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Abstract
A special photoluminescent inorganic pigment was used as a tool to protect polypropylene (PP) fi bre origi-
nality. The eff ect of pigment content and uniaxial deformation on the supermolecular structure and basic 
mechanical properties of PP fi bres modifi ed with the above-mentioned pigment were investigated, togeth-
er with its colour performance under a UV lamp. Supermolecular structure parameters, such as birefringence, 
sound velocity in fi bres, crystallinity and the crystallinity index of undrawn and drawn modifi ed PP fi bres 
prepared using a discontinuous technological process, were studied. Mechanical properties such as fi ne-
ness, Young’s modulus, tenacity at break and elongation at break of undrawn and drawn modifi ed fi bres 
were evaluated. The obtained experimental results of modifi ed PP fi bres were compared with the supermo-
lecular structure and mechanical characteristics of standard unmodifi ed PP fi bres prepared under same tech-
nological conditions.
Keywords: protective photoluminescent pigment, modifi ed PP fi bres, structure, mechanical properties, coun-
terfeiting, product protection

Izvleček
Poseben fotoluminiscenčni anorganski pigment je bil uporabljen za varovanje izvirnosti polipropilenskih vlaken 

(PP). Raziskani so bili vpliv vsebnosti teh pigmentov v modifi ciranih PP vlaknih in njihovega raztezanja na nadmo-

lekulsko strukturo, osnovne mehanske lastnosti in učinkovitost barve pod UV svetilko. Na neraztezanih in razteza-

nih modifi ciranih PP vlaken, izdelanih v diskontinuirnem tehnološkem postopku, so bili proučeni parametri nad-

molekulske strukture dvolomnosti, hitrosti zvoka v vlaknih, kristaliničnosti in indeks kristaliničnosti ter mehanske 

lastnosti, kot so fi noča, Youngov modul, pretržna sila in pretržni raztezek. Dobljeni eksperimentalni rezultati modi-

fi ciranih PP vlaken so bili primerjani z nadmolekulsko strukturo in mehanskimi lastnostmi standardnih nemodifi -

ciranih PP vlaken, izdelanih pri enakih tehnoloških pogojih.

Ključne besede: varovalen fotoluminiscenten pigment, modifi cirana PP vlakna, nadmolekulska struktura, ponare-

janje, varovanje izdelkov
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1 Introduction

Polypropylene (PP) is presently one of the most wide-

ly used thermoplastic materials [1‒5]. PP is a good 

polymer for the matrix, due to its good mechanical 

properties, easy processing and its low price [6].

A large number of counterfeits of original products 

have been identi� ed in recent years in all sectors of 

industry, such as automotive and machine parts, 

technical components, plastic products, fashion and 

fashion accessories, perfumes, drugs, labels, logos, 

revenue stamps, etc. It is practically impossible to 

distinguish between original products and their 

fake counterparts. Companies worldwide are losing 

billions of euros, and therefore attempt to e� ectively 

protect their products against counterfeiting [7]. 

� ere are many visible and invisible identifying 

marks on the market, but many of them do not rep-

resent a hurdle for counterfeiters. Some established 

product marks are very e!  cient, but are di!  cult to 

implement because their implementation is a com-

plex and expensive process [7]. � e application of lu-

minescent pigments represents one cost-acceptable 

solution for the protection of original products [7].

As a rule, luminescent materials emit light [8, 9]. 

� ere are several kinds of luminescence, depending 

on the manner of excitation. � ey include photolu-

minescence (excited by light) [10‒13], thermolumi-

nescence (due to heat), optoluminiscence (multi-

plied also by the conduction of light) [14], 

electroluminescence (the activator is an electric 

� eld), chemiluminescence (excited by chemical re-

actions), radioluminescence (due to ionising radia-

tion), mechanoluminescence (created by mechani-

cal e� ects, such as friction, pressure, etc.) and 

crystalloluminescence (produced during crystallisa-

tion). However, mainly photoluminescent pigments 

are of interest for � bres. � ey can be divided into: 

" uorescent, [10, 11] with a short luminescence de-

cay time of only a few nanoseconds, and phospho-

rescent with a long luminescence decay time, which 

can take a few minutes or hours [15].

