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Abstract
The structural changes and mechanical properties of spun-bonded polylactide (PLA) non-
wovens resulting from artificial weathering were analyzed in respect to their application in 
agriculture. The spun-bonded nonwovens were stabilized on a calender at various tempera-
tures ranging from 60 to 110°C. The weathering process was carried out with the use of a 
Q-SUN weathering chamber under two selected climatic conditions resembling temperate 
and subtropical climate, respectively. The artificial aging effect on the nonwovens was as-
sessed by measuring their physical parameters and mechanical properties as well as by 
analyzing their structural changes by means of Fourier infrared spectrophotometry (FTIR), 
polarization-interference microscopy (PIM) and wide angle X-ray scattering (WAXS).
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lamps with a total power of 5400 W. The 
weathering process was performed in 
cycles, irradiating the nonwovens with a 
0.51 W/m2 UV radiation measured at a 
wavelength of 340 nm under the follow-
ing conditions: 
n	 58 min exposure – BST = 50 °C,  

ChT = 35 °C, RH = 40%;
n	2 min artificial rainfall with deminer-

alized water and exposure  
BST = 40 °C, ChT = 25 °C;

n	10 min with no exposure –  
BST = 30 °C, ChT = 20 °C,  
RH = 65%; for 14 and 42 h.

The weathering time amounting to 14 h 
was established on the basis of the change 
of the forth degree in the blue scale (light 
fastness test), which corresponds to the 
natural exposure of a sample during a 
single summer season, i.e. about 200 h. 

The weathering process was carried out 
to assess the effect of nonwoven irradia-
tion conditions during one season (S1) 
and three seasons (S3) in temperate cli-
mate on the physical properties of non-
wovens being essential from the point of 
view of the foreseen application. 

Considering the different shrinkage de-
grees obtained in tests S1 and S3, it was 
decided to additionally use exposure con-
ditions resembling subtropical climate – 
1.02 W/m2 UV exposure (measured at a 
wavelength of 340 nm) under the follow-
ing conditions: 
n	58 min exposure – BST = 65 °C, ChT 

= 40 °C, RH = 40%;
n	2 min artificial rainfall with dem-

ineralized water and exposure BST = 
40 °C, ChT = 25 °C;

Nature Works, Japan) by the spun-bonded 
technique at the Institute of Biopolymers 
and Chemical Fibers, Łódź, and then fol-
lowed by calender stabilization. The non-
wovens were extruded from the polymer 
melt on a laboratory stand designed and 
made by the Research and Development 
Centre of Textile Machinery ‘Polmatex-
Cenaro’, within the temperature range of 
205 - 216 °C, at a rate of 2.2 - 11.0 m/min 
and a yield ranging from 2.5 to 10.2 kg/h. 
The nonwovens produced with a surface 
weight of about 50 g/m2 (Table 1) were 
thermally stabilized at 65, 70, 85, 90, 100 
and 110 °C (±1 °C).

	 Artificial weathering  
of nonwovens 

The weathering of nonwovens was car-
ried out in a Q-SUN weathering chamber 
under conditions resembling temperate 
climate according to standard PN EN 
ISO 4892-2 based on Technical Report 
TR 010 ed. May 2004 ‘Exposure proce-
dure for artificial weathering’. The UV 
radiation source consisted of three xenon 

n	 Introduction
Biodegradable materials of aliphatic pol-
yesters and copolyesters, owing to their 
special properties, have been widely used 
in many fields. At first they were exploit-
ed in medicine and pharmacy [1 - 13]. 
The use of these polymers makes it pos-
sible to produce temporary products that 
after their exploitation are biologically 
decomposed to nontoxic compounds, dis-
appearing from the environment in a nat-
ural way. Therefore they are widely used 
for agricultural purposes as films and bio-
degradable and compostable nonwovens 
[14, 15] for covering plants and subsoils. 
A spun-bonded nonwoven of poly(lactic 
acid) (PLA) seems to be a perfect, envi-
ronmentally friendly product supporting 
farm production. Its additional advan-
tage is the possibility of processing this 
biopolymer by means of most standard 
technologies used in the plastics industry, 
including thermo-formation, extrusion, 
injection and blow moldings [16, 17]. 

