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Introduction

Relevance of the research. Phenomenological prediction of the mechanical
behaviour of various materials and their systems is a fundamentally important
problem for engineering application. Recently the multi-component polymeric
products from the materials with different nature and properties are widely used
into variety applications. One of them, the soft laminated polymeric materials
composing microporous or hydrophilic film or membrane, is used for sport,
tourist, military and professional clothing products. Such heterogeneous
materials often show absolutely new properties and sometimes combine wide
range of them, for example, high temperature and chemical resistance,
improved permeability properties. On the other hand, the rheological behaviour
of laminated materials differs from the rheological behaviour of the separate
components. Different elastic properties of laminated materials layers
influenced the increase of internal stress and determine the final properties of
the composites, too.

One of such soft laminated polymeric materials — microporous film
laminated leathers. Microporous polyurethane coat protects leather from
various external ambient aggressions very good withal provide good vapour
permeability, but in the other hand, it changes leather rheological properties
whose are very important in technological aspect. It means that the new
manufacture technologies of products from laminated leather are need.
Therefore the investigations allowed to predict the behaviour of deformability
and relaxation properties of microporous film laminated leather are relevant.

The goal of the work was to investigate the rheological properties of
laminated leather and predict the relaxation behaviour in order to select and
substantiate the shaping regime.

During the research the following tasks are approached:

— to determine the peculiarities of mechanical properties of polyurethane

(PU) film laminated leather and its layers;

— to investigate the stress relaxation process of laminated leather and its
layers and compare with others kinds of leather;

— to chose and adapt the simple and rigorous theoretical model for
mathematical description and phenomenological interpretation of
investigated materials stress relaxation behaviour;

— to determine the influence of some environment and loading parameters
on laminated leather and microporous film relaxation process.

Scientific Novelty and Practical Significance. The substantially different
relaxation process of macrolayers with very different structure (leather and
microporous elastomeric film) mainly determines the relaxation process of
heterogeneous materials (laminated leather). As our investigations have shown,
the microporous polyurethane (PU) film substantial changes the intensity and
behaviour of stress relaxation process of the microporous PU film laminated
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leather. Relaxation process of laminated leather was approximated by various
mathematical models, but the highest precision of approximation is obtained by
generalised Maxwell model. The two stages with different rates of the
relaxation process is characteristic for various leathers and PU film were used
for prediction of stress relaxation process of this materials till 10 000 s. Stress
relaxation of laminated leather and microporous PU film was described by the
time-rate analogy, which creates possibility to predicts influence of loading rate
on stress relaxation of laminated leather and microporous film in wide interval
of relaxation time and loading rate.

The obtained results can be used for prediction of microporous PU film
laminated leather relaxation behaviour in order to optimize the leather products
technological regimes of formation and increase their shape stability at
wearing.

Approbation of the research results. The results of the research were
presented in the 10 scientific publications.

Structure of the dissertation. This dissertation consists of: introduction,
five chapters, conclusions, list of references and list of scientific publications.
The materials of the dissertation are presented in 106 pages, including
60 figures and 13 tables.

Content of the dissertation

Introduction presents the relevance of the research, definition of the
research aim and objectives, survey of the scientific novelty and practical value
of the dissertation.

Chapter 1. Literature review gives the view of relevant publications related
to the theme of dissertation. The information about leather, elastomers and
heterogeneous materials structure, environment, and loading parameters
influence on their mechanical and relaxation behaviour have been reviewed.
The analysis of mathematical description methods of polymeric materials
relaxation process has been carried out, too.

Chapter 2 presents the materials and methods of investigations. The
leathers of various processing technology (tanning and coating) manufactured
in AB “Siauliy Stumbras” and microporous PU film Permair
(“Porvair ple.”, UK) have been used for investigation. The methods of
specimens’ preparation, tensile properties determination, stress relaxation
process and leather shaping investigations are presented. Stress relaxation tests
were carried out at 20 % level of deformation and held in this position. The
influence of deformation rate on stress relaxation process was determinate by
changing loading speed up to 300 mm/min.

Chapter 3 presents the experimental and theoretical investigations.

Investigation of various leathers tensile properties. The mechanical
behaviour of tanned leather in great deal depends on leather structure,
topographical zone, nature and size of defects, sort and age of cattle, tanning
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and finishing process, etc. Tanned leather is usually coated with thin pigmented
or lacquer coatings. The structure of laminated leather imitates leather with
natural grain (Fig. 1).

Microporous film
w |1/3h
Adhesive _ S

2/3h

It was determined that the tensile strength of laminated leather
(o=15.5 MPa—22.5 MPa) is close to strength of semifinishing crust leather
and is approximately twice higher then this property of elastic leather. Herewith
the variation of properties results is lower in compare with values of other
types’ leathers. That can be explained by influence of homogeneity of synthetic
PU film structure on properties of hybrid material. The investigations show the
evident dependence of laminated leather tensile properties upon thickness. The
difference of values of different thickness laminated leathers (LO, and LO,) is
17% - 36%, the difference of elasticity modulus at break E, is 36%, and
elongations at break g, —23%. It is possible to suppose that the main influence
on presented properties of laminated leather has split leather. Therefore, was
important to study the mechanical properties of each layer of leather separately
and to determine their influence on hybrid leather properties.