Today it is possible to prepare pigments with a pho-

tonic e� ect based on inorganic phosphors that emit 

light in a precisely de� ned pattern to match the 

needs of the intended application [7]. Counterfeit-

ers have practically no information concerning 

product protection or about the identi� cation there-

of. � e utilisation of these pigments may therefore 

be a good way to protect original products [7].

In this study, the e� ect of the content of pigment 

and uniaxial deformation on the supermolecular 

structure and basic mechanical properties of poly-

propylene � bres modi� ed with photoluminescent 

pigment from the company Tailorlux GmbH were 

investigated, together with its di� erent colour per-

formance before and a# er illumination with a UV 

lamp. Undrawn and drawn modi� ed PP � bres were 

prepared using a discontinuous POY technological 

process. � e results obtained from PP � bres modi-

� ed with the pigment from Tailorlux were com-

pared with PP � bres without a photoluminescent 

pigment prepared under the same technological 

conditions.

2 Experimental

2.1 Materials
Isotactic polypropylene (iPP) produced by Slovna#  

(Slovakia) with a melt " ow rate (MFR) of 27.6 g/10 min 

and a special photoluminescent inorganic pigment 

from Tailorlux GmbH (Germany) were used. A PP 

masterbatch of pigment developed by the Research 

Institute for Man-Made Fibres, a.s. Svit (pigment 

content of 1.0 wt.%, MFR = 10.0 g/10 min, � lter in-

dex <50 MPa/kg, according to EN 13900-5) was 

used during the preparation of modi� ed � bres.

2.2 Fibre preparation
� e modi� ed PP � bres were prepared from a me-

chanical mixture of PP and a PP masterbatch of 

photoluminescent pigment using the traditional 

discontinuous process of spinning and drawing. � e 

laboratory discontinuous line had an extruder with 

a diameter of 32.0 mm, with a discontinuous one-

step drawing process. � e following constant 

processing conditions were used: a spinning tem-

perature of 220 °C, a spinning die plate of 2  25 

holes with a diameter of 0.3 mm, a � nal spinning 

process speed of 1500 m/min, a drawing ratio of 

λ = 2.0, a drawing temperature of 130 °C and a � nal 

drawing process speed of 100 m/min.

2.3 Methods used
Fibre birefringence – total orientation of � bres

� e orientation of macromolecular chains in � -

bres expresses the level of anisotropy of an orient-

ed polymer system (� bre). � e total orientation of 

prepared PP and modi� ed PP � bres was evaluated 

using a DNP 714BI polarisation microscope, 
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where the refractive indices of light in the � bre 

axis (n||) and in the perpendicular direction of the 

� bres (n⊥) were identi� ed. � e � bre’s birefrin-

gence (∆n) was calculated from these value using 

Equation 1:

∆n = n|| – n⊥ (1)

Sound velocity in � bres 

� e sound velocity in � bres is given as the ratio of 

� bre length to the time needed for the transfer of 

acoustic nodes along that length (expressed in 

km/s). It is dependent on the internal structure ar-

rangement of � bres (expressed by a supermolecular 

structure parameter) and may serve as a measure of 

� bre anisotropy. � e sound velocity in PP and mod-

i� ed PP � bres was measured using a PPMSR Dy-

namic Modulus Tester (USA).

