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Abstract

:

We demonstrate a cost-effective, highly reliable/stable and environmentally friendly approach for the patterned colouring of a commercial transparent polyethylene terephthalate (PET). We show that different colour patterns (transparent, white/translucent, complete white/silver and different combinations of these three colours) can be realised in PET strips upon varying the speed during continuous stretching. The conditions for good quality colour patterns are investigated, and the length of transient region during speed change is investigated.
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1. Introduction


Upon stressing, some polymeric materials may become transparent, or turn to be translucent, white and even silver colour [1,2,3]. The latter type is generally called stress whitening. Refer to Figure S2a in the Supplementary Materials for an example of folding-induced whitening in a commercial transparent polyvinyl chloride (PVC) for overhead projectors. Stress whitening is a phenomenon that mostly we try to avoid in polymer processing.



Previously, it has been reported that polyethylene terephthalate (PET), a widely used colourless transparent engineering polymer, may appear to be transparent, white/translucent or silver in colour depending on the applied stretching speed, since different crystalline microstructures are formed at different stretching speeds. Systematic investigation (including morphology and X-ray diffraction analysis) has been carried out [3,4].



If we can control the colour patterns in a precise manner only by varying the stretching speed in a predetermined manner (as illustrated in Figure 1), this kind of colouring method could be the most environmentally friendly way and also highly reliable and stable when compared with not only the conventional colouring methods, such as coating/painting, but also the recently developed ones, such as structural colouring [5,6]. Of course, colouring via varying the speed in a single continuous stretching is also very much cost-effective, despite the fact that the number of colours that can be produced by this method is limited to, for instance, transparent, white/translucent and silver.



In this paper, a commercial transparent PET is used to demonstrate the feasibility of patterned colouring of its strips via variable-speed single stretching. Further investigation is also carried out to reveal the conditions in order to achieve precise colour patterns, which is critical in real applications.




2. Materials and Methods


PET films (0.5 mm thick, in roll) were bought from Tiansheng Plastic Material, Ltd., China. Dog-bone-shaped samples were manually cut from the films along the rolling direction according to the ASTM D638 Standard (Type V) (Figure 2). Differential scanning calorimetry (DSC) tests (using DSC Q200, TA Instruments, New Castle, DE 19720, USA) were conducted between 25 and 300 °C at a heating/cooling rate of 10 °C/min on smaller pieces cut out of the samples.



Dog-bone shaped samples were stretched using an Instron 5565 Testing System (Norwood, MA, USA) at room temperature (about 20 °C). Three strain rates, namely 0.01/s, 0.035/s and 0.1/s, were applied individually or in combination to up to 200% total strain. Two smart phones were used to record the samples during stretching, one for optical video and the other for infrared video (using an infrared USB lens from Seek Thermal, Goleta, CA, USA). A professional infrared camera (NEC SAN-EI INSTRUMENTS, LTD. TH71-717, Osaka, Japan) was used to capture a more accurate temperature distribution. Small pieces were cut from the samples stretched at different strain rates for DSC test as well following the same method mentioned above.



Photoelasticity is a traditional technique to reveal the internal stress field in transparent polymers [7,8]. In the course of the current study, the samples to be tested were placed between a computer monitor, which served as the source of polarised light, and a polarised lens. The photoelasticity images of the samples were taken by a camera behind the polarised lens. The actual colour of the photoelasticity image depends on the angle between the polarised lens and monitor (polarised light). A colourful photoelasticity image of a sample indicates the non-uniformity of the internal stress in the sample, whereas a single colour image means a rather uniform internal stress field.




3. Results and Discussion


Figure 3 shows the heat flow vs. temperature relationships in a thermal cycle of the as-received material and samples after being stretched at three different strain rates (namely, 0.01/s, 0.035/s and 0.1/s, which correspond to transparent, white/translucent and fully white samples, respectively). It reveals that for the original sample, upon heating the glass, transition occurred at around 70 °C. Upon further heating, the material crystallised at around 140 °C, followed by melting at about 245 °C. In the subsequent cooling process, the material crystalised at around 175 °C, and the glass transition appeared at about 80 °C. For the three pre-stretched samples, there was no crystallisation transition upon heating, which confirms the stress-induced crystallisation in these samples [3,4]. However, the latent heat upon heating to melting in pre-stretched samples was not the same, and all much higher than the original sample, which implies that the crystalline structures produced by heating (original sample) and stressing at different speeds are different [3,4].



