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Printed circuit board (PCB) is the main component in almost all electronic devices. The 
increase in the demand for PCB cause dramatically increases of E-waste. The improper 
discard practice of printed circuit board (PCB) leads to human health and 
environmental problems. Although the study had been done to improve the recycling 
process of E-waste, awareness from various parties needs more effort for this 
improved recycling process to successfully implement. Therefore, an alternative way 
by substitute the conventional PCB with the new flexible PCB can help eliminate these 
issues. The basic design of a flexible PCB consists of a flexible base and conductor. 
However, a key point during the developing of this new technology is the adhesion 
between the flexible base and conductor, which thermoplastic polyurethane (TPU) as 
the base, while silver as the conductor was used throughout this study. This paper 
presents the effect of temperature in improving adhesion between substrate and 
silver, and concurrently influence the electrical conductivity of silver conductor. In this 
study, the characterization of silver and substrate respected to temperature 
individually analysed, followed by the qualitative adhesion observation between silver 
and substrate was carried out through cross-cut test according to ASTM D3359-09. The 
silver was exposed to different curing temperatures exhibit lower sheet resistance 
when temperature increase. Meanwhile, the substrate exposed to a temperature 
higher than glass transition (Tg) increases improve the adhesion between silver and 
substrate. 
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1. Introduction 
 

Nowadays, improper electronic waste (E-waste) management globally has been drawing 
environmental and social concerns as they reported to create a threat toward public health and the 
environment [1-4]. According to the Global E-waste Monitor, in 2016 it reported the continuity grows 
of the waste amount exceed the recycled one by 44.7 million metric tonnes and expected to gradually 
increase to 52.2 million metric tonnes by 2021 [5]. Besides that, estimation on the global level made 
by UN Environment Programme indicates, the amount of E-waste dramatically rises three times 
faster than other forms of municipal waste by generating 20-50 million tonnes per annual [6]. This 
serious upstream of e-waste is due to the urbanization and industrialization events that consume 
large amounts of electrical and electronic equipment (EEE) [4,7]. 

Generally, printed circuit boards (PCBs) are integral core components must-have in almost all EEE, 
with percentage varies between 3% to 6% [8]. Accordance to IPC’s World PCB Production Report, PCB 
industry achieved an estimated real growth of 13.9% in 2017. China reported dominating more than 
half of the world's production value (52.7%) [9]. Reviewed done by Huang et al., [7] stated, the 
presence of advanced technology as well as intense marketing in China cause a rapid update rate of 
EEE and shorten the average lifespan. Therefore, lead to dramatically increasing E-waste number [7]. 

Besides that, further discussion was made on the components exist in the waste PCBs. They 
comprise of brominated flame retardants (BFR), PVC plastic and heavy metals. Due to these 
components, improper discarded activities can generate hazardous byproducts such as dioxins, 
furans, polybrominated organic pollutants and polycyclic aromatic hydrocarbons, and worse if the 
leaching events into groundwater or soil is happening [7]. 

Environmental policies like Directive 2002/96/EC of the European Union (EU) for all EU member 
states established to ensure End-of-Life recovery system operated for e-waste recovery and similar 
legislation been adopted in non-EU member states [10-13]. Moreover, end destiny of all e-wastes 
controlled according to The Basel Convention of 1989 that designed to minimize the transboundary 
globalization movement of hazardous waste and intended to ensure environmentally sound 
management through reduction of generated waste by parties [14,15]. All the mentioned 
environmental policies had been imposed globally on the waste of electrical and electronic 
equipment (WEEE) for restricting simply disposal practices to non-Organization for Economic Co-
operation and Development (OECD) countries, yet the fate of e-waste streams end up towards cheap 
waste disposable sites abroad (China, India and West Africa) cause the sustainable objective 
impossible to achieved [14]. Since a few years ago, recycling and recovery movement had been part 
of the solution in the management of E-waste at a global level. However, reuse and recycling printed 
circuit board (PCB) faced difficulties in separation of the components and materials, due to the variety 
of attached components to serve their functions in the appliances. These electronic components 
need to be separated from the solder for reuse purpose involved complex process and applied of 
temperature during dissembling make components impossible to be reuse. Although these 
improvements for recycling process purposed promising much efficient and less complicated 
operation, but the implementation of this recycling process still depending on awareness from 
various parties such as industrial and also consumer and also need more effort to be implemented, 
therefore continuity push for better solution by another alternative to substitute the traditional PCB 
is the best way to prevent any continuous harming activities toward environment. 