Crystallinity index (FT-IR)

� e crystallinity index (Ik) of PP � bres represents 

the fraction of the crystalline phase in PP � bres. It is 

determined as the ratio of the integrated absorbance 

of the absorption band of 840 cm–1 (Ai840), charac-

terising the regularity of the arrangement of macro-

molecular chains segments, to the integrated ab-

sorbance of the absorption band of 2723 cm–1 

(Ai2723), as the internal standard e� ecting the degree 

of crystallinity (Equation 2):

Ik = 
Ai840

Ai2723 
 (2)

� e crystallinity index of modi� ed and unmodi� ed 

PP � bres was evaluated using a Shimadzu 8400 FT-

IR spectrophotometer.

Crystallinity of � bres

Crystallinity (β) represents the crystalline portion 

of � bres and may be evaluated using various meth-

ods. In this work, a Perkin Elmer DSC 4 device was 

used for the evaluation of the thermal properties of 

unmodi� ed PP and modi� ed PP � bres according to 

STN EN ISO 3146/AC. A non-isothermal analysis 

process was performed in this procedure. A sample 

of original � bre was heated at a rate of 10 °C/min 

from 50 to 220 °C. All measurements were carried 

out in a nitrogen atmosphere. � e melting enthalpy 

(∆Hm) from the melting endotherm of the � rst heat-

ing was determined, and was used for the calcula-

tion of crystallinity (β) using Equation 3:

β = 
∆Hm

∆Hm, 0

 × 100 [%] (3) 

where ∆Hm,0 = 198.11 kJ/kg is the melting enthalpy 

of PP with a crystallinity of 100%.

Mechanical properties of � bres

� e mechanical properties of unmodi� ed and mod-

i� ed PP � bres were measured using an Instron 3343 

device (USA) with a gauge length of 125 mm and 

clamping rate of 500 mm/min. An average of at least 

10 individual measurements was used for each � bre. 

� e mechanical characteristics (tenacity at break, 

elongation at break and Young’s modulus) and � ne-

ness were determined according to ISO 2062:1993 

and STN EN ISO 1973, respectively.

3 Results and discussion

� e stability of the spinning and drawing process of 

the studied PP/photoluminescent pigment system 

over the entire evaluated concentration range of the 

pigment (0.005–0.5 wt.%) was comparable with the 

stability of the unmodi� ed standard PP. It follows 

that the studied modi� ed system is � bre-forming 

and processes stably over the entire concentration 

range of the photoluminescent pigment.

� e supermolecular structure parameters and basic 

mechanical properties of unmodi� ed and modi� ed 

PP � bres were evaluated.

Figures 1 and 2 show the e� ect of various photolu-

minescent pigment content on the supermolecular 

structure parameters of undrawn and drawn modi-

� ed PP � bres. 

In the case of undrawn modi� ed PP � bres, there 

was a tendency of a slight decrease in the total aver-

age orientation of macromolecular chains in the PP 

matrix (Figure 1a), and in increase of the orienta-

tion of PP macromolecular chains in surface layers 

(Figure 1b) with an increased content of the photo-

luminescent pigment in the � bres. At the same 

time, there was a slight decrease in the crystalline 

phase (Figure 2a) when pigment content was below 

0.2 wt.%, as well as the crystalline portion (Figure 

2b) for pigment content below 0.1 wt.% in the PP 

matrix of undrawn modi� ed PP � bres. � is was the 

consequence of inorganic pigment particles, as they 

inhibit the orientation of PP macromolecular 

chains in the direction of the � bre axis in the spin-

ning zone.
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a)

b)

