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Abstract

:

Featured Application


Functional packaging, temperature monitoring, hidden information, security of printed products, brand protection.




Abstract


In the present research, properties and performance of special effect printing inks were observed with the aim of obtaining a printed product with dual functional properties. Thermochromic liquid crystal-based printing ink (TLC) and UV-visible (daylight invisible) fluorescent inks (UVF), pure and as hybrid ink systems, were printed using a screen-printing technique on two types of uncoated paper substrates. Characterization of the paper substrates was performed, as well as detailed analysis of printed layers. Thickness, surface roughness, surface free energy, and adhesion parameters of printed layers were analysed. Spectral reflectance of pure UVF and TLC printing inks, as well as the spectral reflectance of the proposed hybrid ink systems were measured. The thermochromic effect of the TLC ink and hybrid systems was analysed. Microscopy was used to display the visual colour play effect and the effect of the fluorescence. Results of the measurements showed high compatibility of used materials in the proposed hybrid ink systems. Since the effect of luminescence and the colour play effect in the hybrid systems were preserved, it can be concluded that TLC/UVF hybrid ink systems can find their application in the development of functional packaging and in all other applications with special requirements for temperature monitoring and hidden information for different products.
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1. Introduction


Special effect printing inks are nowadays widely used for different applications and in different industries. The effect achieved by applying a special ink on the substrate, usually in combination with other inks, gives the product a certain added value. In this research two types of special inks were used, thermochromic printing ink and UV-visible (daylight invisible) fluorescent ink as a hybrid printing ink systems with dual functional properties.



Thermochromic (TC) printing inks change their colour as a response to temperature change [1]. Two major types of TC ink apply either leuco dye-based TC composites or thermochromic liquid crystals (TLCs). These inks contain microencapsulated active material, the thermochromic “pigments”, dispersed in a suitable binder. The colouration properties are determined by the active material, whereas the binder defines the printing and drying technology [2,3]. Thermochromic printing inks can be used in several different applications such as temperature indicators, intelligent packaging, security printing, textile, brand protection, and marketing [2,4,5,6].



TLC inks have special effect inside their temperature activation range, also referred to as the “bandwidth” or “colour play interval” [7,8]. The temperature activation region of the TLC ink has several degrees and is defined by the producer. The ink is active, i.e., changes colour inside this region, but is colourless outside of it. Every TLC ink has its activation temperature TA, the point at which, during heating, the colour starts to change. This type of printing ink is the only one so far known for this colour play effect. After reaching the TA and with further heating, the effect starts with the appearance of red colour, followed by orange, yellow, green, blue, and violet [7,9]. Each of these colours is limited to a narrow temperature interval (White MA, Leblanc, 1999). Above the upper threshold of the activation range, the violet colour disappears, and the TLC ink becomes colourless again. The temperature required to reach the colourless stage is called the “clearing point” [7,10]. Our previous experiments have shown the colour cycles of TLC inks to be reversible [11].



The microencapsulated cholesteric or chiral nematic liquid crystals reflect the light on the helical structure formed inside the activation region (i.e., chiral nematic mesophase). This occurs at wavelengths equal to the optical value of the pitch length of the helix. In TLCs, the length of the helix depends on the temperature, which shifts the reflection peak across the spectrum-producing structural colour [5,7].



Microencapsulation prevents the adjacent of TLC drops from fusion or splitting and protects the active material from degradation by chemicals such as fats, greases, and solvents [5]. The protection from harmful effects of UV radiation is very poor and previous research has shown that TLC ink deteriorates in a short time if the prints are unprotected. Therefore, applications with unprotected TLC inks are suitable only for indoor purposes and for lighting conditions where no prolonged exposure to UV light is present [12].



The colour play effect of TLC inks is only clearly visible when the ink is printed on a black substrate, which can absorb the greatest part of the light transmitted through the ink layer [10,13]. In such conditions, the spectral reflection obtains clearly visible iridescent colours [14,15]. On a white substrate, most of this light is backscattered, virtually obscuring the low light intensity reflected from the molecular pitch [10].



Distinctive limitations of TLC ink in printing, handling, and combining with other printing materials puts a great challenge in development of temperature—sensitive applications and other hybrid systems.



For the purpose of this research, a hybrid printing ink systems with dual functional properties obtained in combination of two special effect printing inks, i.e., TLC printing ink and UV-visible fluorescent printing inks, are proposed.



UV-visible fluorescent pigments/inks used in this research are invisible in the daylight, only being visible when exposed to UV radiation. Because of their original properties, they belong to a group of luminescent materials; i.e., they have the possibility of absorbing the UV radiation, and re-emitting photons of a different radiation. The effect of fluorescence lasts only as long as the primary radiation acts, after which it stops almost immediately [16,17,18]. This characteristic gives them an original application and in the last decades, they have been used in the decorative and packaging industry for highlighting markers, in document security applications, and the tagging of postage stamps, etc. [19,20,21,22].



UV-visible (daylight invisible) fluorescent inks (UVF) can be used in different printing processes. Most commonly, they are used in a screen-printing technique by mixing the UV fluorescent pigment with the transparent base. Furthermore, UV fluorescent inks can be used in the form of a varnish in flexography, offset printing techniques, and in relief printing [23,24,25]. Research published before showed the possibilities of printing with UVF inks on paper substrates using the screen-printing technique by addition of silicon dioxide (SiO2) and titanium dioxide (TiO2) nanoparticles into the UVF inks. Inks were prepared by the addition of fluorescent pigment into a transparent base. Results of that research showed that the addition of nanoparticles does not cause any significant change in the visibility of the fluorescence effect. The research also addressed the influence of the aging process on the stability of fluorescent prints and concluded that the addition of nanoparticles could have a positive impact on the fading of the UVF prints and on the observed chemical and mechanical characteristics of printed coatings [26]. To observe the influence of the addition of SiO2 and TiO2 nanoparticles in the varnish used in flexography, the fluorescent varnish was printed on polyester substrate, woodfree uncoated paper, and 100% recycled packaging paper [27,28]. Results demonstrated the possibilities of achieving fluorescent phenomena by application of fluorescent inks on different printing substrates with different surface properties. The authors in [25] investigated the effects of ink media on the fluorescence properties of fluorescent dyes used in the offset-printing technique. The effect of fluorescence was observed in digital electrophotographic printing processes as well [29].