Effective alternatives to replaced PCB had been catch attention among the researchers. The most 
promising alternative is by the introduction of flexible PCB. Flexible printed circuit holds a meaning 
which is it comprises of a patterned arrangement of printed circuit and components on the flexible 
base material as substrate and flexible cover lay as an option (IPC, 1996). According to the trend 
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among consumers, further progress in electronic manufacture driving towards miniaturization and 
the most recent research focusing on the production of thin and flexible electronics. As consumer 
prefer high durability and long-term performance in the products, [16,17] studied by Coombs & 
Holden stated that rigid or traditional boards will be replaced by flexible printing boards in a variety 
of electronic device [18]. Flexible printing circuit board (Figure 1) made up of distinct materials which 
are 

• Base material (dielectric film/ flexible substrate) 

• Conductor (foil/conductive coating) 

• Adhesive (optional) 

• Cover lay (film/ coating) 
 

 
Fig. 1. Illustration of flexible printing circuit board design [19] 

 
The stretchable conductive paste is the ideal conductor material used to fabricate a flexible 

printed circuit board. They had been studied extensively by the previous researcher, which can be 
implemented in electronic, resulting in the desired stretchable trait [20-22]. Generally, a combination 
of three different groups, which are conductive filler, polymer binder, and volatile and non-volatile 
organic polymer, will develop ready-to-use stretchable conductive ink [23]. Conductive filler had 
been extensively studied for example carbonous-based material (such as graphene [24], carbon 
nanotube (CNT) [25] and metallic material (such as copper [26,27], silver [22,28,29]). For this study, 
silver was chosen due to amongst all the conductive fillers, silver exhibit robust and excellent 
conductivity with sheet resistance typically 0.01-0.04 Ω/sq at dry thickness 25 µm of ink layer [22] as 
well as have good chemical durability [28]. Prior application of paste in the printing process, specific 
parameters need to be considered in metal paste: diameter size, fluidity (viscosity), surface tension 
and wettability [30]. Nanoparticle or nanometer size of the filler material is attractive features as 
allowed it to formulate easily into various inks and paste, therefore it can be applied by various 
printing methods. Generally, the metal ink or paste comprises a small diameter size of the particle as 
the size affected melting temperature as they related to surface energy of the particles. The energy 
state of atoms is higher on the surface compared than inside the crystalline body effect of daggling 
bonds on the material surface. Hence, the smaller the particle size, the higher the surface energy, 
thus the particles said to be in high energy state [31]. This also supported by the study on the effect 
of size on the melting point by using electron diffraction by Buffet and Borel [32]. As the particle gets 
smaller, the lower the melting temperature will be compared than the bulk metal as the atomic 
diffusion is said to more active in nanoparticles near the surface [31,33,34]. Hence, proper selection 
of metal filler based on the diameter is important, a wider range of metal ink application on substrate 
preferring lower post-curing temperature. Another component should have in fabricating conductive 
metal paste is polymer binder which plays an essential role by holding the conductive filler within the 
matrix and serve to adhered ink to the substrate, while offering stretchability properties in ink upon 
the curing process. While the solvent act as a carrier by providing viscosity element for the ink to be 
printable. 

Another material required as part of flexible printed circuit board is flexible base material or 
substrate. There are widen interest of research on several types of flexible substrates, for instance, 
paper, polymer, and textile, which all of them not restricted only for industrial applications but also 
medical purposes [35,36]. Non-reinforced polymer promising more economic-friendly in terms of the 
fabrication process and maintaining flexible property. These properties allowed larger study areas of 
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intelligent PE applications so that they can applied in the complex system and environment [37]. In 
addition, criteria of a substrate including low cost, abundantly available, flexible, chemical resistance 
and stable in high dimension as well as compatible for a broader range of formulated ink made it 
favored among the industries. Different types of polymer had been used as substrate material in PE 
application, for example, thermoplastic polyurethane [38,39], PDMS [40-43] and polyurethane [42] 
due to their desired properties which is flexible and extensible. Thermoplastic polyurethane (TPU) 
with low elastic modulus and high stretchability was chosen as the substrate in this study. 