Investigation of laminated leather layers tensile properties. Mechanical
properties of laminated leather were compared to such properties of semi-
finishing products at the different stages of laminate manufacturing: S1 -
chrome-tanned split leather 1.2+ 0.1 mm of thickness, S2 —split leather
grounded with acrylic ground (in amount of 20 g/dm?), S3 — grounded leather
coated with adhesive layer (polyurethane water-born dispersion in amount of
12— 15 g/dm*) and microporous PU film (PL). Such properties as tensile
strength o, elongation at break &, and elasticity modulus at break E, were
determined. Besides, in the footwear manufacturing the moment at 5,=9.8 MPa
is important; this value of stress appears in the leather at the time of its shaping
by deformation in order to give the desirable shape. Therefore, elongation g,
and elasticity modulus E; at 9.8 MPa of stress was determined as well.

It was determined that the influence of grounding on the tensile properties
of split leather is very low, while the adhesive layer increases deformation of
split leather (Table 1). The differences in the leather strength properties can be
related not only to the finishing procedure, but also to initial properties of the
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sample, topographical zone of leather, defects, etc. Meanwhile, the value of ¢
of the hybrid leather is higher (0,22 MPa), although it is laminated with low
strength PU film (0=2.3 MPa).

Table 1. Mechanical properties of laminated leather and its layers

Strain, %: Elasticity modulus, MPa:
Sample | oy, MPa &, s Ey, Eq,
when 6=9.8 MPa at break when 6=9.8 MPa at break
S1 20.6£1.9 2042.0 38+2.6 52.0 55.2
S2 19.1+1.3 21+1.8 38+2.3 473 51.4
S3 15.9£1.2 37+£2.3 53+£3.0 26.7 28.8
PL 7.5+£0.2 - 326+14 - 2.3
LO 21.9+1.7 16+1.3 37+2.3 68.8 58.9

It can be attributed to the combinative strengthening of laminated system,
when the tensile strength of hybrid system is higher than that of the separate
layers even at the low cohesion strength of the medium layer. This effect can be
evaluated by the coefficient of the strengthening Ks:

01-00
Ky=——7, (1
o0
where o is experimentally obtained value of the tensile strength of laminated
system, oy is theoretically calculated tensile strength:

S S S;
on ?lkl +0) ?2](2 +...+0y ?lki =0 2)

where o and S; are the tensile strength and the cross-section of i-th layer,
respectively; k; is the ratio of elasticity modulus of i-th layer with highest
modulus.

The evaluation of laminated leather mechanical properties shows that the
lamination of microporous PU film considerably increases the strength of
laminated system: Ks = 14 % - 23 %. It may be attributed to the leather surface
defects “repairing” by the adhesive layer. Another possible explanation of these
results may be related to the effect of “defects locking”, i.e. to the dissipation of
kinetic energy that releases during the elementary failure.

From the character of o-¢ curve it follows that mechanical properties of
different structure layers such as leather and elastomeric PU film differs
radically (Fig. 2). The adhesive increases the elongation at break of the split
leather about 1.5 times (sample S3 in Table 1). It may be considered that low
viscosity elastomeric adhesive penetrates in the leather pores and other gaps,
affects as plasticizing agent and repairs the surface defects at the moment of
failure under the loading.



The deformation properties of the laminated leather LO are very similar to
that of the split or grounded leathers. However, it should be pointed out that at
the beginning the deformability of the hybrid leather is slightly lower (at 5;=9.8
MPa for LO £=15 %-17 % comparing to 19 %-22 % of S1 and S2). It may be
attributed to the interaction between two layers that effects the increase of
surfaces layers stiffness.

25

4
20

o, MPa
=

i

0 100 200 300 400
g %
Fig. 2. Stress-strain curves for laminated leather and its layers: 1 — PU film (PL); 2 —

split leather with adhesive layer (S3); 3 — grounded leather (S2); 4 — laminated
leather (LO)

As can be seen from data, presented in Table 1, for PU film also it is
characteristic markedly higher elasticity modulus at low strain, i.e. Young
modulus comes up to £,=18 MPa, when modulus at break - only £,=2.3 MPa.
Thus, as was mentioned above variation of hybrid leather modulus can be
explained by the influence of elastomeric PU film on its mechanical behaviour.

The polymeric film has significantly higher elongation at break (higher
than 300%) comparing to that of the leather (36 %-40 %). On the other hand,
high elastic deformation is characteristic to PU film. It was determined that the
residual elongation even after 1 min of relaxation is only 30 %. This property
creates problems for laminated leather products formation process and shape
stability in wear.