Having in mind that the fluorescence effect can be used in different applications; research on this phenomenon is interesting from different aspects. It demands a complex approach in studying the interactions of fluorescent material with other materials in contact to meet the specific printing requirements and ensure their optimal functional application.



This research proposes a new functional printing ink with dual functional properties that could be used as a common hybrid system in the proposed combination. It includes pure TLC printing ink, as well as two hybrid ink systems based on the combination of TLC and UV-visible fluorescent pigments/printing inks, printed on two types of black uncoated paper substrates. The combination of these materials could be used in the development of functional packaging, security applications, and brand protection, as well as all other applications with special requests for temperature monitoring (TLC) and possible hidden information (UVF). It is important to emphasize that both TLC and UVF inks are prone to degradation during prolonged exposure to UV radiation. Therefore, the application of the hybrid ink systems presented in this research is limited to an environment without constant exposure to UV wavelengths. The presented hybrid ink systems are intended to be exposed to UV radiation only for a moment, when checking the authenticity of the print or looking for a specific marking, since this is the primary purpose of the UVF component.




2. Materials and Methods


The aim of this research was to obtain a functional printed product in a hybrid TLC–UVF ink system. Measurement and analysis methods performed in this research were aimed at characterizing all components of the produced printed product, i.e., printing substrates and prepared inks, and an analysis of the surface interaction of the printed layers and substrates. This approach is important for determining the functionality and applicability of the printed product.



2.1. Materials


In this research, two types of printing inks were used: TLC ink, and UVF printing ink/pigment.



TLC ink used in this research had water-based formulation (Printcolor, Berikon, Aargau, Switzerland). According to the specification of the TLC ink given by the producer, TA is at 25 °C and has a 5 °C activation region. TLC ink becomes red at 25 °C, turns to green at 26 °C, and to blue at 30 °C; above 44 °C and below 25 °C it is expected to be colourless.



UVF red ink consisted of UV-visible (daylight invisible) fluorescent red pigment (UVFp) by Cestisa mixed in a water-based transparent base PLASTOLAK K73990K1 by Epta Inks (Eptanova S.R.L., Albiate, Italy). Fluorescent red pigment was added into the transparent base in the mass concentration of 3%.



Prepared inks were applied on the two types of recycled black uncoated papers: UT Tray Black (UT) (Mayr-Melnhof Karton Hirschwang Gesellschaft m.b.H., Vienna, Austria), grammage 425 gm−2, a high quality recycled cardboard with requirements suitable for fruit and vegetable trays and a Cotton Black (CB) (Avery Dennison Materials Group Europe, The Netherlands), 120 gm−2, uncoated matt 100% cotton paper suitable for labelling of high and premium goods (spirits, specialist foods, etc.). UT Tray Black (UT) has black top side and brown reverse side, including environmentally friendly moisture barrier, as stated in technical sheet. UT’s black top side is pre-printed, while CB paper substrate is coloured in mass. These substrates were selected for this research based on the previously published results, which showed a strong colour play effect on both paper substrates [30].




2.2. Methods


2.2.1. Hybrid Ink Systems


In order to obtain a functional printed product using hybrid ink systems, TLC and UVF printing inks were prepared and applied on the printed substrates by using the screen-printing technique. In the first phase, a pure TLC and UVF printing inks were printed on the UT and CB substrates. Pure printing inks were applied and characterized in order to compare the obtained results with the results of measurements of printed hybrid ink systems. In the next phase, hybrid systems were prepared and printed. First hybrid system consisted of two printed layers. TLC ink was printed on substrate and after the drying, the TLC printed layer was covered with a layer of UVF ink. UVF ink was prepared before the printing process, by mixing the UVF pigment in the transparent base in 3% mass concentration [26]. The designation of this system is UVF on TLC. Second hybrid system consisted of one printed layer. For this system, UVF pigment was directly mixed into the TLC ink (no transparent base was used). The mass concentration of UVF red pigment was 3% according to the previously published research [26]. The designation of this system is UVFp in TLC.




2.2.2. Printing Process


Printing inks were screen printed on two types of black papers (UT and CB) and the papers were conditioned prior to the printing at a temperature of 24 ± 1 °C and 50–55% relative humidity. For the purpose of printing process, a printing plate with a mesh density of 43 lines cm−1 was prepared (SEFAR® PET 1500 43/110-80 polyester mesh with 149 μm openings). Printing process was performed using a screen-printing machine by Bochonow (Drucktisch 2000 50/70) and the printed samples were air-dried for 48 h at a temperature of 25 ± 2 °C after the printing process.




2.2.3. Characterization Methods


Smoothness of both paper substrates was measured using PTI line Bekk tester (PTI Austria GmbH, Laakirchen, Austria) on 10 samples for each paper substrate (5 on felt and 5 on wire side of the paper), following ISO 5627 standard. Caliper was determined with a micrometre DGTB001 Thickness Gauge (Enrico Toniolo S.r.l., Milano, Italy) and was measured on 20 samples for each paper substrate according to ISO 534:2011.