However, key issues that arise in the development of printed electronics technology is the 
adhesion compatibility between the conductive layer and substrate that need further improvement 
[43-45]. Better adhesion strength required for the end application become more reliable and durable 
against mechanical stress that generally will reduce defects such as porosity and cracks. Besides that, 
poor adhesion between silver and underlayer substrate also causes the heat to inefficiently dissipate 
when the current pass through within silver conductive film hence, create more resistance that leads 
into poor conductivity performance of silver. The adhesiveness performance of metallic thin film 
influence by the temperature had studied since 1992 [44]. This adhesion-enhancing technique 
considered as a conventional technique that keeps been studied until today as this attempted 
markedly improved adhesiveness of printed conductive ink [43,45,46]. This technique also claimed 
as a one-step achievement for having excellent in both electrical conductivity and adhesiveness that 
can be controlled by the total of heat exposure [46]. Although many authors have conducted studies 
on the adhesiveness of metallic thin film on different polymers such as poly(4-vinyl phenol) (PVP), 
poly(methyl methacrylate) (PMMA), Teflon and polyethyleneterephthalate (PET) [43,45-47], 
however to our knowledge, there are still lack in the exploration of this technique specifically on 
thermoplastic polyurethane (TPU). TPU considered as a highly versatile polymer that provides 
superior performance and flexibility, which make it abundantly available within the market for 
different applications. But, exploration on TPU as underlayer substrate is not widely studied mainly 
in the fabrication of flexible printed circuit due to the narrow temperature range of processing as 
well as possess hydrophobic nature and low surface energy. Hence, to address this issue, the 
dependence of temperature in improving adhesion between silver and TPU underlayer as well as 
silver conductivity were investigated. 
 
2. Methodology  
2.1 Test Samples and Patterns 
 

Thermoplastic polyurethane (TPU) was supplied from Takeda Sangyo and used as-received. 
Material has a thickness of 100 µm with an optically transparent polyester film. Screen printing was 
executed to print conductive silver ink pattern on the TPU with a dimension of 7 cm length x 7 cm 
width. The substrate was clean first with ethanol to eliminate any contamination on the surface 
before printing conducted. The commercial conductive silver paste was used in this study. The post-
treatment step was conducted by curing in the oven at various temperature: (1) room temperature, 
(2) 60°C, (3) 80°C, (4) 100°C, (5) 120°C, (6) 130°C and (7) 140°C. The prepared test pattern of silver is 
presented in Figure 2. 
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Fig. 2. Test pattern of 
printed silver on TPU 
substrate 

 
2.1 Characterization of Silver 
2.1.1 Resistivity measurement 
 

The electrical resistivity of silver after curing at different temperatures was measured to 
investigate the effect of temperature on the conductivity of silver. Measurement was done by four-
point probe measurement (Jandel RM3000). The current supplied was fixed to 100mA, and sheet 
resistance was measured on 6 different points to ensure reliable reading. The sheet resistance is 
measure according to the Eq. (1). 
 

𝑅𝑠𝑞𝑢𝑎𝑟𝑒 = 𝑐𝑓x 
𝑉

𝐼
             (1) 

 
where cf is a correction factor that was assumed to be 4.53. V is the voltage between the inner probe, 
and I is the current supplied.  
 
2.1.2 Microstructure analysis 
 

Scanning electron microscopy (SEM) was used to observe the microstructure behaviour of the 
silver paste respected to temperature. The micrograph of SEM was acquired with JEOL JSM-
6010PLUS/LV at an accelerated voltage of 10kV. Energy Dispersive X-Ray Analysis (EDX) was carried 
out on silver paste at room temperature (Figure 3). EDX spectrum of silver paste indicates a silver 
content of 21.43 atom % followed by O (16.04 atom %) and Cl (4.34 atom %). 
 