Since the mechanical properties of laminated leather depend on the
separate leather layer, it is important to determine the peculiarities of relaxation
process of laminated leather and its individual layers (leather split, PU film)
contribution on this process.

Mathematical methods for stress relaxation prediction of leather and PU
film. For the comparison and modelling it is often necessary to fit experimental
relaxation data to an analytic function. The objective of the fitting process is to
determine parameter values that in some sense represent the “best” fit of the
approximating function to the experimental data.

In order to define the most effective method of mathematical description of
stress relaxation in investigated materials four analytical functions were used:
power function (Eq. (3)), Kohlrausch equation (Eq. (4)) and two rheological
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models such us twin Maxwell - Wiechert (Eq. (5)) and generalized Maxwell.
Generalized Maxwell model of five Maxwell elements and a single elastic
Hookean spring in parallel (Eq. (6)).

O=0q +at® 3)
=0y +(og —00 e ™ 4)
—t —t
O'(t)zDsgoe %5 +D,8¢e %W 5)
n n ViT; 7;
O=0xn+ 2.0;=Does +v; 2 D7l 1—e e /0 (6)

i=1 i=1

where t* is the time counted from the instant, at which the strain reaches
the limit value &, i.e. t*=1—¢&; /v, .

The regular discrete spectrum, proposed in literature, was used to eliminate
influence of external factors on the relaxation time and its intensity. In this case

relaxation periods always have constant values, which can be obtained
according to the relation:

e, (M)
where 7 is a minimal time of relaxation, a is constant (a>1).

In order to ensure that within certain time ranges ¢ relaxation is reflected
by one Maxwell element solely, constant ¢ admitted to be equal to 10.

The value of Dy, which defines the equilibrium stress o, on the model, can
be calculated from Eq. (8) using two experimental values of stress: o that
corresponds to the time (*=7, and o, —t*=~ t*, (t*, is real time of
observation):

T;=a

* *
On2 —Op1exp| — tZT_ 1
Dy = — ()
&l 1—exp| — L-h
Tn
Correspondingly:
D, =—nl —Doéy _, ©)

t
v 7, G, exp —%
n

8/
W4T,
where G, =1—-e/ "I’
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The visual examination of the theoretical curves permits to conclude that
Kohlrausch method and generalized Maxwell one only successfully describe
stress relaxation behaviour in the non - linear regions of leathers (Fig. 3, b, d).
Power function and Maxwell - Wiechert model representing approximating
functions fit to the experimental data in worse manner (Fig. 3, q, ¢).

1 100 10000 1 100 10000
t,s t,s

12 12

10 10

bl

o. MPa
0
/
o, MPa
©

—

1 100 10000 100 10000
t,8 t,s
c d
Fig. 3. Stress relaxation of various leathers approximated by different theoretical
models: a —according to Eq. (3), b — according to Eq. (4), ¢ —according to Eq. (5),
d —according to Eq. (6); m —hydrophobic, ¢ —elastic, A —laminated Permair,
and A-S — split leathers experimental data
The same tendency is observed in the case of microporous Permair film:
experimentally determined and predicted stress relaxation behaviour changes in
the same manner using Kohlrausch and generalized Maxwell models.
Adequacy of the approximating curves to the experimental data may be
evaluated by the magnitude of inadequacy dispersion. The next consideration is
the selection of a measure of the error between approximating function and the
experimental data. One convenient measure is the Euclidean norm of the
deviations at the N data points. However, since the stress decays over several
orders of magnitude, this error measure artificially weights the error at short

11



time higher than that at long times. An error measure, which avoids this defect,
measures the deviations between the natural logarithms of the stresses:
N
e= 3 (ln[a(ti )]— In

z o (1 )])2 (10)

Comparison of the congruity of the used analytical functions to the
experimental data showed that according to the values of inadequacy dispersion
s and measure error e the “best” fit to the experimental data shows Eq. (4),
which represents generalized Maxwell model, possessing a regular spectrum of
relaxation times (analogous values of inadequacy dispersion and measure error
of Kohlrausch model are considerable higher). So, the description of the
relaxation processes by generalized Maxwell model, applying a regular
spectrum of relaxation periods, may be considered as the most suitable method
for non - linear behaviour of leathers and its polymeric layers at various
conditions of testing (rate, temperature, adhesion between layers, etc.).

Evaluation and comparison of relaxation processes of various leathers.
The various types of leather were used for investigations: hydrophobic (H) (PU
pigment coated hybrid-tanned bovine leather with fat content not less than
14%), elastic (E) (soft and elastic chrome-tanned cowhide leather with PU
pigmented coating), and two kinds of laminated leather with microporous PU
film (LO; and LO,) with different thickness of split leather. The specimens
were stretched up to 20 % and held in this position up to 5000 s.

