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Substrate temperature effects on the peel behavior of temporary pavement 

marking tapes 

Temporary pavement marking (TPM) tapes are utilized in road construction to delineate 

temporary traffic lanes and work zones. Adhesive failure of TPM tapes can therefore 

remove lane and work zone designations, confusing drivers and causing serious accidents, 

especially in high speed zones. Thus, the adhesion of TPM tapes to pavement surface plays 

an important role in road construction traffic safety. Pressure sensitive adhesives (PSAs) 

comprise the adhesive layer of TPM tapes. The adhesion of PSAs depends on their 

temperature-dependent viscoelastic properties. Since environmental conditions vary during 

construction, the adhesion of TPM tapes will change over a range of operating 

temperatures. The viscoelastic properties and peel force of four brands of commercial TPM 

tapes were characterized via double lap shear dynamic mechanical analysis and 90° angle 

peel adhesion testing over a range of temperatures (-20 °C to 40 °C). The interfacial 

fracture behavior and peel forces were analyzed with respect to the measured viscoelastic 

properties of TPM tapes. For temperatures below the glass transition temperature of the top 

layer and the transition temperature into the rubbery plateau of the PSA, the peel force 

decreased. Through this simple technique, an effective operating temperature range for 

each TPM tape was determined.  

Keywords: Temporary pavement marking tape, Pressure sensitive, viscoelasticity, peel, 

dynamic mechanical analysis 
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1. Introduction 

 Temporary pavement marking (TPM) tape plays an important role on the roadway during 

construction – it designates temporary traffic lanes and construction work zones. TPM tapes must 

be visible, durable, and easily removed to prevent damaging the roadway and ensure driver’s 

safety. [1–3] Thus, the precise adhesion of TPM tapes to pavements is a primary concern since too 

weak adhesion causes dangerous premature adhesive failure and too strong adhesion damages the 

roadway surface upon removal, leaving residual markings or “ghost marks”.[4] Even though the 

adhesion of TPM tapes is essential to their performance, there is no governing industrial standard 

for the adhesion of TPM tapes. Therefore, it is necessary to understand the effect of materials 

properties on the adhesion of TPM tapes to establish these industrial standards. Figure 1 shows the 

typical structure of TPM tapes, which consist of an elastomeric top layer, fiber/fabric reinforcing 

layer, and a pressure sensitive adhesive (PSA) layer. The PSA and reinforcing fabrics are located 

on the bottom surface of the TPM tape. Since each TPM tape is comprised of various polymers, it 

is not surprising that the mechanical properties, as well as bond strength, vary with temperature.[5–

8] Even though road construction is typically conducted during the warmer part of the year, it is 

necessary to evaluate the performance of TPM tapes in various environments as average 

temperatures and weather conditions vary diurnally and from day to day. 

[Figure 1 near here] 

 PSA is the most widely used non-structural adhesive in applications such as packaging, 

architecture, and medicine.[9] PSAs govern the adhesion of TPM tapes, and as such it is important 

to understand their mechanical properties. Many previous studies show that the performance of a 

PSA is strongly dependent on the PSA’s bulk viscoelastic properties.[10–18] The elastic modulus or 

shear modulus affects conformability to rough surfaces and the viscous component is linked with 
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energy dissipation upon debonding.[19] The viscoelastic properties of PSA’s are highly dependent 

on temperature. Thus, temperature variability must be considered for PSAs used in outdoor 

construction applications, such as on roadways in work zones.[6,20]  

The dynamic mechanical properties of PSAs can be divided into four different zones as a 

function of increasing temperature: a glassy zone, glass transition zone, rubbery plateau zone, and 

terminal zone.[6] At the lowest temperatures, in the glassy zone, a PSA is a glassy elastic material, 

characterized by a high modulus. As the temperature increases, in the glass transition zone, the 

modulus of a PSA sharply decreases, and it becomes flexible. In the rubbery plateau zone, a PSA 

is viscoelastic and has constant storage and loss moduli. Finally, at the highest temperatures, in the 

terminal zone, the PSA has a low modulus and is viscous, tending to flow. The debonding behavior 

of a PSA changes depending on these viscoelastic properties.[16,21] In the terminal zone, PSAs fail 

cohesively during peeling, while in the rubbery plateau zone they adhesively fail. [21] In the glass 

transition and glassy zones, a PSA fails by brittle interfacial fracture.[16]  