 
 

Fig. 3. EDX spectrum of silver paste 

 
 
 
 

2 cm 

2 cm 
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2.2 Characterization of Substrate 
2.2.1 Differential Scanning Calorimetry (DSC) analysis 
 

The heating properties of the substrate were characterized by DSC analysis (DSC Perkin Elmer 
S400 instrument). Heating and cooling were conducted at rate 10°C min-1 with a sample mass of 
6.21mg capped in the TA Tzero aluminium pans. The sample was loaded at room temperature and 
cooled to -40°C. Heating was performed up to 300°C and followed by subsequently cooling.  
 
2.2.2 Surface energy analysis 
 

The surface energy of the substrate was measured at different curing temperatures. The surface 
energy for the TPU was calculated by Owen-Wendt method, which involved two components of 
surface energy theories. For this analysis, water and n-hexane were used as test fluids, and their 
contact angle was used to measure the water and oil repellences, respectively. Table 1 represents 
the surface tension of water and n-hexane. 

 
Table 1 
Surface Tension Components 
Liquid γLV, mN/m γP SV, mN/m γd SV, mN/m Reference 

Water 72.8 46.4 26.4 [48] 

n-hexane 18.4 0.0 18.4 

 
2.3 Adhesion Tests 
 

The evaluation of adhesion between silver and underlayer polymer was analysed by a cross-cut 
test according to ASTM D3359-09, method B. The test sample was cut by a sharp razor blade with the 
cutting-edge angle between 15-30°C. Cross-cut was made with 6 cuts by spacing 2mm apart between 
each other. Adhesive tape was applied to the cross-cut zone and pulled off. A qualitative evaluation 
was carried out by referring to the standard classification of adhesion test result with the rate 0-5 
scale. (0 indicate poor adhesion and 5 excellent adhesion). 
 
3. Results and Discussion 
 

To investigate the working temperature of TPU, DSC analysis was conducted to measure the glass 
transition temperature (Tg) and melting point (Tm) as well as recrystallization temperature (Tr). Figure 
4 showed the typical DSC graph of TPU substrate. The glass transition for TPU exhibited at 
temperature 79.96°C, and the melting of TPU observed to be at two different temperatures, which 
is 113.63°C and 156.62°C. The appearance of Tm peak consecutively as temperature elevated 
potentially result from varies crystal structure, size of the domain, or different degree of order in 
crystalline structure [49-52]. The order of the presence of endotherm peaks indicated belongs to the 
hard segment of TPU. In addition, the peak of crystallization temperature (Tc) also appeared at the 
high temperature of 229.62°C. Meanwhile, the recrystallization (Trs) event occurs when cooling to a 
temperature of 227.30°C. 

Figure 5 shows the sheet resistance decreases as temperature increases. The plotted graph shows 
the resistance was decreased from 152.72 mΩ/sq to 20.81 mΩ/sq when temperature was elevated 
from room temperature to 140°C, respectively. The sheet resistance showed a sharp decline from 
room temperature to 60°C, indicating the densification of silver particles was initiated. As 
temperature continuously elevated, the resistance keeps decreasing gradually until it reaches a value 
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of 20.81 mΩ/sq at the highest temperature of 140°C. At this temperature, the resistance is 
approximately around the value of silver in the previous study ranging between 0.01-0.04 Ω/sq at dry 
thickness 25 µm of ink layer [22]. The study of the correlation of resistance with temperature had 
proven by many researchers [53-55]. The silver grain said to experienced grain diffusion path before 
densification when the temperature keeps elevating from lower to high temperature. 

 

 
Fig. 4. DSC measurement for evaluate heating properties of underlayer polymer 

 

 
Fig. 5. Effect of temperature on the conductivity of silver 
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The mechanism of nucleation and growth of grain takes place once each grain starts to contact 
each other when temperature elevates, as illustrated in Figure 6. At this rate, the distance between 
each grain is reduced respect to the elevation of temperature and initiate the diffusion or nucleation 
between particles. Diffusion of particles causing the necking to appear, which the necking structure 
becomes wider and thicker as the temperature continuously elevated. The particles further diffuse, 
when the centre of grains approaches one another concurrently reduced the grain boundary, 
resulting in the densification of particles to become bigger in size. At the highest curing temperature, 
the silver nanoparticles said to be well-interconnected to form a smooth structure. To have a better 
insight into this event, investigation of silver grain microstructure respected to temperature had been 
observed. Figure 7 displayed SEM micrograph of cross-sectional silver on the underlayer polymer at 
three different temperature: room temperature, 100°C and 120°C. At room temperature, the 
presence of void between silver grains cause restriction of percolation path between grains, hence 
causing resistance to increase. To rule out the effect of curing temperature on the microstructure of 
grains, silver being cured the applied of heat. When temperature increases, the void between 
particles were reduced because densified structure occurred, hence this allowed the resistance to 
reduced respected to the elevated curing temperature. 
 