Surface roughness of substrates and applied printing inks were measured in order to define the influence of roughness on the characteristics of observed ink systems. According to [31], substrates with different surface roughness play a crucial role in determining the optical properties of deposited materials, especially in the area of functional coatings. Considering the fact that two types of substrates were used in this work, the assumption was that their surface structures might affect the physical–chemical interactions between the materials and the visual response of the observed hybrid systems. Research published previously [32,33] report on the influence of rough surface on surface free energy (SFE) and the interactions between the substances in contact.



The profiling methods and roughness parameters were defined by international standards (ISO 11562, DIN 4777, DIN 4762). Three basic roughness parameters were measured: Ra-the arithmetic mean deviation of the profile (ISO 4287); Rz (ISO)-mean height of unevenness in ten points, numerically the difference in mean height between the five highest peaks and the five lowest peaks within the reference length (ISO 4287); Rmax-maximum roughness depth is the largest single roughness depth within the evaluation length (ISO 4287).



The roughness instrument MarSurf PS 10 (Mahr GmbH, Gottingen, Germany) with the stylus method was used. The diameter of a stylus was 2 µm and measuring force was 0.00075 N. Measurement was performed ten times in two directions (in the fibre direction and in the opposite direction), on each sample and the results of a mean value were presented.



Printed ink thickness was measured by means of a SaluTron D4-Fe device (Frechen, Germany). The SaluTron D4-Fe works on the magnetic induction principle and measures all nonmagnetic surfaces. The results of the ink thickness were used to identify the possible influence of the thickness on the visual response of printed inks.



Surface free energy (SFE) and contact angles on samples were analysed using the Data Physics OCA 30 goniometer (DataPhysics Instruments GmbH, Filderstadt, Germany). Three referent liquids of known surface tension (demineralized water, diiodomethane, and glycerol) were applied on the substrates without prints and on the printed ink layers. Contact angles were measured by Sessile drop method, the shape of the drop was a spherical cap, and the volume of the drop was 1 µL. Ten drops of each liquid were applied on each sample and the mean value was calculated. All measurements of the contact angles were performed at 0.4 s after the drop had touched the measured substrate. Surface tension of the referent liquids and their contact angles were used to calculate SFE (γ) and its dispersive (γd) and polar (γp) components on all samples by using the Owens, Wendt, Rabel, and Kaelble (OWRK) method [34,35,36,37,38]. Total, dispersive, and polar surface tension components of probe liquids expressed in mJ/m2 were respectively: diiodomethane—50.8, 50.8, and 0; glycerol—64.0, 34.0, and 30.0; and water—72.8, 21.8, and 51.0. Calculation of SFE provides the insight into the important surface properties of the printed layers and substrate, and enable the characterization of the material interactions [39].



From the obtained SFE adhesion, the parameters (surface free energy of the interphase (γ12), work of adhesion (W12), and wetting coefficient (S12)) were calculated. The work of adhesion (W12) Equation (1) between the substrates, TLC ink, UVF ink, and hybrid ink system was defined in order to predict the strength of interactions [35,40,41]:


   W  12   =  γ 1  +  γ 2  −  γ  12   ,  



(1)




where the subscript refers to SFE of the solids in contact and the γ12 denotes the surface free energy of the interphase. Surface free energy of the interphase was calculated according to Equation (2):


   γ  12   =  γ  1 +    γ  2     − 2      γ 1 d       γ 2 d  − 2      γ 1 p       γ 2 p   



(2)







The wetting coefficient (S12) indicates that an ink will spontaneously spread on the solid surface if the value is positive or equal to zero, while the negative value implies that the wetting is not complete, Equation (3):


   S  12   =  γ 1  −  γ 2  −      γ    12   ,    



(3)




where γ1 and γ2 denote SFE of the solid layers in contact (ink layer and substrate layer); and γ12 denotes SFE of their interface. Temperature-dependent optical properties of the prints containing TLC ink were measured in a temperature range from 20 to 47 °C. Spectral reflectance of the samples was measured in spectral region between 400 and 700 nm, in 1 nm steps, using fibre-based USB 2000+ portable spectrometer (Ocean Optics, Orlando, FL, USA) with 30 mm wide integrating sphere (ISP-30-8-RGT) with (8°:di) measuring geometry and 6 mm sampling port diameter. SpectraSuite software by Ocean Optics was used to calculate the CIELAB L*, a*, and b* values taking into account the D50 illuminant and 2° standard observer. The printed samples were temperature controlled using the surface of a water block (EK Water Blocks; EKWB d.o.o., Komenda, Slovenia) [10,42]. Spectral reflectance of the printed layer containing UVF pigment was measured using the Ocean Optics USB 2000+ spectrometer (Ocean Optics, Orlando, FL, USA) and Deuterium-Tungsten Halogen UV light source DH-2000.



Microscopy of samples was performed by means of an Olympus BX51 microscope (Tokyo, Japan) at different magnifications in order to evaluate the surface structures of the substrates and the arrangement of TCL crystals and UVF pigments in the observed systems.






3. Results and Discussion


3.1. Characterisation of the Paper Substrates


Table 1 presents the results of smoothness and calliper measured on both paper substrates. One can see that UT paper has higher smoothness in comparison to CB paper. It amounts 11.94 s, and for CB paper it amounts 0.68 s. According to these results, one can see that CB paper has significantly more expressed surface irregularities. Calliper values show that UT paper has higher thickness (0.617 mm) than CB paper (0.293 mm).



Figure 1 presents microscopic images of used substrates UT (a) and CB (b) papers, under magnification of 200×. One can see that papers have similar surface structure with intertwined fibres arranged in different directions forming a complex structure of the surface.