Unless otherwise stated, herein the stress and strain are meant for the engineering stress and engineering strain, respectively.



Typical samples produced with different colour patterns are presented in Figure 4. In Figure 4a–c, one single strain rate was used (0.01/s, 0.035/s and 0.1/s, respectively); in Figure 4d,e, two strain rates (0.01/s and 0.1/s) were applied periodically during stretching; and in Figure 4f, three strain rates (0.01/s, 0.035/s and 0.1/s) were applied periodically. Refer to Video S1 in the Supplementary Materials for a typical video of a three-strain rate test.



Refer to Figure 5 for the actual strain rate vs. stretching strain relationship applied in each type of test, and the corresponding stress vs. strain curve in uniaxial stretching. As we can see from Figure 4a–c, a low strain rate of 0.01/s results in an almost transparent (colourless) sample, a medium strain rate of 0.035/s results in a white/translucent colour (maybe with some quasi-parallel white lines inside), and a high strain rate of 0.1/s results in a complete white colour. Corresponding to the strain rates of 0.01/s, 0.035/s and 0.1/s, the samples actually appear to be transparent, white and silver, respectively, under naked eyes. This kind of colour vs. strain rate relationship has been previously reported in, for instance [9], but mostly limited to only one speed during stretching. Varying the speed during stretching of polymers may result in different colours, but the resulted colour patterns may be very much irregular. Video S2 and Figure S3 in the Supplementary Materials show two examples of stretching polyvinyl chloride (PVC) strips at room temperature under periodically varied speed. As we can see, no regular colour patten can be observed.



Figure 5d–f show that a combination of these strain rates (either two or three) results in well-controlled colour patterns corresponding precisely to the applied periodic strain rate.



As revealed in Figure S2a in the Supplementary Materials, stress whitening occurs upon folding of this PVC at room temperature. However, upon heating to above its glass transition temperature, which is about 70 °C (refer to Figure S1 in the Supplementary Materials for the DSC result of this PVC), it turns to be fully transparent again. Hence, we may conclude that patterned colouring via stretching is not a generic approach applicable to any polymers without certain conditions.



The stress vs. strain relationships in Figure 5 clearly show necking and propagation in all samples in uniaxial stretching (also refer to Video S1 in the Supplementary Materials for typical necking and propagation features during stretching). At a low strain rate of 0.01/s, the corresponding plateau stress is much higher than those of other two strain rates. At a medium strain rate of 0.035/s, the resultant plateau stress is only slightly higher than that of the high strain rate of 0.1/s. Hence, we can see a kind of inverse strain rate effect, i.e., a higher strain rate results in a lower plateau stress during loading.



In Figure 6, infrared images (from the infrared video) taken simultaneously with the normal optical images (from normal optical video), reveal significant temperature increases around the propagation front. With the increase in the applied strain rate, the maximum temperature increases accordingly. Corresponding to the three different strain rates of 0.01/s, 0.035/s and 0.1/s, the maximum temperatures were 25 °C, 34 °C and 47 °C, respectively. More accurate infrared images of these three strain rates taken by the professional infrared camera are presented in Figure 7, where we can find that the corresponding maximum temperature increments were about 15 °C, 30 °C and 50 °C, respectively.



Upon heating to 100 °C, which is well above the glass transition temperature of this PET (refer to Figure 3), these samples did not change their colour patterns. Stress-induced crystallisation was confirmed [2,10,11] and the stability and reliability of this colouring method was verified.



It should be mentioned that the temperature revealed by the infrared method was the surface temperature of the tested samples. According to the DSC result in Figure 3, the glass transition of the original material started at about 70 °C. Apparently, depending on the temperature increment (and thus the stretching speed), the heat generated in the stress-induced crystallisation not only softens the material, but also provides assistant for the formation of different crystalline structures as previously reported [3,4].