 
Fig. 6. The grain diffusion pathways respected to the elevation of temperature (a) 
silver grains reduced the distances between each other, (b) initiation of diffusion, (c) 
to (d) necking structure between grains become thicker and wider, (e) grain grow 
bigger after complete diffusion 

 

  
(a) (b) 

Fig. 7. SEM micrograph of printed silver cured at different temperature (a) room temperature 
and (b) 120°C 

 
To investigate the effect of temperature on the adhesion performance between silver and 

underlayer TPU, the curing of silver was done at different temperatures. Then, the adhesion 
performance of silver was measured based on cross-cut test according to ASTM D3359. According to 
Figure 8, adhesion performance between silver and underlayer showed excellent performance in the 
range 4B to 5B when curing is performed at a temperature from 100°C to 140°C respectively. The 

(a) (b) (c) (d) 

(e) 
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adhesion rating place as 5B due to the edges of the cut remains smooth and there no detachment of 
lattice square. Curing at the temperature beyond glass transition, Tg of underlayer polymer (79.96°C), 
the adhesion between silver and underlayer start giving excellent performance at this range of 
temperature rather than at temperature lower or same to Tg of the underlayer polymer. From this 
result, we concluded that silver and TPU excellently adhered through the mechanism of intermixing 
between printed silver layer and underlayer TPU at the interface when cured at a temperature above 
Tg of TPU. The intermixing result with the formation of interfused layer structure between silver and 
underlayer upon heating, as illustrated in Figure 8. For a better understanding, microstructure 
analysis was carried out to observe the interfused layer appearance. Figure 9 displays the micrograph 
of cross-sectional silver on underlayer TPU, which cured at different temperatures. It shows the 
interfusion of silver into polymer start to form and the gap between it also getting smaller when 
curing was beyond Tg of the polymer. The cross-section of silver at room temperature, 60oC and 80oC 
shows the gap between silver and TPU can be seen clearly where act as contact resistance between 
materials. At temperature 100oC, gap region was not totally disappeared, but the silver can be seen 
initiate to make a direct contact with the underlayer substrate. However, when the temperature was 
elevated up to 140oC, the cross-sectional view showed the gap between silver and underlayer totally 
disappeared and direct contact as well as surface diffusion can be seen between silver and 
underlayer. Correspondingly, this occasion act as mechanical interlocking between two different 
materials which allowing strong adhesion. Similar findings found by Sekine et. al., which in their 
studies, the effect of surface energy and sintering temperature beyond Tg showed a significant 
influence on the adhesion performance [56]. Sekine and co-researchers stated that sintering of silver 
at a temperature beyond Tg and polymer with high surface energy play significant evaluation in 
generating good adhesion between silver and underlayer polymer. 

Figure 10 and Table 2 show the change in the water contact angle on the TPU substrate as 
temperature change. The graph displays water contact angle increasing ranging from 95° to 100.1° 
while surface energy decreases from 15.28 mN/m to 13.05 mN/m when temperature increase from 
room temperature to 80°C respectively. This shows TPU exhibits hydrophobicity when temperature 
being heated up to 80°C. In accordance with the present result, our previous study has demonstrated 
that the exposure of TPU to temperature up to 80°C lead toward increase in the hydrophobicity of 
the surface [57]. However, when temperature increase up to 140°C, water contact angle gradually 
decreased to 81.0° and at this temperature surface energy is at the highest (24.34 mN/m) which TPU 
said to be hydrophilic. The correlation between surface energy and water contact angle had been 
discussed by previous researchers [58,59]. Surface energy of solid is depend on the chemical 
composition and atomic arrangements on the surface for instance, surface restructuring, 
composition segregation can cause surface energy of solid to reduce hence cause the surface to be 
hydrophobic [58]. In addition, factor affecting contact angles of polymer surface discussed by the 
previous researcher including the dependence of temperature on contact angle [60]. He concluded 
as little or no effect of temperature on contact angles of the polymer when temperature increases 
from 20-180°C. 
 