Table 2 presents the results of measured roughness parameters Ra, Rz, and Rmax. It can be observed that CB paper has rougher surface in comparison to UT paper. All the measured parameters have more expressed surface deviations on CB paper.



The Ra parameter, which describes arithmetic mean deviation of the profile, has three times the value (6.940 µm) of the UT sample (2.392 µm). Rz and Rmax parameters have significantly higher values as well, indicating the more uneven and irregular structure of CB paper. Rz parameter, which defines the mean height of unevenness in ten points, equals 12.425 µm on UT paper and 36.642 µm on CB. Rmax parameter, indicating the largest single roughness depth of the surface, amounts to 16.539 µm on UT paper and 45.022 µm on CB. Surface profiles, presented in Figure 2, indicate the difference in surface structures of the observed papers. The deviation of the surface structure from the baseline profile level is expressed more on the CB paper, it amounts to between −20 μm and 20 μm. The UT paper has a relative deviation from the baseline profile level between −10 μm and 10 μm. The results of measurements of the surface roughness parameters correspond to the smoothness results, presented in Table 1.




3.2. Thickness of the Printed Layers


The results of the ink thickness were used to observe the uniformity of the printed layers and to identify the possible relation of the thickness on the visual response (thermochromic and fluorescence effect) of printed inks. Table 3 presents the thickness of the TLC and UVF printing inks and the thickness of the hybrid ink systems printed on both substrates.



From the results presented in Table 3, one can see that the thickness of the printed pure inks is relatively uniform on both paper substrates. It varies between 19.286 µm and 20.833 µm. CB paper gives slightly higher values of thickness, due to possible better transfer of the ink during the printing process and better adhesion of the inks on the substrate. A significantly higher thickness of the layers was measured on the double-layered hybrid systems, where one layer was printed over the other (UVF on TLC). It amounted to 30.714 µm on UT paper and 32.333 µm on CB paper. Despite the application of mono-layers of about 20 µm, the double-layered ink system obviously does not give a double value of thickness. Most likely, during the printing and drying process of the inks, in addition to the penetration of the ink into the structure of the paper, there is an interaction and additional bonding of the layers of the printed UVF and TLC inks. In Table 3, one can see that a hybrid UVFp in the TLC system gives slightly higher values of thickness on both substrates. These results were expected due to the addition of UVFp into the TLC ink and the forming of a hybrid printing ink containing thermo-responsive microcapsules and particles of fluorescent pigments.




3.3. Roughness Parameters of the Prints


Roughness of the prints made by pure TLC ink, pure UVF ink, and of the printed hybrid ink systems were observed in order to define the influence of surface roughness of the substrates on the optical properties and adhesion of the materials in contact. Table 4 presents results of the measured roughness parameters. Based on those results and the results presented in Table 2, one can see that the roughness parameters decreased after the printing for almost all samples. Ra parameter measured on UT paper has the lowest values on the prints made by UVF ink (UVF/UT) and equals 1.890 µm. Probably, the fluorescent pigment mixed in a transparent base, better fills and overlays the surface irregularities, resulting in the lowest values of roughness parameters. The highest value of roughness is measured on a layer printed in a hybrid ink system UVF on TLC/UT (Ra is 2.241 µm). When observing the roughness of the CB paper substrate, one can see that the printed layers cause a significant decrease in surface irregularities. The lowest values of all parameters are measured on layers printed with UVF ink (UVF/CB), the same as it is detected on UT paper (Ra is 3.943 µm, for 3 µm smaller than that measured on the CB surface). Bearing in mind that all roughness parameters decreased after the printing, it can obviously be said that the UVF ink layer evenly overlays all irregularities in the surface structure, i.e., the depressions between the fibres and the raised structures in the surface (depths and peaks). When observing hybrid ink systems printed on CB, one can see that printed layers cause a decrease in roughness parameters, especially Rmax parameter. It is decreased by ca. 50%, in relation to the CB paper structure. Obviously, during the printing process and drying of the prints, microcapsules in TLC ink and particles of fluorescent pigments uniformly fill the depressions between the fibres in the paper.




3.4. Surface Free Energy and Adhesion Parameters


Results of the surface free energy (SFE) calculations obtained from contact angle measurements (Table S1) are presented in Figure 3a,b. It is visible that both paper substrates have a dominant dispersive component of SFE, with CB paper having a more expressed polar component of SFE than UT paper. When TLC printing ink was printed on the substrates, the polarity of the new surface (and total SFE) increased.



Compared to the TLC printing ink, the printed layer of UVF ink on both papers displayed the dominance of the dispersive component of SFE, with the polar component being negligible. Therefore, it can be concluded that the uniform layer of UVF ink with complete coverage was printed on the CB and UT substrates. Interesting results of SFE calculations can be observed when hybrid ink systems are printed on two different papers. UVFp in TLC printed on CB paper displays the highest SFE values among the hybrid ink surfaces (48.65 mJ/m2). This can be attributed to the highest measured roughness parameters (Table 4). The results of SFE calculations are in the accordance with SFE values of TLC ink printed on papers, as well as with the hydrophobicity of the UVF ink [26,30]. In general, surfaces of hybrid ink systems printed on CB paper presented higher SFE than prints on UT paper. Therefore, adhesion parameters are of importance for the assessment of the interactions between different papers and between the printed ink layers used in this research.



Results of the calculated adhesion parameters are presented in Table 5. When assessing the strength of the interaction, all three parameters should be considered—work of adhesion (W12) should be as high as possible, interfacial tension (   γ  12    ) should be close to zero, and wetting coefficient (S12) should be positive or equal to zero.