It was determinate that stresses of laminated leathers are low than these of
hydrophobic and elastic leathers (Fig. 4).

oOE
A H
XLOl1
e LO2

1 10 100 1000 10000 ¢,s

Fig 4. Stress relaxation of investigated materials (— theoretical dependences by
generalised Maxwell model (Eq.6))

It was noticed that the rate of stress relaxation of laminated leathers are
higher comparing to that of other leathers. After 5000 s it decreases until 50 %
(Fig. 5). It can be stated that behaviour of laminated leather relaxation differs
from these process of another type of leathers.
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Fig 5. Relative stress relaxation curves of investigated materials (— theoretical
dependences by generalised Maxwell model (Eq.6))

Investigation of relaxation process of laminated leathers layers. The
load-elongation and recovery behaviour of leather and polyurethane film,
which are used in laminated leather manufacturing, show considerable
differences, which arise mainly from the differences in their layers structure.
Under the loading the structural elements of leather shift with respect to each
other. Due to it stress reduces and a residual strain is closely connected to the
leather topographical zone, nature and size of defects, sort and age of cattle, etc.
Meanwhile, elastomers are characterised by strong reversible deformation that
impedes the fixation of given shape. So, the layers of laminated leather have
very different structure, which influenced on relaxation properties. The
behaviour of relaxation depends on both components.

The spectrum of short relaxation time of laminated leather is higher than in
the case of various split leathers, because of higher rate of initial part of
relaxation (Fig 6).

100 ¢ —0—SI
; A2
— 3
s 10 ¢ —e—PL
= : —=—10
S = .
0,1
0,1 1 10 100 1000 10000 ¢

Fig 6. Regular discrete spectrum of laminated leather and its layers by generalised
Maxwell model

The values of initial relaxation oy of microporous PU film are 9 times
lower than values of laminated leathers. The values of constants D; are low, too.
Notwithstanding, regular discrete spectrum of film is lower than spectrum of
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leathers, but the character of dependences on time is very similar to laminated
leather and differs from all split leathers.

The different character of stress relaxation behaviour can be observed in
relative stress - time dependences (Fig. 7).

100 ‘ —%—S1

—bt—S2
—o0—S3
—e—PL
——10

1 10 100 1000 10000 ¢, s

Fig 7. Relative stress relaxation curves of laminated leather and its layers

As is seen, the coating of split leather with acrylic ground and PU adhesive
do not influenced markedly on relaxation process, while this process for
laminated leather is different and similar to that of microporous PU film.
Although stress occurring in PU film is the lowest, intensity of their variation
after removing load is highest; already after 5 s stress in the film reduces in
22 %, while in split leathers — only in 11-14 %. It may be supposed that
polymeric film increases the stress relaxation rate of the laminated leather.

So, the film substantial changes relaxation properties of leather: the
intensity and behaviour of stress relaxation process differ from that of leathers
and are close to micropores PU film.

The investigation of stress relaxation of soft polymeric materials by
description with two linear equations. Evaluation of dependence of relative
stress og = o/op on the time (og — lgf) the marked moment of relaxation rate
changing can be observable. It can be named as “break-point” of relaxation
process and determined as point of intersection of two linear equations. This
“break-point” is determinate by the calculation a lowest maximum relative
eITOr O between experimental and theoretical values. The dependences Oax —
lg ¢t are calculated changing the time value for intersection point and the
“break-point” of stress relaxation process is determinate.

It was obtained that the rate of stress relaxation after 50 s — 100 s changed
markedly for all investigated materials. The “break-point” of all split leather
semimanufactures S1, S2, S3, hydrophobic and eclastic leather is observable
after 50 s + 5 s, while for microporous PU film and laminated leather the first
period of relaxation is twice longer and “break-point” is observable only after
100 s. Besides the “break-points” of last materials are more observable (Fig. 8),
i.e. the changes of rate of stress relaxation more than for another leathers. The
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reason of such phenomena can be explained by the relaxation processes in
microporous PU film.

0 1 2 3 4 1gt [s]

Fig 8. Relative stress relaxation curves of investigated materials: ®— microporous PU
film and leathers: A— laminated, o— hydrophobic, 0— elastic and A— split S3

The analogous investigations were carried out with three-ply textile
laminate Gore — Tex fabric, which also consist of microporous film. The results
obtained showed that stress relaxation processes in all directions (in weft, in
warp and on the cross) are more intensive for laminate (in comparison with
uncoated fabric) (Fig. 9). The influence of microporous film on the relaxation
properties of laminate is high expressed, especially on the cross by 45 ° angle
(Fig. 9, c). In this case the deformation of woven fabric structure arises and the
fabric structure changing becomes.