Figure 8 is a typical sample pre-stretched at two different strain rates of 0.01/s and 0.1/s in a periodical manner. Figure 8a is the optical image, which shows an alternating white and transparent pattern. Figure 8b is the image of photoelasticity, in which there is no colour pattern within the transparent areas (stretched at 0.01/s, appearing as white here), whereas the photoelasticity did not work for the areas stretched at 0.1/s, as they were not transparent. Hence, it is concluded that there was no apparent stress variation in the sample.



However, for transparent PVC (refer to Figure S4 in the Supplementary Materials), a rainbow colour pattern (meant for high stress variation) was observed in the transparent areas. This may partially explain why regular colour pattern cannot be formed in PVC. Since there is no stress-induced crystallisation, a much lower temperature increment during stretching (refer to Video S2 in the Supplementary Materials) cannot significantly soften the material (refer to Figure S1 for its glass transition range) for the possibility of a more uniform deformation.



At this point, we may conclude that uniform deformation, stress-induced crystallisation and its resulted high temperature increment are important conditions to achieve patterned colouring via varying the speed during stretching. However, apparently these conditions are not sufficient, since at least some apparent additional conditions are required. For example, the material must be ductile and have long plateaus after yielding.



Figure 9 is the closer view of a sample pre-stretched at three different speeds varying in a periodical manner. Transition regions were observed between different coloured areas. From the real engineering application point of view, it is necessary to check the length of the transition region where the stretching speed is suddenly changed.




4. Simulations


The above propagation phenomenon upon stretching of PET strips is essentially a 1-D moving heat source problem [12]. Provided that the heat generated during crystallisation is a constant, both the moving speed (v) of the propagation front, which can be calculated based on the gauge length (L) and applied strain rate (  ε ˙  ) by


  v =  ε ˙  × L  



(1)




and the heat transfer conditions affect the thermal field around the propagation front.



In fact, a similar kind of moving heat source phenomenon has been well-known and widely investigated in stretching shape memory alloy (SMA) wires, in which the heat is generated by the stress-induced martensitic transformation, and the propagation of the phase transformation (from austenite to martensite) front is similar to the movement of the stress-induced crystallisation front observed in PET upon stretching [13].



In [14], two types of closed-form solutions for the thermal analysis of the moving heat source problem for SMA wires under stretching at a constant speed are given. Finite element analysis is also carried out to simulate the thermomechanical response of SMA wires (included with the moving transformation front phenomenon) upon stretching at a constant speed. Since our current study is focused only on the temperature distribution around the propagation front, the closed-form solution of thermal analysis is of our interest.



Refer to Section S3 in the Supplementary Materials for both solutions, one for the case that two fronts propagate in two opposite directions along the SMA wire (Figure S5a in the Supplementary Materials), and the other for the case that one front moves along one direction only (Figure S5b in the Supplementary Materials). Since the case of two-directional propagation was seldomly observed in PET, the closed-form solution of one-directional propagation is more relevant to our current study. Hence, the closed-form solution of one-directional case is used in this study.



As in the investigation of SMA wires upon stretching in [14], we assume that the thermal and physical properties of PET before and after stress-induced crystallisation do not change, and we convert the rectangular cross-section of PET into a circular cross-section with the same cross-sectional area. Based on the DSC results reported in Figure 3, the latent heat of each type of pre-stretched sample in melting upon heating is obtained. Refer to Table 1 for other parameters used in simulations. It is assumed that the environmental temperature is 0 °C. Therefore, the result of the simulation is the actual temperature increment.



Figure 10a (from top to bottom) reveals the evolution of temperature increment along the PET samples at three strain rates of 0.01/s, 0.035/s and 0.1/s, respectively. The maximum temperature increment in all cases was close to the experimentally obtained ones presented in Figure 7. In order to estimate the temperature field around the propagation front right after sudden change in loading speed (from vi to vj, i ≠ j), for simplicity, we took the steady state temperature distribution at vi as the initial thermal condition (red dotted lines in Figure 10a), and then superimposed it with the temperature distribution of vj presented in Figure 10a.



Figure 10b presents the results of six possible combinations of three strain rates (0.01/s, 0.035/s and 0.1/s). Although the simulation was only for estimation, it appeared that there was always a slight delay in thermal response to the change in speed, and the transient length was around 1 to 1.5 mm, depending on how the speed was changed.