Observing Table 5, it can be concluded that the adhesion between the papers and the layer of TLC ink is not optimal because of the high interfacial tension and negative values of wetting coefficients. Higher work of adhesion—work that is necessary to separate two layers—was achieved between CB and TLC than between UT and TLC (93.96 vs. 77.72 mJ/m2). Furthermore, when observing all three adhesion parameters for the samples with printed UVF ink layer, it can be concluded that the adhesion of UVF ink on CB paper was better than on UT paper in terms of the higher W12 (74.23 vs. 62.72 mJ/m2), and the wetting coefficient was lower than for UVF ink on UT (7.37 vs. 18.23 mJ/m2), pointing to the better wetting of UVF ink on CB substrate. Interfacial tension is lower between UT paper and UVF ink, than between CB paper and UVF ink.



In hybrid ink systems (UVFp in TLC, and UVF on TLC), the highest work of adhesion was present between CB paper and UVFp in TLC (92.4 mJ/m2), while the lowest work of adhesion was displayed between UT paper and UVFp in TLC (55.87 mJ/m2). Interfacial tension was positive for all samples, but the values were not close to zero. This points to the conclusion that the surfaces in contact have a tendency to separate. Highest interfacial tension was measured between TLC and UVF on CB substrate (14.38 mJ/cm2), and lowest between UVF ink and UT substrate (4.52 mJ/cm2). Apart from the hybrid ink systems, high values of interfacial tension were also measured between the substrates and TLC ink. Generally, TLC inks have a tendency to be poorly resistant to abrasion and are therefore demanding to work with. For this reason, TLC inks and hybrid ink systems presented in this research could benefit from a protective coating or other form of mechanical protection or adhesion improvement. Furthermore, the wetting coefficient was not optimal between the papers and in-between the hybrid ink layers. Since all wetting coefficients in the TLC/UVF systems (except TLC–UVF on CB substrate with high wetting coefficient of 12.73 mJ/m2) presented negative values, it can be concluded that the wetting between the layers was generally not complete. This occurrence is generally not favourable, but a negative wetting coefficient in the printing process can decrease the unevenness of the print called mottling, resulting with the improved print quality [43].



It can be concluded that the best adhesion in hybrid ink systems was achieved between the CB paper and UVFp in the TLC hybrid ink. Compared to UVFp in the TLC hybrid, higher interfacial tension and values of the wetting coefficient further from zero between TLC and UVF layers pointed to weaker adhesion in the hybrid systems with UVF ink overlayed on TLC ink.




3.5. Spectral Reflectance of Prints


The results of spectral reflectance measurements of the printed UVF ink and hybrid ink systems are presented in Figure 4a,b. Peaks detected in the range of 580–660 nm correspond to the spectral reflectance of the used UVF red, Eu3+ -based pigment [26].



In Figure 4a, spectral reflectance of the UVF ink systems on UT paper can be seen. It can be seen that that the UVFp in TLC displays the highest spectral reflectance in the wavelength area of interest compared to the other ink systems. This occurrence can be attributed to the influence of the transparent base on the decrease in reflectance in UVF and UVF on TLC ink systems. Furthermore, it can be concluded that TLC ink does not cause any changes in the reflectance spectra of the UVF pigment.



A similar situation is observable for the reflectance spectra of UVF and hybrid ink systems on CB paper, presented in Figure 4b. Previous research [30] has shown that CB paper is a highly suitable printing substrate for TLC ink, and the same can be concluded for UVF ink/pigment printed on CB paper. Reflectance of the UVFp in TLC is higher compared to the same hybrid ink on UT paper (31.5% vs. 29% of maximal reflectance). The purpose of the spectral reflectance measurements of UVF ink in hybrid systems was to evaluate the performance of the UV fluorescent pigment when combined with TLC ink. Since the reflectance spectra showed no significant decrease in intensity or changes in UVF pigment peaks, it can be concluded that used TLC ink is suitable for the combination with used UVF pigment and applied on the appropriate substrates.



The reflectance spectra of the TLC ink printed on UT and CB paper substates are shown in Figure 5 and Figure 6. When the functional material inside the “pigments”, i.e., microcapsules, is in the chiral nematic/cholesteric phase, a single reflection peak occurs, representing the spectral characteristic of the colour play effect. This peak moves across the visible range as a function of the temperature. Inside temperature activation range of TLC printing ink, temperature-dependent colours are clearly observable. As the samples of TLC ink printed on UT and CB paper substates show, the effect starts at 26 °C, which peaks at 626 nm for CB, showing red colour. At the same temperature, the TLC sample with UT substrate peaks at 595 nm, where the colour becomes orange. With further increase in temperature, the peak of reflectance spectra shifts towards shorter wavelengths and narrows. As the temperature rises over 32 °C, the peak shifts outside of the visible region (below 400 nm) and disappears completely above 44 °C, when TLC turns into isotropic liquid. This temperature is commonly referred to as the clearing point (Jakovljević et al., 2017). Although reflectance spectra of TLC ink are very similar on both paper substates, UT shows more statics, especially at higher temperatures.



Reflectance spectra of all temperature-dependant printed samples at 27 °C for UT and CB paper substrates are shown in Figure 7a,b. Spectral reflectance of TLC on UT substrate peaks at about 550 nm, resulting in green colour of the sample, UVFp in TLC peaks at 572 nm (yellow), and UVF on TLC at 615 nm (orange). UVF pigment in TLC ink changes the effect of pure TLC ink, shifting the reflectance peaks towards higher wavelengths, which are more pronounced for UVF on the TLC sample. For CB substrate, UVF on TLC and UVFp in TLC have peaks at approximately the same wavelengths as for UT, but TLC peaks at 580 nm, differ from UT substrate by 30 nm and show another colour (yellow). The reason for this effect could be thickness of the UT paper substrate, which affects temperature-dependant measurements. Both hybrid ink systems, UVF on TLC and UVFp in TLC, show peaks at 620 nm because of fluorescent pigment that is detected during measurements, even without UV light.