A Outer fabric in warp B Outer fabric in weft @ Outer fabric on the cross
A Coated fabric in warp| O Coated fabric in weft 0 Coated fabric on the cross|
90 90 90 &
1
80 80 80 -
X X B
£ g £
& & =
704 70 70 1
60 T T T 60 T T T 60
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
lgt, (s) 1gt, (5) Igt, (s)
a b c

Fig 9. Relaxation curves P/P, of polyester fabric and three-ply laminate

For this reason the stress relaxation curve of woven fabric do not have a
“break-point”, while in three-ply laminate case the film constrained the woven
fabric structure changing and relaxation process become with “break-point”.
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So, the influence of microporous Gore— Tex film on three-ply textile
laminate is the same as the influence of the microporous PU film on laminated
leather: the rate of stress relaxation of laminates is higher than of unlaminated
materials and have a high expressed “break-point” of relaxation process. These
results confirm hypothesis about domination of one kind of polymeric material
viscoelastic properties on relaxation process of hybrid material.

On the other hand, the allocation of “break-point” of relaxation process has
practical application for shortening of experimental stress relaxation
investigation time. It was determined that shortening of stress relaxation
investigations till 2000 s using “break-point” determination method do not
increases the relative error d while shortening till 500 s or 1000 s increases
relative error ¢ (Figure 10 and 11).

y =1,2119x? -4,8304x+5,989 y =1,4248x? -5,3254x+5,9222
2.5 R2=0,8258 2.5 R?=0,939

RN 7
1,5 > 051’5 »®
-lgg 1 + \h/ zf) 1 \. /

* A 3
0,5 0.5
0 0
0 0,5 1 1,5 2 2,5 3 0 0,5 1 1,5 2 2,5 3
gt [s] Igt [s]
Microporous PU film, when #£,=7000 s Microporous PU film, when #£,=2000 s
y=0,473x2- 1,816x+2,101 y=0,494x2- 1,906x+2,181
1 R2 =0,992 1 R?2=0,986
0.8 | 0.8 bd
S x / S J
20,6 20,6
Los b 118 vy B .
0,2 0,2
0 0
0O 05 1 1,5 2 2,5 3 3,5 o 05 1 1,5 2 2,5 3 3,5
gz [s] Igz [s]
Split leather S3, when #,=10000 s Split leather S3, when #£,=2000 s

Fig 10. Dependences of maximum relative error J, between experimental and
calculated data during stress relaxation

So, it is possible to state that experimental investigation till 2000 s is
sufficient time for “break-point” localisation of soft polymeric materials stress
relaxation and prediction of stress values even till 10000 s, i.e. 5 time longer
than experimental investigations were carry out (the relative error 6 < 2 %).
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a b

Fig 11. Prediction of stress relaxation with “break-point” localisation: a — microporous
PU film, b — split leather S3; ® — experimental values for two linear equations
determination

Influence of loading speed on laminated leather and microporous PU
film stress relaxation. It was determinate that the initial rate of stress relaxation
grows by linear dependence, the rate increases up to 100 mm/min:

do /dt =0,0099-v+0,4245 , (R* = 0,995). (11)

It was determined that rate of stress relaxation apparently differ in the
process initial part only (by increasing rate of loading from 25 mm/min up to
100 mm/min values of constants D, and Ds vary marginally) (Fig. 12). Later
this difference declines and after 1000 s stresses of all samples actually relax by
the same rate.

160 —e—25
40 — R2=0,9881 — —3—50
——75
38 120 —A— 100
£ 36 &
= = 80
s 34 S
S 40
. M—w—w—ﬂ
30 0 T | LT Ll
0 25 50 75 100 125 0,1 10 1000 100000
v, mm/min t,s
a b

Fig. 12. Dependence of generalized Maxwel model constant D, (a) and discrete
spectrum of relaxation times (b) on loading speed of laminated leather

Using method of time-rate analogy the master curve of stress relaxation of
laminated leather was obtained (Fig. 13). By this curve it is possible specify
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laminated leather stress changing in the wide time period - twice higher than it
was analysed:

o =0,0948(Ig(¢-a,, )* —135831g(t-a, )+11,103 (12)
12 R?=0,9973 A25 R*=0,9991
110 @50 1

X 75 0.8
10 :
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s 8 -
0,2
7
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lg(tay)
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Fig. 13. Master curve of stress o of laminated leather (a) and dependence of shift factor
ay on loading speed of laminated leather (b)

In previous investigations it was found that stress relaxation of strained
laminated leather depends on the rheological properties of microporous PU
film. So, it is important to analyse the influence of loading rate on stress
relaxation of this PU film. It was determined that increasing loading rate from
5 mm/min up to 300 mm/min, initial stress oy (Fig. 14, a) increases as well as
increases initial rate of relaxation (Fig. 14, b).

o ,=1,25v 0062 do/dt=-3E-06v2 +0,002v +0,023
2,0 R2*=0,93 0,4 R2=0,984
1.8 ‘ 2 \ /J
- E 0,3
& 1,6 =
02
Egn 1,4 @ Eb
1.2 < 0.1
1,0 0
0 100 200 300 0 100 200 300
v, mm/min v, 'min
a b