Figure 1: Dependence of birefringence (a) and sound 

velocity (b) of undrawn and drawn modi! ed PP ! -

bres on photoluminescent pigment content

� e uniaxial deformation of undrawn modi� ed 

PP � bres signi� cantly increased birefringence over 

the entire evaluated range of pigment content 

(Figure 1a), while sound velocity increased to the 

level of 0.4 wt.% of pigment content (Figure 1b) in 

the drawn modi� ed PP � bres against undrawn � -

bres. At the same time, there was a slight increase 

in the index crystallinity to the level of 0.3 wt.% 

(Figure 2a), while crystallinity increased to the lev-

el of 0.4 wt.% of pigment content (Figure 2b). � is 

was the result of the e� ect of external stress on the 

orientation of macromolecular chains in the poly-

mer matrix in the direction of the � bre axis during 

the drawing process. On other hand, the increased 

pigment content in the drawn modi� ed PP � bres 

resulted in a decrease in all of the above-men-

tioned parameters compared with the drawn un-

modi� ed PP � bres. � is was due to the fact that 

higher inorganic pigment content decreases the 

orientation of macromolecular chains in the direc-

tion of the � bre axis in drawn � bres due to the ster-

ic braking e� ect of inorganic pigment particles.

Figures 3 and 4 show the e� ect of the photolumines-

cent inorganic pigment content on the basic me-

chanical properties of undrawn and drawn modi� ed 

PP � bres. � e photoluminescent pigment content 

in the evaluated range (from 0.005 to 0.5 wt.%) had 

no signi� cant e� ect on the � neness of undrawn and 

drawn modi� ed PP � bres when compared with un-

modi� ed PP � bres (Figure 3a).

Increased photoluminescent pigment content in the 

mass of undrawn PP � bres resulted in a slight de-

crease in their tenacity (max 25% from original val-

ue, Figure 4a) while elongation increased (approxi-

mately 100% in absolute terms from original value, 

Figure 3b) compared with undrawn unmodi� ed PP 

a)

b)

Figure 2: Dependence of the crystallinity index (FT-IR) 

(a) and crystallinity (b) of undrawn and drawn modi-

! ed PP ! bres on photoluminescent pigment content
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� bres. � is was linked to the slight decrease in the 

total average orientation of macromolecular chains 

in the PP matrix (Figure 1a) and in the crystalline 

portion β (Figure 2b) at increased photolumines-

cent pigment content in the mass of undrawn mod-

i� ed � bres. At the same time, there was an increase 

in Young’s modulus (approximately 70% from origi-

nal value, Figure 4b). � is was the result of an in-

crease in the orientation of macromolecular chains 

in the surface layers of undrawn � bres (Figure 1b).

� e uniaxial deformation of undrawn modi� ed � -

bres on the drawing ratio of λ = 2 signi� cantly in-

creased the tenacity (Figure 4a) and decreased the 

elongation at break (Figure 3b) of � bres over the en-

tire evaluated range of photoluminescent pigment 

content in drawn � bres when compared with un-

drawn PP � bres. � is was mainly the result of a sig-

ni� cant increase in the total average orientation of 

macromolecular chains in the polymer matrix (Fig-

ure 1a) and an increase in the orientation of PP mac-

romolecular chains in surface layers (Figure 1b).

� e addition of a photoluminescent pigment in the 

modi� ed PP � bres decreased the regularity of the 

arrangement of macromolecular chains in drawn 

modi� ed systems. � is was re" ected in a decrease 

in their tenacity (max 28% from original value, Fig-

ure 4a) and Young’s modulus (max 44% from origi-

nal value, Figure 4b) compared with drawn un-

modi� ed PP � bres, and a simultaneous slight 

increase in their elongation (approximately 30% in 

absolute terms from original value, Figure 3b) with 

increased photoluminescent pigment content in the 

drawn PP � bres. � is was related to the decrease in 

all evaluated supermolecular structure parameters 

(Figures 1 and 2) with increased photoluminescent 

pigment content in the drawn modi� ed PP � bres. 

a)

b)

Figure 3: Dependencies of ! neness (a) and elongation 

at break (b) of undrawn and drawn modi! ed PP ! -

bres on photoluminescent pigment content

a)

b)

Figure 4: Dependencies of tenacity at break (a) and 

Young’s modulus (b) of undrawn and drawn modi! ed 

PP ! bres on photoluminescent pigment content
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a)

b)

Figure 6: E" ect of photoluminescent pigment with a 

content of 0.1; 0.2; 0.4 and 0.5 wt.% on the colour per-

formance of drawn modi! ed PP ! bres compared with 

drawn unmodi! ed PP ! bre (λ = 2.0) (! rst from the 

le# ) under daylight D65 (a) and under a UV lamp (b)

� e mechanical properties of modi� ed PP � bres 

correlate well with their supermolecular structure 

parameters.