The aim of the study was to assess the 
suitability of spun-bonded PLA nonwo-
vens for agriculture by means of their 
artificial weathering and to evaluate the 
effect of calender stabilization param-
eters on the polymer structural changes 
and related changes in physical features 
and mechanical properties [18]. The non-
wovens were tested for shrinkage and 
directional mechanical properties, a pa-
rameters that verifies their suitability for 
agricultural applications. 

n	 Test materials 
The materials tested were non-modified 
nonwovens made of PLA6251D (from 

Table 1. Physical characteristics of manu-
factured PLA spun-bonded, non-woven fab-
rics.

Stabilization  
temperature,  

 oC

Mass surface, g/m2 
(cv – coefficient of 

variation)

65 50.1 (5.3)

70 49.4 (4.1)

85 47.5 (2.2)

90 50.1 (1.1)

100 51.1 (0.5)

110 51.3 (0.7)
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n	10 min with no exposure – BST = 
30 °C, ChT = 20 °C, RH = 65%, for 
42  h (where: BST - Black Standard 
Temperature, ChT - Chamber Air 
Temperature, and RH - Relative Hu-
midity).

The weathering process simulating 3 sea-
sons in a severer climate than temperate 
was denoted with symbol S3x2. 

n	 Test methods
After the artificial weathering process, 
the nonwovens were tested for shrink-
age, a parameter that verifies their suit-
ability for agricultural applications. Fur-
thermore, the physical parameters and 
mechanical properties of the nonwovens 
were tested. 

The following significant effects of non-
woven weathering were assessed: 
n	changes in the basic physical param-

eters: surface weight, mp, apparent 
weight, ρ, thickness, air permeability 
and shrinkage; 

n	changes in directional mechanical 
properties: tensile strength, σ, and 
elongation at break, ε;

n	changes in the nonwoven structure by 
analyzing changes in molecular and 
supermolecular structure by means of 
FTIR and WAXS techniques; 

trophotometer from Thermo Scientific, 
within the wavelength range of 4000 
– 600 cm-1, and a reflection attach-
ment, type ITR, with a diamond crystal 
(Thermo Scientific). The FTIR spectra 
obtained in the system A = f(1/λ) were 
analyzed to assess changes in the inten-
sity of absorption bands. The characteris-
tics of the absorption bands of poly(lactic 
acid) are listed in Table 2.

Wide angle X-ray scattering (WAXS) 
The supermolecular structure of the non-
woven-forming polylactide was analyzed 
by means of the wide-angle X-ray scat-
tering method. The diffraction profiles 
were obtained with Cu Kα (λ = 0.154 nm) 
by means of an X’Pert Pro X-ray diffrac-
tometer (from PANalytical) operating 
at 30 kV and 30 mA. The samples were 
studied in powder form. The content of 
crystalline material was determined from 
the following formula:

%100⋅
+

=
AC

C
C AA

AX              (1)

where: AA and AC are calculated area 
under amorphous and crystalline curves, 
respectively. 

Evaluating the orientation of nonwoven 
material (PLA) 
The total orientation of the nonwoven 
material can be assessed by the determi-
nation of the optical birefringence index 
of fibers, Δn [19]. Changes in this index 
are proportional to the orientation. The 
optical birefringence of fibers, Δn, was 
calculated from the following formula: 

da
bn
⋅
⋅

=∆
λ

                     (2)

where: λ = 0.55 µm – wavelength of 
white light, a – interfringe distance, b – 
deformation of zero fringe. The optical 
birefringence index was calculated as an 
average of 50 measurements of fibers. 

Figure 1 shows the measurement princi-
ple of Δn with the use of MPI3 micro-
scope and CCD camera in the interfer-
ence fringe field. 

Scanning electron microscopy (SEM) 
The surface images of the nonwoven-
forming fibers were observed by means 
of a JEOL JSM-5200LV microscope by 
the high-vacuum technique using a sec-
ondary electrons detector and backscat-
tered electrons detector, at an accelerat-
ing voltage of 15 kV and magnification 
5000×.

n	changes in the total orientation of the 
nonwoven-forming polymer with the 
use of MPI microscopy;

n	changes in the surface of the nonwo-
ven-forming fibers by SEM micros-
copy. 

Testing physical parameters
The physical parameters of nonwovens 
were determined according the standards 
for textiles: PN-EN 29073-1, 1994, Test 
methods for nonwovens – Determina-
tion of surface mass PN-EN ISO 9073-2,  
2002, Test methods for nonwovens, part 
2: Determination of thickness; PN-EN 
ISO 9073-3, 1994, Test methods for non-
wovens; PN -EN ISO 9073-15, 2009, 
Test methods for nonwovens, Air perme-
ability; PN-EN ISO 9073-3, 1994, Test 
methods for nonwovens, Determination 
of tensile strength and elongation.