Fig. 14. Dependence of initial stress oy (a) and rate of stress relaxation during the first
second of process do/df (b) on loading speed of microporous PU film
After evaluation of engineering stress oy variation on time it was
determined that due to increase of loading rate relaxation increases as well.
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Therefore, appeared stresses of the film samples strained on higher rate at the
same time relax more intensively. It was determined that taking into
consideration results of relative stress o, mathematical approximation, the
values of constants Dy (Fig. 15, a), as well as D,, D3, D4 and Ds (Fig. 15, b) of
rheological generalized Maxwell model has regularly decreases as loading rate
increases.
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Fig. 15. Dependence of generalized Maxwell model constant D, (a) and discrete
spectrum of relaxation times (b) on loading speed of microporous PU film
Using method of time-rate analogy obtained master curve of variation
relative stress oy of microporous PU film (Fig. 16).
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Fig. 16. Master curve of relative stress oy in microporous film (a) and dependence of
shift factor ay on film straining speed (b)

The equation, described by least square method, specifies stress relaxation
behaviour depending on loading speed in wide range of time:

oy =0243(Ig(ta, )f —1,785(g(ta, ))* —7,0011g(ta, ) +100,84 . (13)
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Influence of parameters, intensifies stress relaxation, on laminated
leather shaping. The quality of leather products is satisfying only when
product after shaping keep this obtained shape. The shape stability of leather
was evaluated according to the change in the area of biaxially deformed by
punch leather specimen before and after shape fixation:

eq =(hy /by )* x100, (14)
where £, and £, are height of punched circular segment of leather straight and
after appropriate time of loading, respectively.

The laminated leather specimens after shaping were exposed 10 min at
18 °C £ 2 °C temperature and after affected by various treatments of shaping
(Table 2).

Table 2. Parameters of laminated leather treatment

Tr;it)gl:nt Heating Cooling
I T=120+2°C; 7= 5 min No cooling
I 1.H,O Vépour T=280°C, 7=30s No cooling
2.Heat air stream 7= 100°C, 7= 60 s
1 T=1204+2°C; 7= 5 min H,O stream 7'= 10+£2°C; 7= 2 min
v T'=140£2°C; 7= 5 min T=-7£2°C; =20 min
\% T=140£2°C; 7= 15 min No cooling
VI T=140+2°C; 7= 15 min T=-16£2°C; 7= 20 min

The changes of the shape stability coefficient of laminated leather during
exposure up to 140 h on the treatment mode after punching are presented in
Fig. 17. It is evident that shape stability significantly depends on the treatment
parameters. When temperature on leather surface (determined by contact
thermometer PT with sensor HD 9214) increases more than 1.5 times (from
19,5°C+1C ° up to 30°C+1,5°C) (V and VI treatments in Table 2), the
well-marked increases of residual deformation of punching is obtained.

100 —o—I
—a—1I
90 —o—1n
80 o\
70 —o—V
" —a—VI
X
5 50
w
40
30
0 1 2 3 4 lgt [min]

Fig 17. Dependence of laminated leather relative shape stability change during time
upon treatment mode
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On the other hand, the drastic cooling cycle does not influence on shape
stability so significantly as heating temperature and its impact duration.

Conclusions

1. The rheological properties of laminated leather depend on both leather and
microporous polyurethane film properties.

2. The strength of laminated leather mainly determines leather bottom laeyer.
Combined strengthening is characteristic for laminated leather. Split
leather lamination with low cohesive strength microporous PU film
reinforces the system up to 23 %.

3. The microporous PU film substantially changes relaxation properties of
leather: the intensity and run of stress relaxation process differ from that of
leathers and are close to stress relaxation process of microporous PU film.

4. The mathematical approximation of laminated leather relaxation processes
by Kohlraush equation is more precise than approximation by power
equation or equation of twin Maxwell-Wichert model. Notwithstanding,
only changeable parameter of Kohlraush equation decreases possibility of
the results interpretation when different objects of investigations or
changing loading parameters are compared. The highest precision of
modelling is obtained by generalised Maxwell model, herewith even six
constants of equation can be used for more widely phenomenological
interpretation of relaxation process.

5. It was determined that relaxation process of various leathers and PU film
can be divided into two stages definable by different intensity. The position
in time scale of this slowup of laminated leather relaxation process, named
as “break-point”, depends on viscoelastic properties of the microporous
film.

6. Localisation of the relaxation curve “break-point” makes possibility to
reduce the stress relaxation tests fivefold (up to 2 000 s). It was determined
that in this case it is possible to predict behaviour of stress relaxation of
various leathers and microporous film up to 10 000 s with suitably
precision (6 <2 %).