In this study, 90° peel tests were performed on substrates held at constant temperatures, 

ranging from -20 °C to 40 °C, to evaluate the temperature dependence of PSA adhesion. The 

viscoelastic properties of PSAs and top layers of four brands of TPM tape were measured within 

potential operating temperatures which simulate the use of TPM tapes in typical as well as extreme 

construction conditions. By analyzing the peeling behavior and the viscoelastic properties, ideal 

operating temperatures were identified for each TPM tape.  

2. Materials and Methods 

[Figure 2 near here] 

2.1 Materials 
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Four different commercially available TPM tapes, labeled A, B, C, and D, were tested. 

Figure 1 (b) and (c) show the top and cross-section views of each tape, respectively. Tapes A and 

C have ridges on the top layer surface, while Tape B and D do not. Each tape has a unique 

composition resulting in different mechanical properties and geometries. The thicknesses of the 

PSA and top layer were measured with an optical microscope (DMi8, Leica). A summary of these 

sizes is reported in Table 1. 

[Table 1 near here] 

2.2 Dynamic mechanical analysis of PSA and top layer of TPM tapes 

 The dynamic mechanical properties of PSAs were measured in a double lap shear 

geometry. Figure 2 (a) shows the custom-built double lap shear fixture used to measure the 

dynamic mechanical properties of the PSA. Tapes were cut into 12mm by 8mm specimens and the 

PSA side was attached to both sides of the center portion of the fixture as shown in the inset of 

Figure 2(a). The top layer was fixed to the outer supports of the fixture with ethyl cyanoacrylate 

glue (Loctite, Henkel). The double lap shear fixture was assembled with screws. In order to apply 

shear to the TPM tapes’ PSA layers, these rigid supports were clamped to the tensile oscillator of 

the dynamic mechanical analysis (DMA, Q850, TA Instrument) instrument. Subsequently, a 

simple uniaxial tensile configuration of the DMA was used to measure the dynamic mechanical 

properties of the top layer of each TPM. These DMA tensile samples were prepared by cutting 

12mm by 30mm specimens after carefully removing the PSA and reinforcing fabrics. 

The dynamic mechanical properties of both the PSA and top layer on TPM tapes were 

measured using an oscillatory strain with a linear temperature sweep function through DMA. A 

0.5% oscillatory shear strain was applied to the PSA of each tape with the double lap shear fixture 

at a frequency of 1 Hz. A 0.2% oscillatory tensile strain was applied to the top layer samples at a 
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frequency of 1 Hz. The temperature was increased from -20 °C to 40 °C in 5 °C increments, and 

the dwell time was 120s at each temperature.  

2.3 Peel Test 

 90° angle peel adhesion testing was chosen to evaluate the peel force of TPM tapes since 

it is a straightforward and commonly used technique to directly quantify the adhesion of tapes. 90° 

peel tests were performed with a custom-built modular peel fixture. TPM tape peel tests were 

conducted on substrates held at -20 °C, 0 °C, 25 °C, and 40 °C, as shown in Figure 2 (b). The peel 

fixture has been fully described in previous work.[25] A stainless-steel substrate was used for all 

tests since it has good thermal conductivity, allowingto the set temperature to be achieved quickly 

and maintained over the course of eachpeel test. A thermocouple was placed on the substrate near 

the peel specimen to monitor the substrate temperature during each peel test. To achieve the desired 

temperatures, a stainless-steel container was placed directly under the substrate and was filled with 

dry ice or ice with table salt to attain substrate temperatures of -20 °C or 0 °C, respectively. For 

measurements at 25 °C and 40 °C, the stainless-steel substrate was placed on the lab bench and a 

hot plate, respectively.  

Each peel experiment was conducted in several steps. First, TPM tape, cut to 30 mm by 

220 mm, was attached to the substrate with a uniform pressure of 0.15 Pa applied for 10 s at 25 °C. 