Results are similar for TLC and hybrid ink systems printed on UT and CB substrates at 29 °C (Figure 8a,b). Reflectance spectra of pure TLC ink peaks at 494 nm for UT, and for CB at 500 nm, which occurs as a green colour of the printed sample; here the difference between the UT and CB samples is only 6 nm, which is almost imperceptible compared to the difference between UT and CB at 27 °C (Figure 7a,b). UVFp in TLC peaks at about 503 nm for both UT and CB but has a higher peak for CB substrate, which also applies to the samples measured at 27 °C. UVF on TLC peaks at about 530 nm for both UT and CB substrates.



Further increase in temperature resulted in fewer differences between spectral reflectance peaks for TLC and hybrid ink systems. The samples printed on UT and CB paper substrates were measured at 31 °C and the results are shown in Figure 9a,b. TLC and UVFp in TLC peak are about 460 nm for both UT and CB paper substrate. UVF on TLC peaks at 480 nm for UT, while the peak for CB cannot be determined exactly because of high device statics.



Colorimetric analysis (Tables S2 and S3) was used to describe thermochromic colour play effect of liquid crystals in pure TLC printing ink, as well as hybrid ink systems with TLCs and UVF pigment. The CIELAB colour values of all samples printed on UT substrate were calculated from the corresponding reflectance spectra shown in Figure 10.



Both pure TLC and hybrid ink systems show full colour play effect caused by the chiral nematic/cholesteric phase of TLCs (Figure 10a). This effect implies the red-green (a*) and yellow-blue (b*) values start and end at almost the same points of the (a*,b*) graph, showing the colour of the sample in an isotropic phase of the TLC, where no colour has developed. At intermediate temperatures, where the chiral nematic/cholesteric phase produces the single reflection peak, the entire loop is formed, exhibiting a thermochromic effect [11]. All three measurements form a similar loop, but some differences do occur. Pure TLC results in the most intense colour play effect, forming the widest loop in (a*,b*) graph. The loops of UVF on TLC and UVFp in TLC (Figure 10a) cover a smaller area in comparison with pure TLC, showing less intense thermochromic effect, especially in some parts of the spectrum, for example, UVF on TLC—in the blue part. The temperature-dependent diagram shows these differences in more detail, including lightness L* measured at each individual temperature of the printed sample (Figure 10b). Each curve extends from 20 to 47 °C, where the reflection peak appears invisible. A single maximum occurs in each L* (T) curve in the yellow-green region, where the colour has the highest lightness L*. Inside the temperature activation region, L*max occurs at almost the same temperature for all samples (Table 6). The intensity of lightness ΔL*max is the highest for TLC, then follows UVF on TLC and UVFp in TLC (Table 6; Figure 10).



Pure TLC on CB shows similar results to that of the UT paper substrate, experiencing the most intense colour play effect. UVFp in TLC shows a slightly less diminished effect within the same curve limits of pure TLC, while UVF on TLC has the weakest thermochromic colour play effect. The reason for this less intense thermochromic effect of hybrid ink systems printed on both substrates could be the composition of the UVF printing ink, i.e., UVF layer printed over TLCs, which most probably decreases selective reflection of liquid crystals by partially absorbing light through the UVF layer. This effect occurs to a lesser extent and the results in the L* (T) graph confirms that claim (Figure 11); L*max has almost the same values for all samples, with a maximal difference of 1.19 (L* is 37.5 for TLC and 36.31 for UVFp in TLC). L*max for TLC and UVF in TLC occurs at 27.5 °C, and for UVFp in TLC at 27 °C. The intensity of lightness ΔL*max is the highest for TLC, then follows UVFp in TLC and UVF on TLC (Table 7; Figure 11).




3.6. Microscopy of Printed Inks


Microscopic images of the printed samples are presented in Figure 12 and Figure 13. The images were taken under same conditions at a room temperature of 25 ± 1 °C and 50–55% relative humidity. Images present the surfaces of prints produced in hybrid printing ink systems, printed on UT and CB paper substrates, captured without UV and exposed to UV radiation to ensure the visibility of the fluorescence effect.



Figure 12a–d presents images of hybrid ink systems printed on UT paper substrate. Observing Figure 12a,c, captured without exposure to UV radiation, one can conclude that visual observation of images corresponds to the results of spectral reflectance and the CIELAB colour values presented in Figure 5, Figure 7 and Figure 10.



It is obvious that in a UVFp in TLC hybrid system the mixing of the UVF pigment in the TLC printing ink causes the forming of a complex structure with properly distributed thermochromic and fluorescent pigments particles in the layer. By overlaying the TLC ink with UVF printing ink the distribution of particles is less visible due to the layer of UVF pigment mixed in the transparent base that diminishes the thermochromic effect to a certain extent. By exposing the printed hybrid systems to UV radiation (Figure 12b,d), one can see that the fluorescence effect is more expressed in UVF on the TLC printed layer. The reason for this is that overlaying the TLC ink with UVF printing ink enables a stronger visual response of fluorescent printing ink.



In Figure 13a–d one can see the microscopic images of hybrid ink systems printed on CB paper substrate. Since CB paper substrate has an extremely complex surface structure, with a more pronounced roughness than UT paper (Figure 1 and Figure 2; Table 2), the microscopic images show a different visual response of the observed samples in comparison to UT paper.