Images of the nonwoven structure were 
observed by the high-vacuum technique 
by means of a JEOL JSM-5200LV micro-
scope with the use of secondary electrons 
detector and backscattered electrons de-
tector, at an accelerating voltage of 15 kV 
and magnifications and 5000×. 

Changes in the dimensions of the non-
woven fabrics in hot air (in both the 
length and width directions) were deter-
mined in accordance with standard ISO 
3759:2011: ‘Textiles - Preparation, mark-
ing and measuring fabric specimens and 
garments in tests for the determination 
of dimensional change’. Shrinkage S of 
the non-woven fabrics was recorded as a 
percentage of the corresponding original 
value. 

Testing the structure of the nonwoven-
forming polymer
Absorption spectroscopy FTIR
The structure of the nonwoven-forming 
polymer was examined by IR spectros-
copy using a FTIR-Nicolet 6700 spec-

Table 2. Characteristic absorption bands of PLA observed under IR [19].

Band position, cm-1 Chemical group Material ordering, type of vibration
1752 C=O Crystalline, stretching
1744 C=O Amorphous, stretching
1450 CH3 Asymmetric deformation
1380 CH3 Symmetric deformation
1356 CH, CH3 Crystalline, deformation and symmetric deformation
1265 COC + CH Amorphous, stretching + deformation
1210 COC Crystalline, stretching
1179 COC Stretching
1125 CH3 Rocking
1080 COC Stretching

Figure 1. Example of the microscopic im-
age of PLA fibers in the interference fringe 
field.
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n	 Results and discussion 
The weathering process of nonwovens 
resulted in their shrinkage that was de-
pendent on the stabilization parameters 
used in calendering during the spun-
bonding process as well as on the artifi-
cial weathering conditions. 

The shrinkage degrees of the nonwoven 
variants before and after the weathering 
process are listed in Table 3. 

The greatest shrinkage was observed 
in the case of nonwovens’ (sample 1) 
treatment under the severest weather-
ing conditions (S3x2): about 30% in the 
longitudinal direction and 50% in the 
transverse direction. Nonwovens Nos. 2 
and 3 showed insignificant shrinkages. 
No shrinkage was shown by nonwovens 
Nos. 4, 5 and 6 stabilized at a tempera-
ture of 90 °C and higher regardless of the 
weathering conditions used. 

Changes in the physical properties of 
the nonwoven samples before and af-
ter weathering are presented in Table 4. 
Samples before weathering were denoted 
with symbol ‘0’. 

Changes in nonwoven surface mass, ap-
parent density, thickness and air perme-
ability observed are dependent on both 
the manufacturing and weathering con-
ditions. The surface weight of most non-
woven variants increased after the weath-
ering process. In the initial phase of this 
process up to 3 seasons of temperate cli-
mate (S3), the increase was small. During 
further weathering under simulated con-
ditions of subtropical climate (S3x2), the 
surface mass increase was considerable: 
for sample No. 1 it was over threefold, 
for sample 2 – over 30%, for sample 3 – 
7%, for sample 5 – 10% and for sample 
6 – 2%. In the case of nonwoven No. 4, a 
small decrease in its surface weight was 
observed, practically insignificant from 
the point of view of its use.

 Apparent density considerably decreased 
for all the variants of weathered nonwo-
vens. The greatest changes in this param-
eter were observed for nonwoven No. 1. 
In the remaining cases of the nonwoven 
variants tested, their apparent density de-
creased by about 25% for samples stabi-
lized at a temperature up to 90 °C, while 
it increased for nonwovens stabilized 
over this temperature. 

During the weathering process the thick-
ness of nonwovens increased. The most 
essential change in this parameter oc-
curred in the case of nonwoven No. 1. 
The remaining samples showed an in-
crease in thickness ranging from about 
30% to about 80%. 

The weathering process also brought 
about a decrease in the air permeability 
of nonwovens. Sample No. 1 showed 
that parameter decreased by more than 
four times. The air permeability values of 
samples 2 and 3 were changed by about 
20% and 5%, respectively, while those of 

samples 4, 5 and 6 practically remained 
unchanged. 