 
Fig. 8. Interfused layer formation between silver and underlayer when heating performs 
above Tg of underlayer polymer 
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Fig. 9. SEM micrograph of cross-sectional silver on underlayer TPU at different 
temperature: (a) room temperature, (b) 60°C, (c) 80°C, (d) 100°C, (e) 120°C, (f) 
130°C and 140°C. When heating performed above Tg of underlayer polymer, 
interfused layer formation between silver and underlayer start to appear and the 
gap become smaller 

 
According to the plotted graph in Figure 10, surface energy increasing as the temperature 

elevated beyond the Tg of TPU (100°C, 120°C, 130°C and 140°C). This trend contradicts from the 
previous studies by showing dependency of temperature on the surface energy of polymer. To our 
knowledge, there is still lack in the detailed investigation of the temperature effect on the surface 
energy of polymer, hence study on Tg behavior as a function of interfacial energy explained the event 
[61]. Thickness of polymer less than 100nm showed apparent dependence of Tg on the interfacial 
energy as higher the Tg result from higher surface energy of polymer. However, in this study, the 
surface energy change due to temperature shows insignificant in determining the adhesiveness of 
printed silver on TPU. The TPU at room temperature has a higher surface energy of 15.28 mN/m 
exhibits poor adhesion with rating 0B compared than TPU at 100°C with a surface energy of 14.13 
mN/m show excellent 4B adhesion rating. In addition, it also displays the adhesion rating at curing 
temperature 120°C is 5B with the surface energy, 15.72 mN/m. The graph shows, even though the 
differences in surface energy at 120°C and room temperature is small (0.44 mN/m), the adhesion 
evaluation shows a big gap of adhesion rating. Therefore, we deduced that the surface energy of TPU 
did not play a significant role in the improvement of adhesion, instead of, the improvement of 
adhesion occurred throughout the curing process when exposed to temperature. 
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Fig. 10. Effect of temperature on the wettability and surface energy 
of substrate surface 

 
Table 2  
Contact angle and surface energy respected to temperature exposure 

 
4. Conclusions 
 

Throughout this study, temperature plays a significant role in giving a better electrical 
performance of silver conductivity as well as improving adhesion performance between silver and 
TPU underlayer. By increasing the temperature, the sheet resistance of the silver shows reduction as 
densification event of the silver grains allowed reduction of voids between the grains, hence allowed 
smooth electrical transfer within the silver. Temperature also contributes towards increase the 
wettability and surface energy of the substrate when the temperature exposed is beyond the Tg of 
the TPU. However, the surface energy changes did not significantly contribute towards the 
adhesiveness performance, instead of adhesion improved throughout the curing process of 
conductive ink at different temperature. The improvement of adhesion respected to temperature 
proved through interfusion region developed between silver and TPU underlayer which act as 
mechanical interlocking. The finding of this study emphasized the understanding and information of 
the influence of temperature when TPU used as underlayer substrate in developing reliable flexible 
printed circuit. 
 
 
 
 
 

Temperature 
(°C) 

CAwater (°) CAn-hexane (°) γSV (mN/m) γP
SV (mN/m) γd

SV (mN/m) Adhesion 
level 

Room 
temperature 

95.0 ± 0.8 77.1 ± 0.6 
 

15.28 8.42 6.86 0B 

60 98.3 ± 0.9 73.0 ± 0.6 13.83 6.16 7.67 0B 
80 100.1 ± 0.5 73.0 ± 0.8 13.05 5.37 7.68 0B 
100 98.1 ± 0.2 70.1 ± 0.9 14.13 5.88 8.25 4B 
120 94.2 ± 0.6 76.7 ± 0.1 15.72 8.76 6.96 5B 
130 92.9 ± 0.8 70.4 ± 0.9 16.70 8.50 8.20 5B 
140 81.0 ± 0.1 69.3 ± 0.9 24.34 15.93 8.41 5B 
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