On the sample which is not exposed to UV radiation (Figure 13a), almost no response of either thermochromic or UVF effect is visible. Relatively uniform distribution of the ink layer on the surface can be seen. The sample exposed to UV radiation clearly shows the effect of fluorescence; although, the fibres and the structure of the substrate are notably expressed despite the double-layer application of inks (Figure 13b). In the hybrid system of UVFp in TLC (Figure 13c), the microcapsules in TLC ink are correctly distributed and the structure of the substrate is visible. On the sample exposed to UV radiation, the ink particles are very nicely expressed, and the fluorescent effect is visible with properly distributed thermochromic ink microcapsules.



Comparing visual effects visible on microscopic images of UT and CB paper substrates, one can say that CB substrate gives a higher visual effect of fluorescence and a more pronounced thermochromic effect in the observed hybrid ink systems. Probably, due to its surface characteristics, it expressed more roughness and higher values of printing ink thickness in comparison to UT paper, and better interaction in the printing process was achieved causing the positive dual-functional effect, as was confirmed by the presented measurement results. Nevertheless, both effects are visible in their respective ranges (temperature or wavelength) on both substrates.



Possible applications of presented hybrid ink systems can be used for a wide range of products that could benefit from dual added value: temperature sensing, and security applications/UV marking.



Specifically, the temperature activation region of the TLC ink used in this research was between 25 and 30 °C. This is the temperature region inside which colour play effect occurs, i.e., TLC ink shows its functional properties. TLC printing inks with an activation region between 25 and 30 °C could be used for temperature monitoring of certain products that have strict storage or serving instructions. For example, some cosmetic products are not recommended to be exposed to the temperatures above 25 °C, as well as some sorts of food products. The UVF component of the hybrid system can then enable the detection of authenticity of the product, which can help combat the rising rate of product counterfeiting. An example of a functional application of the proposed hybrid ink systems is a combination of the temperature indicator (TLC component of the hybrid ink system) and the brand protection control with the UVF component on the packaging made for chocolate or similar products that should not be stored at temperatures higher than 25–27 °C (some medications, certain wood varnishes, some chewing gums, etc.).





4. Conclusions


The aim of this research was to obtain a functional printed product in hybrid printing ink systems, by using two special effect printing inks, i.e., TLC ink and UV-visible fluorescent pigment/ink, on two types of black uncoated paper substrates (UT and CB).



Results of adhesion performance showed that higher work of adhesion was achieved between CB paper and TLC ink than between UT paper and TLC ink. The adhesion of UVF ink was better on CB paper as well. In hybrid ink systems, the highest work of adhesion was achieved between CB paper and UVFp in TLC ink, pointing to the highest level of interactions at the interface among hybrid samples. Interfacial tension and wetting coefficient were not optimal for most interfaces, pointing to the possibility of the separation of the layers in contact. In future research, this problem, generally present for TLC inks, should be addressed by additives and/or protective coatings.



Spectral reflectance of UVF ink and hybrid ink systems showed that TLC ink does not cause any changes in the reflectance spectra of the UVF printing ink. The highest spectral reflectance was measured on the UVFp in TLC prints compared to the other ink systems. It is concluded that used TLC ink is suitable for the combination with used UVF pigment in the proposed hybrid ink system.



Results of this research show that both pure TLC and hybrid ink systems based on combination of TLC and UVF inks/pigments have full colour play effect on both UT and CB paper substrates. This is important knowledge because it shows compatibility of highly sensitive TLC microcapsules and UVF ink/pigment, as well as their combination with chosen uncoated black paper substrates. Since UVF ink/pigment does not diminish the colour play effect of the TLCs in hybrid ink systems, it can be concluded that these systems have a special effect with several distinctive features in visible and UV parts of the spectrum.



Spectral reflectance measurements of printed samples showed that UT paper substrate is less stable than CB. These results are confirmed with colorimetric results of CIELAB and L*/T values. These results are related to the characteristics of paper substrate, regarding processing of black papers during production.



The samples of pure TLC and hybrid ink systems at defined temperatures (27, 29, and 31 °C) showed higher stability, i.e., mutual uniformity for CB paper substrate than for UT, for which this effect occurs only at higher temperature (31 °C).



The value of the offered printing ink systems is the dual functional–thermochromic effect used in smart packaging that is visible in daylight in a specific temperature range; and the second added value of the thermochromic print (or brand) protection is in terms of the authenticity given by UVF component of the hybrid system. Both added value features were applied on the same print (and in the same prepared ink in one of hybrid ink systems) for the first time. In this way, a new thermochromic ink with hidden security feature has been produced. Presented hybrid ink systems could find their application in development of functional packaging and all other applications with special requests for temperature monitoring (TLC) and possible hidden information (UVF); such applications could imply security and/or brand protection. Future research will go in direction of investigating and improving the light fastness of hybrid prints and their adhesion properties, as well as measuring the influence of UV radiation, temperature, and humidity on hybrid ink systems, as functional packaging in today’ s supply chains is exposed to different conditions, and needs to fulfil many strict demands.
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Figure 1. Microscopic images of the substrates: (a) UT; (b) CB (mag. 200×). 
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Figure 2. Surface profiles of the substrates: (top) UT; (bottom) CB. 
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Figure 3. Surface free energy components of papers and printed ink layers on: (a) UT paper; (b) CB paper. 
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Figure 4. Spectral reflectance of UVF pigment/ink printed on: (a) UT paper; (b) CB paper. 






Figure 4. Spectral reflectance of UVF pigment/ink printed on: (a) UT paper; (b) CB paper.



[image: Applsci 11 11414 g004]







[image: Applsci 11 11414 g005 550] 





Figure 5. Reflectance spectra of TLC ink printed on UT paper substrate. 
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Figure 6. Reflectance spectra of TLC ink printed on CB paper substrate. 