Table 5 presents changes in the mechani-
cal properties of nonwovens depending 
on the stabilization temperature and the 
number of weathering seasons, some of 
which are illustrated in Figure 2. 

The values of breaking force in longi-
tudinal and transverse directions of the 
nonwoven investigated increase with in-
creasing the weathering time to assume 
an highest level for the stabilization 
variant at 90 oC. The strength of sample 

Table 3. Changes in the nonwoven dimensions before and after the weathering process. 

Sample 
No.

Stabilization 
temperature,

oC

Number of 
weathering 

seasons 

Initial 
dimensions,  

cm 

Dimensions 
after 

weathering, cm 

Shrinkage degree, % 
Machine 
direction

Transverse 
direction

1 65
S1

75.0 × 32.0

74.0 × 31.5 1.3 1.6
S3 74.0 × 31.5 1.5 1.8

S3x2 50.5 × 13.0 32.7 59.4

2 70
S1 75.0 × 32.0

0

0
S3 75.0 × 31.8 0.6

S3x2 75.0 × 31.5 1.6

3 85
S1 75.0 × 32.0 0
S3 75.0 × 31.8 0.6

S3x2 75. 0 × 31.5 1.6

4 90
S1 75.0 × 37.5 75.0 × 37.5

0

S3 75.0 × 37.5 75.0 × 37.5
S3x2 75.0 × 37.5 75.0 × 37.5

5 100
S1

75.0 × 32.0 75.0 × 32.0

S3
S3x2

6 110
S1
S3

S3x2

Table 4. Changes in the physical properties of nonwovens after weathering related to the 
values of the parameters of untreated nonwovens, for various calendering temperatures 
and exposure seasons.

Sample 
No.

Stabilization 
temperature, oC

Number of 
weathering 
seasons, -

Surface 
mass, g/m2

Apparent 
density, 
kg/m3

Thickness, 
mm

Air 
permeability, 

dm3/m2*s

1 65

0 57.64 157.91 0.365 1008.0
1 55.69 126.28 0.441 1109.0
3 54.55 124.82 0.437 1159.0

3x2 192.00     3.93 58.27   244.5

2 70
0 49.41 199.64 0.248   444.2
3 50.92 146.74 0.347    544.6

3x2 65.39 142.46 0.459   450.3

3 85
0 47.49 242.31 0.196   379.6
3 49.73 189.79 0.262   366.6

3x2 50.63 196.98 0.257   355.5

4 90
0 50.10 270.99 0.190   320.0
3 49.50 249.84 0.200   322.0

3x2 49.40 193.12 0.260   324.0

5 100
0 51.14 225.28 0.227   283.0
3 51.99 217.53 0.239   287.9

3x2 56.32 233.69 0.241   291.5

6 110
0 51.35 217.57 0.236   286.0
3 51.76 230.04 0.225   297.9

3x2 53.25 240.95 0.221   285.4
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No. 1 after weathering under severe con-
ditions (S3x2) was not determined due to 

Table 5. Changes in the mechanical properties of nonwovens from PLA 6251D after weath-
ering related to the parameter values of initial nonwovens for various calendering tempera-
tures and exposure seasons.

Sample 
No.

Stabilization 
temperature, oC

Number of 
weathering 
seasons, -

Directional strength, N

Machine direction Transverse direction

1 65

0 19.71 13.14
1 16.48 12.88
3 16.85 11.71

3x2 - -

2 70
0 53.04 26.02
3 50.55 25.56

3x2 51.23 24.52

3 85
0 69.91 35.48
3 56.05 33.85

3x2 61.25 31.64

4 90
0 76.02 53.29
3 79.70 55.29

3x2 77.78 52.55

5 100
0 56.89 35.47
3 66.22 41.18 

3x2 62.47 36.93

6 110
0 35.41 29.16
3 42.17 34.44

3x2 46.17 39.84

Figure 2. Directional strengths of nonwovens - weathering variant S3x2 (a) compared with 
those of untreated nonwovens (b).

Figure 3. FTIR spectrograms of nonwoven samples No. 1 (a) and 4 (b) depending on the weathering conditions. 

its high shrinkage that disqualifies it for 
anticipated agricultural applications. 

Using FTIR spectrograms, the struc-
tural changes of the nonwoven polymer 
were qualitatively assessed on the basis 
of changes in the absorption peaks in-
tensities correlated with corresponding 
chemical groups and the type of polymer 
ordering. 