7. It was obtained that loading speed influence on relaxation process of
laminated leathers and PU film:

- the increase of laminated leathers loading speed increases the initial
relaxation rate according to linear dependence only in initial stage (up to
100 s). Afterwards the stress relaxation rate does not depend on loading
speed (the constants D, and D; of discrete spectrum have close values);

- the loading speed influences on stress values and relaxation behaviour of
microporous PU film — the stresses and the intensity of stress relaxation
increases as the loading speed increases.
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It was determined that stress relaxation of laminated leather and
microporous PU film can be described by the time-rate analogy. The power
equations obtained make possibility to predicte loading speed influenc on
stress relaxation of laminated leather and microporous film in wide range
of time and rate (up to 24 h for laminated leather and 11 days for PU film).

The microporous PU film considerably changes the laminated leather
shaping properties. To increase the shape stability of laminated leather
products it is necessary to use more drastic treatment parameters: higher
temperature of fixation, higher lasting and more effectual cooling methods
that are more close to treatment parameters of the synthetic leathers.
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Reziumeé

Tiriamoji problema. Pastaraisiais metais ypa¢ populiaris tampa
daugiakomponenciai polimeriniai gaminiai, sudaryti i§ labai skirtingy savybiy
medziagy. Tokie junginiai daznai pasiZymi visiSkai naujomis tiek
technologinémis, tiek eksploatacinémis savybémis. Viena tokiy hibridiniy
medziagy grupé yra minkstieji polimeriniai laminatai, sudaryti i§ odos ar
tekstilés ir mikroporingy ar hidrofiliniy polimeriniy pléveliy (membrany)
sluoksniy. Laminaty reologiné elgsena apkrovimo metu skiriasi nuo ja
sudaran¢iy medziagy iprastinés elgsenos. Taigi, tokiy daugiasluoksniy
medziagy reologiniy savybiy tyrimai yra labai svarblis parenkant naujus
technologinius gamybos rezimus. NeZymus vieno i§ komponenty savybiy
pasikeitimas gali Zenkliai pakeisti viso laminato reologines savybes, todél
svarbu istirti kiekviena tokia nauja medziaga.

Darbo aktualumas. Naturalios odos laminavimas atsparia vandeniui, bet
laidzia prakaito garams mikroporinga poliuretanine (PU) plévele suteikia odai
visa kompleksa labai gery eksploataciniy savybiy, taCiau apie 1/3 visos
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hibridinés medZziagos storio sudaranti plévelé keicia ir technologiskai labai
svarbias natiiralios odos reologines savybes. D¢l §ios priezasties reikalingos ir
naujos gaminiy formavimo technologijos, todél yra aktualts mikroporinga
plévele laminuotos odos deformaciniy ir relaksaciniy savybiy tyrimai,
leidziantys prognozuoti medziagos elgsena formavimo ir eksploatacijos metu.

Darbo tikslas. 1stirti mikroporinga PU plévele laminuotos odos ir atskiry
jos sluoksniy reologines savybes, sickiant prognozuoti §ios odos relaksacing
elgsena gaminiy formavimo metu.

Siam tikslui pasiekti buvo iskelti tokie uZdaviniai:

— nustatyti mikroporinga PU plévele laminuotos odos ir atskiry jos

sluoksniy stiprumo ir deformaciniy savybiy ypatumus;

— istirti  jtempiy relaksacijos procesus laminuotoje odoje ir ja
sudaranciuose sluoksniuose bei palyginti su §iais procesais kity tipy
odose;

—  parinkti nesudétinga, taciau pakankamai tiksly teorini modelj tiriamy
medziagy itempiy relaksacijos matematiniam apraSymui ir
fenomenologiniam §io proceso interpretavimui;

— nustatyti kai kuriy aplinkos ir apkrovimo parametry jtaka
relaksaciniams procesams laminuotoje odoje ir mikroporingoje
pléveléje.

Darbo mokslinis naujumas ir praktinis vertingumas. Relaksacinius
procesus tokioje heterogeningje medziagoje kaip laminuota oda didele dalimi
lemia i$ esmeés skirtingi relaksaciniai procesai jos
makrosluoksniuose - natiiralioje odoje ir polimerinéje dangos pléveléje. IS kitos
pusés, daugiasluoksnes hibridines medziagas sudaranéiy faziy pavir§iniy
sluoksniy tarpusavio saveika ir ju struktiiros poky¢iai taip pat turi jtakos visos
daugiasluoksnés medziagos reologinéms savybéms. Literatiiroje nerasta
duomeny apie relaksaciniy procesy laminuotose odose specifika, ja lemiancias
priezastis, bei poveikiy Siems procesams galimybes. Darbe atlikti mikroporinga
poliuretanine plévele laminuotos odos jtempiy relaksacijos tyrimai, nustatyta
deformavimo greicio jtaka relaksaciniams procesams tiek laminuotoje odoje,
tieck mikroporingoje poliuretaninéje pléveléje. Parinktas nesudétingas, taciau
pakankamai tikslus teorinis modelis - apibendrintas Maksvelo reologinis
modelis - mink$tyju polimeriniy medziagy itempiy relaksacijos matematiniam
apraSymui ir interpretavimui.