In comparison with the typical sample with patterned colour in Figure 9, the actual transition region looked to be well less than 1 mm. There are a couple of reasons for the difference in transition length. While the simulation was only an estimation, and, practically, the change in stretching speed is always over a period of time, the actual resulted colour is affected by not only the loading speed, but also the actual temperature of the propagation front. A range of stretching speeds may result in about the same colour to naked eyes. In this study, three strain rates of 0.01/s, 0.035/s and 0.1/s were selected, because their resulted colours look more perfect and repeatable.




5. Conclusions


In this paper, we report a highly stable and cost-effective approach for patterned colouring. This approach is also environmentally friendly, since it only involves one single stretching of the material. Different colour patterns can be produced by varying the stretching speed, although the number of available colours is limited.



For the PET used in this study, the possible colours are limited to transparent, white/translucent and completely white (silver). Various regular colour patterns made out of these three colours have been achieved in PET strips.



Further study reveals that this approach is applicable under certain conditions for transparent polymers. Apart from being ductile and with a long stress plateau after yielding, uniform deformation in uniaxial stretching, stress-induced crystallisation and a high enough temperature increment during stress-induced crystallisation are important to ensure a good quality of colour patterns.



Theoretical estimations of the temperature distribution at the propagation front during changing the stretching speed are also made to investigate the length of the transient region.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/inventions7040093/s1. Video S1 Polyethylene terephthalate (PET) under uniaxial stretching at periodically varied speed. Video S2 Polyvinyl chloride (PVC) under uniaxial stretching at periodically varied speed. Figure S1: DSC result of PVC. (Heating/cooling speed: 10 °C/min). Figure S2: Stress whitening in PVC transparency after folding at room temperature (a) and after heating to 100 °C for recovery. Figure S3: Typical PVC samples after uniaxial stretching at a periodically varied speed. (Refer to Video S2 above for infrared video of stretching tests). Figure S4: Comparison of normal optical (a) and photoelasticity (b and c, polarized lens with different angles with the monitor) images. Figure S5: Illustration of propagation of the phase transformation front(s) along a long wire (a) in two directions and (b) in one direction.
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Figure 1. Illustration of patterned colouring via variable-speed single stretching. (a) Original sample; (b) regular colour pattern formed after variable-speed single stretching. 
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Figure 2. Sample dimensions (unit: mm). 
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Figure 3. DSC results of original sample and samples after being stretched at three different strain rates of 0.01/s, 0.035/s and 0.1/s, respectively (at 10 °C/min, Endo down). 
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Figure 4. Typical colour patterns. (a–c) are produced by single strain rate of 0.01/s, 0.035/s and 0.1/s, respectively; (d–f) are two or three different strain rates applied in a periodic manner (refer to Figure 5 for their corresponding strain rate vs. stretching strain relationships). 
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Figure 5. Applied strain rate (in base 10 logarithmic scale) vs. strain relationship and typical stress vs. strain response corresponding to six types of colour patterns in Figure 4. 
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Figure 6. Typical optical and corresponding infrared images of samples in stretching at (a) 0.01/s (maximum temperature about 25 °C), (b) 0.035/s (maximum temperature about 34 °C), and (c) 0.1/s (maximum temperature about 47 °C). Their corresponding temperature bars are also included. 
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Figure 7. Infrared images taken by infrared camera at strain rates of (a) 0.01/s, (b) 0.035/s and (c) 0.1/s (propagation fronts moving downward). 
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Figure 8. Optical (a) and photoelasticity (b) images of pre-stretched PET. 
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Figure 9. Typical sample after patterned colouring via single stretching at a periodically varied speed. 
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Figure 10. Simulations of temperature field (increment). (a) Single-speed stretching; (b) transient period after sudden change in loading speed (at x = 0). 
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Table 1. Parameters used in simulations.






Table 1. Parameters used in simulations.





	Radius of Sample
	0.69 mm
	Heat Capacity
	1050 J/Kg °C





	Gauge length
	20 mm
	Thermal conductivity
	0.14 Wm/°C



	Density
	1290 Kg/m3
	Convection heat-transfer coefficient
	4.5 W/m2 °C
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