Subsequent figures show the spectro-
grams of weathered nonwovens (Nos. 1 
and 4) in relation to those of untreated 
nonwovens. Figure 3 shows examples of 
spectrograms illustrating changes in the 
nonwoven polymer structure (sample 1 – 
amorphous structure stabilized at 65  °C 
and sample 4 – semi-crystalline structure 
stabilized at 90 °C) depending on the 
weathering conditions.

In the spectrograms of weathered nonwo-
vens, one can observe a new absorption 
band 1209 cm-1 (crystalline) for sample 1 
calendered at a temperature of 65 °C and 
changes in the intensity of bands cor-
related with the structural rearrange-
ment of the nonwoven polymer: doublet 
1750  cm-1 (crystalline and amorphous), 
1358 cm-1 (crystalline), 1269 cm-1 

(amorphous) for the remaining samples.

The nonwovens stabilized at 70, 85, 90, 
100 and 110 °C show the broadening 
and separation of band 1750 cm-1 (group 
C=O) into crystalline and amorphous, 
visible in the second derivative. The con-
firmation of increased polymer order of 
the nonwovens subjected to weathering is 
observed in spectrograms in the form of 
increased intensities of crystalline bands 
1209 and 1358 cm-1, and a decreased in-
tensity of amorphous band 1269 cm-1.

Changes in the structure of the nonwo-
ven-forming polymer were examined by 

a) b)

Wavenumber, cm-1 Wavenumber, cm-1a) b)
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the WAXS technique to determine the de-
gree of crystallinity, whose values for the 
nonwovens stabilized at various tempera-
tures are listed in Table 6 and illustrated 
in Figure 4. 

It was observed that the process of arti-
ficial weathering influenced the polymer 
structure of nonwovens stabilized under 
various thermal conditions. The great-
est structural changes revealed by FTIR 
were observed in nonwoven No. 1 sta-
bilized at 65 °C after weathering under 
the severest conditions (S3x2). The poly-
mer of this nonwoven changes its order-
ing character from amorphous to semi-
crystalline. In the case of nonwovens 
stabilized at higher temperatures, the ab-
solute changes in the polymer structure 
determined as changes in the degree of 
crystallinity are not so clear. There was 
observed a high increase in the crystal-
linity degree at a temperature up to 90oC 
followed by its stabilization above this 
calendering temperature regardless of the 
weathering intensity. 

Figures 5.a and 5.b show qualitative 
changes in the structure of the nonwo-
ven-forming polymer for nonwovens 
with different initial structures (samples 
1 and 4) before and after weathering. In 
the case of amorphous nonwoven (sam-
ple 1), the weathering process causes the 
formation of crystalline structure. In the 
diffraction pattern, one can observe the 
appearance of a diffraction peak corre-
lated with the crystallite plane 110/200. 
The ordering character of the polymer of 
nonwovens is changed from amorphous 
into semi-crystalline (Figure 5.a). The 
internal structure of the semi-crystalline 
polymer of nonwoven (sample 4) is de-
veloped to increase the crystalline areas 
as shown in Figure 5.b as an increase in 
the intensity of the diffraction peak cor-
related with the crystallite plane 110/200.

The more precise structural analysis of 
investigated samples was obtained by 
the deconvolution of the patterns into 
the amorphous halo and the crystalline 
peaks. For this analysis, the experimen-
tal data were fitted by a composite of the 

Gauss and Lorentz functions calculated 
using the WAXSFIT software [20] based 
on Hindeleh and Johnson’s method. The 
shapes of the amorphous halo and the 

Table 6. Changes in the polymer crystallin-
ity of nonwovens depending on their stabili-
zation temperature and type of weathering.

Sample 
No.

Stabilization 
temperature, 

oC

Type of 
weathering, 

-

Crystallinity 
degree, %

1 65
0 2

S3 2
S3x2 35

2 70
S0 8
S3 9

S3x2 37

3 85
S0 38
S3 43

S3x2 46

4 90
S0 46
S3 46

S3x2 49

5 100
S0 46
S3 50

S3x2 50

6 110
S0 54
S3 49

S3x2 51

Figure 4. Change in the polymer crystallinity of nonwovens before 
and after weathering.

