legislation at a domestic and world level, particu-
larly in the European Union.

A list of the analyses most frequently carried out:
Global water & waste water pollution factors: COD, BOD, TOC, suspend-
ed solid (TSS), tot-N, tot-P
Halogenoorganic compounds (AOX, TOX, TX, EOX, POX)
Organic sulphur compounds (AOS, TS)
Resin and chlororesin acids
Saturated and unsaturated fatty acids
Phenol and phenolic compounds (guaiacols, catechols, vanillin, veratrols)
Tetrachlorophenol, Pentachlorophenol (PCP)
Hexachlorocyclohexane (lindane)
Aromatic and polyaromatic hydrocarbons
Benzene, Hexachlorobenzene

Phthalates Polychloro-Biphenyls (PCB)

Carbohydrates Glyoxal

Glycols Tin organic compounds
Contact:

INSTITUTE OF BIOPOLYMERS AND CHEMICAL FIBRES
ul. M. Sktodowskiej-Curie 19/27, 90-570 £.6dz, Poland
Matgorzata Michniewicz Ph. D.,
tel. (+48 42) 638 03 31, e-mail: michniewicz@ibwch.lodz.pl
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