Figures 5 and 6 show the e� ect of the photolumi-

nescent pigment content on the colour performance 

of undrawn and drawn (λ = 2.0) modi� ed PP � bres 

under a UV lamp.

Figures 5a and 6a clearly show that all prepared 

modi� ed PP � bres (undrawn and drawn) are white 

under daylight (D65). Under the UV lamp there is 

white only unmodi� ed standard PP � bre (undrawn 

in Figure 5b and drawn in Figure 6b) while the 

modi� ed PP � bres turn red. Colour intensity in-

creases as the content of photoluminescent pigment 

in PP � bres is increased.

Figure 7: E" ect of photoluminescent pigment with 

a content of 0.005; 0.01; 0.05; 0.1; 0.2; 0.3; 0.4 and 

0.5 wt.% on the colour performance of drawn mod-

i! ed PP ! bres compared with drawn unmodi! ed 

standard PP ! bre (λ = 2.0) (! rst from the le# ) un-

der a UV lamp

It is evident from Figure 7 that even a low content 

(about 0.10 wt.%, sample 5 from le#  to right) of the 

evaluated photoluminescent pigment provides a 

clearly visible colour change under a UV lamp. Low-

er contents of photoluminescent pigment (<0.1 wt.%) 

can be measured via UV detection equipment, such 

as a hand-held scanner or lab spectrometer.

4 Conclusion

� e stability of the spinning and drawing process of 

the studied PP/ photoluminescent pigment system 

over the entire evaluated concentration range of pig-

ment (0.005–0.5 wt.%) was comparable with the sta-

bility of unmodi� ed standard PP. It follows that the 

studied modi� ed polymer system is � bre-forming 

and processes stably over the entire concentration 

a)

b)

Figure 5: E" ect of photoluminescent pigment with a 

content of 0.1; 0.2; 0.4 and 0.5 wt.% on the colour 

performance of undrawn modi! ed PP ! bres com-

pared with unmodi! ed PP ! bre (! rst from the le# ) 

under daylight D65 (a) and under a UV lamp (b)
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range of photoluminescent pigment. � e basic de-

pendencies of photoluminescent pigment content 

and uniaxial deformation on supermolecular struc-

ture parameters, together with the basic mechanical 

properties of undrawn and drawn modi� ed PP � bres, 

were evaluated. It was determined that the particles 

of the inorganic pigment inhibit the orientation of PP 

macromolecular chains in the direction of the � bre 

axis in the spinning zone and in the process of uniax-

ial deformation. � is was seen as a reduction in pa-

rameters relating to the orientation of the supermo-

lecular structure of drawn � bres and the mechanical 

properties (tenacity and Young’s modulus) of drawn 

modi� ed PP � bres due to the increased content of 

pigment in PP � bres. On the other hand, uniaxial de-

formation signi� cantly increased the tenacity and 

Young’s modulus of � bres over the entire evaluated 

range of photoluminescent pigment content in drawn 

modi� ed � bres compared with undrawn PP � bres.

From a procedural and technological point of view, 

the evaluated photoluminescent pigment can be 

used as tool for the protection of original products, 

as even a low content (about 0.10 wt.%) of the eval-

uated photoluminescent pigment provides a clearly 

visible colour change under a UV lamp. Lower con-

tents of photoluminescent pigment (<0.1 wt.%) are 

measured via UV detection equipment, such as a 

hand-held scanner of lab spectrometer, where opti-

cal excitation creates an individual spectral pattern 

that facilitates unambiguous authentication. � e re-

sulting spectral information can be digitised and 

thus compared with recorded reference data.
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