Figure 5. WAXS diffraction patterns of nonwovens 1(a) and 4 (b) depending on the weathering conditions

Figure 6. Changes in the optical anisotropy of the polymers of ini-
tial and weathered nonwovens.

a) b)

Temperature stabilization, °C Temperature stabilization, °C
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mesomorphic and crystalline peaks were 
selected according to the model proposed 
by Stoclet et al. [21].

The optical birefringence index, Δn, 
well characterizes the total orientation 
of the polymer of nonwoven. Changes 
in this index are proportional to this ori-
entation [22]. 

Figure 6 presents changes in the optical 
birefringence of the nonwoven-forming 
polymer, indirectly characterizing the to-
tal orientation of the polymer. 

The optical birefringence index, Δn, of 
the polymer of initial nonwovens consid-
erably changes for samples 1 and 2 stabi-
lized at 65 and 70 °C. The increase in the 
stabilization temperature of nonwovens 
up to 90 and 100 °C causes a small in-
crease in optical birefringence, assuming 
then a constant value, Δn = 0.022, indi-
cating polymer stabilization. The weath-
ering of nonwovens calendered at lower 
temperatures considerably changes the 
value of this index, while in the case of 
higher calendering temperatures, its val-
ues remains at a constant level, indicating 
a stable orientation of the polymer and its 
small sensibility to the artificial weather-
ing process used. Assessing the changes 
in the structure of nonwovens on the ba-
sis on changes in the intensity of charac-
teristic absorption bands, determined by 
FTIR, and changes in the degree of crys-
tallinity determined by WAXS as well 
as in the polymer orientation evaluated 
by the method of optical microscopy, it 

has been found that a stable structure of 
the nonwoven-forming polymer can be 
obtained by the thermal treatment of the 
nonwovens performed at a temperature at 
least of 90 °C.

Changes in the surface of the nonwoven-
forming fibers subjected to weathering in 
relation to those of initial nonwovens are 
illustrated, as an example, by SEM im-
ages presented in Figure 7.

On the surface of the nonwoven-forming 
fibers, one can observe pointwise exist-
ing damages resulted from a longer and 
more intensive weathering. 

n	 Conclusions
Based on the investigations performed, 
one can draw the following conclusions:

n	 In relation to initial samples (un-
weathered):
The stabilization of PLA 6251D spun-
bonded nonwovens on a calender 
within the temperature range used de-
cisively affects their physical features 
and mechanical properties. Along with 
temperature increase the apparent 
density of the nonwovens increases, 
while their thickness and air perme-
ability decrease. As far as mechanical 
properties are concerned, it has been 
found that the directional strengths 
of nonwovens clearly increase with 
increasing their stabilization tempera-
ture to reach the temperature of 90 °C.

Figure 7. SEM images of nonwovens stabilized at 65 and 90 °C (samples 1 and 4) after weathering compared to those of initial nonwovens. 
Sample No. – Weathering variant: a) 24, b) 24 S3, c) 24 S3x2, d) 49, e) 49 S3, f) 49 S3x2.

The stabilization process of nonwo-
vens within the temperature range 
used influences their internal struc-
ture. The calendering process of non-
wovens results in the development of 
an optimal crystalline structure of the 
nonwoven-forming polymer [23]. 

n	 In relation to samples subjected to ar-
tificial weathering:
It has been found that there is a limit-
ing temperature of stabilization; after 
exceeding it, nonwovens do not shrink 
in the weathering process carried out 
even under severe conditions, and the 
mechanical properties of nonwovens 
assume highest values. The nonwoven 
stabilized at the lowest temperature 
(65 °C), shrinks already after a single 
season-weathering, and under severe 
weathering conditions, its shrinking 
degree disqualifies it from use under 
environmental conditions. 

The mechanical properties of the non-
wovens investigated, assessed for par-
ticular variants of weathered samples, 
are changed to a significant extent. 
As a rule, the values of directional 
strengths increase up to the most ben-
eficial level for the calendering variant 
at a temperature of 90 °C. 

The highest strength values with no 
shrinkage, even under severe weather-
ing conditions, are shown by the non-
woven calendered at a temperature 
of 90 °C. This results from the opti-
mally developed internal structure of 

a) b) c)

d) e) f)
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the nonwoven-forming polymer. Thus 
one may use it, in agricultural applica-
tions, under environmental conditions 
during a strong sun exposure, main-
taining the stability and immutability 
of its properties within an intended 
period of exploitation. 
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