Atlikti tyrimy rezultatai gali biiti pritaikyti prognozuojant mikroporinga
poliuretanine plévele laminuotos odos relaksacing elgsena formavimo metu bei
optimizuojant $io proceso technologinius rezimus.

Publikacijos. Disertacijos tema paskelbta 10 publikacijy.

Darbo apimtis. Disertacijos apimtis 106 puslapiai. Diseratcja sudaro
ivadas, trys skyriai, i§vados, literatliros sarasas, publikuoty moksliniy darby
sarasas, 60 paveiksliy, 13 lenteliy.
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ISvados

Laminuotos odos reologines savybes lemia tiek odos, tiek
mikroporingos poliuretaninés plévelés savybés.

Laminuotos odos stipruma lemia natiiralios odos savybés. Dél
kombinuoto sustipréjimo efekto skeltinés odos laminavimas nedidelio
kohezinio stiprumo mikroporinga poliuretanine plévele sustiprina
laminuota oda iki 23 %.

Mikroporinga poliuretaniné plévelé keicia relaksacines nattiralios odos
savybes: laminuotos odos jtempiy relaksacijos intensyvumas ir eiga
skiriasi nuo $iy procesy jvairiose odose ir yra artimesni relaksaciniams
procesams mikroporingoje poliuretaninéje pléveléje.

Tirty minkStyjy polimeriniy medziagy relaksacijos procesy
matematinis apraSymas Kolrauso lygtimi tikslesnis, nei aprasant tiek
laipsnine, tiek sudvejinto Maksvelo-Vicherto modelio lygtimis. Taciau
kintantis tik vienas KolrauSo lygties parametras sumazina tyrimy
rezultaty interpretavimo galimybes, lyginant skirtingus tyrimo
objektus ar kei¢iant deformavimo salygas. Modeliuojant
apibendrintuoju Maksvelo modeliu relaksacijos procesy visose tirtose
medziagose aprasymo tikslumas yra geriausias, o net SeSios Sios
lygties  konstantos gali biiti panaudojamos ir platesnei
fenomenologinei relaksacijos proceso interpretacijai.

Nustatyta, kad ivairiose odose ir poliuretaninéje pléveléje vykstanti
itempiy relaksacijos procesa galima padalinti | du skirtingo
intensyvumo etapus. Laminuotos odos relaksacijos grei¢io ryskuy
sumaz¢jima apibiidinancio ,luzio tasko” padéti laiko asyje lemia
mikroporingos plévelés klampiaelastinés savybés.

Relaksacinés kreivés ,luzio tasko” lokalizavimas, panaudojant
teorinius tyrimus, leidZia itempiy relaksacijos stebéjimo trukme
sutrumpinti 5 kartus (iki 2 000 s). Nustatyta, kad Siuvo budu iki
10 000 s galima gana tiksliai (6<2 %) prognozuoti ivairiy ody ir
poliuretaninés plévelés itempiy relaksacijos eiga.

Istyrus deformavimo greicio jtaka laminuotos odos ir mikroporingos
poliuretaninés plévelés jtempiy relaksacijai, nustatyta, kad:

— didinant laminuotos odos deformavimo greiti, pradinis jtempiy
relaksacijos greitis didéja pagal tiesini désni tik pradingje proceso
stadijoje (iki 100 s). Toliau jtempiy relaksacijos greitis beveik
nepriklauso nuo odos deformavimo greicio (diskretinio spektro D,
ir D5 konstanty vertés yra labai artimos);

— deformavimo greitis turi didelés jtakos mikroporingoje
poliuretaninés plévelés pradiniy itempiy dydziui bei relaksacijos

25



proceso eigai - didinant deformavimo greit] jtempiai laipsniskai

didéja, didéja ir jtempiy relaksacijos intensyvumas.
Nustatyta, kad laminuotos odos ir mikroporingos poliuretaninés
plévelés itempiy relaksacijos procesams, kintant deformavimo
greiCiui, galima taikyti laiko-greiio analogija. Gautos laipsninés
lygtys leidzia prognozuoti deformavimo greiio ijtaka jtempiy
relaksacijai laminuotoje odoje ir mikroporingoje poliuretaninéje
plévelgje placiame laiko ir grei¢io diapazone (iki 24 h laminuotai odai
ir iki 11 dieny plévelei).
Mikroporinga poliuretaninéa plévelé esminiai keiCia natiiralios odos
formuojamumo savybes. Norint padidinti gaminiy i§ laminuotos odos
formos stabiluma, bitina naudoti grieztesnius formos fiksavimo
rezimus: auksStesng fiksacijos temperatiira, ilgesng trukmg ir
efektyvesnius vésinimo metodus, tai yra naudoti formavimo rezimus,
kurie artimesni sintetiniy ody formavimo rezimams.
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