Figure 6. Reflectance spectra of TLC ink printed on CB paper substrate.



[image: Applsci 11 11414 g006]







[image: Applsci 11 11414 g007 550] 





Figure 7. Reflectance spectra of TLC, UVF on TLC, and UVFp in TLC, at 27 °C: (a) on UT paper substrate; (b) on CB paper substrate. 
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Figure 8. Reflectance spectra of TLC, UVF on TLC, and UVFp in TLC, at 29 °C: (a) on UT paper substrate; (b) on CB paper substrate. 
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Figure 9. Reflectance spectra of TLC, UVF on TLC, and UVFp in TLC, at 31 °C: (a) on UT paper substrate; (b) on CB paper substrate. 
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Figure 10. CIELAB colour values of TLC, UVF on TLC, and UVFp in TLC inks printed on UT paper substrate, presented as (a) (a*, b*); (b) L* (T) graphs. 
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Figure 11. CIELAB colour values of TLC, UVF on TLC, and UVFp in TLC inks printed on CB paper substrate, presented as (a) (a*,b*); (b) L* (T) graphs. 
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Figure 12. Microscopic images of: (a) UVF on TLC without UV; (b) UVF on TLC exposed to UV radiation; (c) UVFp in TLC without UV; (d) UVFp in TLC exposed to UV radiation; printed on UT paper substrate (mag 200×). 
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Figure 13. Microscopic images of: (a) UVF on TLC without UV; (b) UVF on TLC exposed to UV radiation; (c) UVFp in TLC without UV; (d) UVFp in TLC exposed to UV radiation; printed on CB paper substrate (mag 200×). 
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Table 1. Smoothness and calliper of paper substrates.
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	Paper Property
	Standard
	Measuring Unit
	UT
	CB





	Smoothness (Bekk method)
	ISO 5627
	s
	11.94
	0.68



	Calliper
	ISO 534:2011
	mm
	0.617
	0.293
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Table 2. Roughness parameters measured on paper substrates.
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	Substrates
	Ra (µm)
	SD
	Rz (µm)
	SD
	Rmax (µm)
	SD





	UT
	2.39
	0.17
	12.43
	0.82
	16.54
	2.28



	CB
	6.94
	0.69
	36.64
	2.09
	45.02
	5.76
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Table 3. Thickness of the printed layers.
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Printed Ink Layers

	

	
Thickness (µm)

	




	
UT

	
SD

	
CB

	
SD






	
TLC

	
19.29

	
1.37

	
20.43

	
1.50




	
UVF

	
19.52

	
1.18

	
20.83

	
1.41




	
UVF on TLC

	
30.71

	
2.05

	
32.33

	
2.18




	
UVFp in TLC

	
23.86

	
1.52

	
24.46

	
1.41
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Table 4. Roughness parameters measured on prints.
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	Samples
	Ra (μm)
	SD
	Rz (μm)
	SD
	Rmax (μm)
	SD





	TLC/UT
	2.19
	0.12
	12.31
	1.12
	15.54
	2.12



	UVF/UT
	1.89
	0.23
	10.71
	1.08
	15.23
	2.51



	UVF on TLC/UT
	2.24
	0.19
	12.90
	1.56
	19.21
	5.03



	UVFp in TLC/UT
	1.98
	0.16
	11.37
	1.07
	15.05
	5.79



	TLC/CB
	5.45
	0.40
	31.03
	3.49
	39.13
	5.53



	UVF/CB
	3.94
	0.64
	21.64
	4.05
	28.03
	4.48



	UVF on TLC/CB
	3.98
	0.35
	22.13
	2.45
	30.09
	4.62



	UVFp in TLC/CB
	4.88
	0.70
	25.98
	3.30
	32.87
	4.91
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Table 5. Adhesion parameters between the papers and printed ink layers.
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Adhesion Parameters (mJ/m2)




	
Surfaces of Interaction

	
      γ   12      

	
     W  12      

	
     S  12      






	
UT–TLC

	
12.88

	
77.72

	
−12.44




	
UT–UVF

	
4.52

	
62.72

	
18.23




	
UT–UVFp in TLC

	
10.19

	
55.87

	
−4.89




	
TLC–UVF (on UT)

	
13.30

	
66.45

	
−14.79




	
CB–TLC

	
13.10

	
93.96

	
−28.06




	
CB–UVF

	
7.63

	
74.23

	
7.37




	
CB–UVFp in TLC

	
10.11

	
92.40

	
−0.83




	
TLC–UVF (on CB)

	
14.38

	
66.82

	
12.73
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Table 6. Properties of pure TLC ink and hybrid ink systems printed on UT paper substrate: temperature at which the L* (T) curve has its maximum is denoted by T(L*max), and its intensity by ΔL*max. See also Figure 10.
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	Sample
	T(L*max) (°C)
	ΔL*max





	TLC
	27
	5.21



	UVF on TLC
	27.5
	4.82



	UVFp in TLC
	27.5
	4.09
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Table 7. Properties of pure TLC ink and hybrid ink systems printed on CB paper substrate: temperature at which the L*(T) curve has its maximum is denoted by T (L*max), and its intensity by ΔL*max. See also Figure 11.






Table 7. Properties of pure TLC ink and hybrid ink systems printed on CB paper substrate: temperature at which the L*(T) curve has its maximum is denoted by T (L*max), and its intensity by ΔL*max. See also Figure 11.





	Sample
	T(L*max) (°C)
	ΔL*max





	TLC
	27.5
	6.38



	UVF on TLC
	27.5
	4.42



	UVFp in TLC
	27
	5.49
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