Next, the substrate was brought to the desired temperature through one of the methods described 

previously and dwelled for 600s. Finally, the peel test was performed with a peel rate of 1 mm/s 

over a total peel length of 160 mm (TA.XTplusC Texture Analyser, Stable Micro Systems). The 

average peel force was determined for the peel region from 40 mm to 120 mm. All results are 

reported as peel force since the sample geometry was held constant.  

3. Results and Discussion 
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3.1 Dynamic shear moduli of PSAs 

[Figure 3 near here]  

The performance of a PSA is highly dependent on its bulk viscoelastic properties, which 

generally control the conformability and adhesive strength. To increase contact area on a rough 

surface and form a strong bond, a PSA must remain in the rubbery plateau zone over the range of 

operating temperatures.[20] Therefore, it is important that the typical operating temperature window 

lie within the PSA’s rubbery plateau zone. Figure 3 shows the viscoelastic behavior, highlighting 

the onset temperature of the rubbery plateau zones of PSAs of each TPM tape over the temperature 

range of interest. The blue dotted line indicates the transition temperature (TR) from the glass 

transition zone (shaded) to the rubbery plateau zone (unshaded), which is defined as the 

temperature at which 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 = 1 .[23] All the tapes tested here have a TR within the range of 

investigated temperatures as shown in Figure 3. The shear storage moduli (G’) and loss moduli 

(G”) of the PSAs were constant or slightly decreased with increasing temperature and showed 

greater elastic behavior than viscous behavior above TR. Below TR, all tapes showed noisy, random 

results since the storage and loss moduli of the PSAs exceeded the capacity of the DMA load cell. 

Based on the results, optimal operating temperatures of all TPM tapes were defined. In the tested 

temperature range, Tape C has the widest operating temperature range, from -15 °C to 40 °C and 

tapes D shows the smallest operating temperature range, from 5 °C to 40 °C. The operating 

temperature ranges of Tape A and B are from -7 °C to 40 °C and 0 °C to 40 °C, respectively.  

3.2 Dynamic mechanical properties of the top layer  

[Figure 4 near here] 

The dynamic mechanical properties of the top layer were measured over the same 

temperature range used for the PSAs and are shown in Figure 4. Here, the dashed line indicates 
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the glass transition temperature (Tg) of the top layer, defined as the peak of 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿.[24] Below Tg, 

the storage modulus of the top layer dramatically increased. Tapes A and B had glass transition 

temperatures near -5 °C, and the glass transition temperature of Tape C was near 0 °C as shown in 

Figure 4. The glass transition temperature of Tape D was not in the performing temperature, but 

likely falls below -20 °C. 

3.3 Peel test of TPM tapes  

[Figure 5 near here] 

A 90° peel test was performed utilizing a custom-built fixture[22] on a stainless-steel surface 

on each tape at various surface temperatures (-20 °C, 0 °C, 25 °C, and 40 °C) as shown in Figure 

2 (b). A stainless-steel box was used to set and maintain each temperature. The temperature was 

maintained within ± 3 °C of the set temperature during the 120s pre-test, dwell and test. Figure 

5(a) shows the peel responses of TPM tapes at the tested temperatures. Except for the profiles 

at -20 °C, the peel responses for all types of TPM tape have small fluctuations. Because each tape 

has a different size and distribution of ridges for Tape A and C and glass beads for Tape B and D 

as shown in Figure 1(b), the magnitudes of these fluctuations varied. Adhesive failure was 

observed in all TPM tapes at the tested temperatures. A brittle broken fracture mode was observed 

at -20 °C for Tapes A and B as shown in Figure 5 (a and b). In this mode, the peel force increased 

significantly and then rapidly decreased to close to 0N in a cyclic manner over the course of the 

peel test. 

[Figure 6 near here] 

The average peel force was calculated over the peeling length from 40 mm to 120 mm for 

each test. These individual average peel force values were subsequently averaged for each tape 

and substrate temperature (Figure 6). The dotted and dashed lines indicate the TR of the PSAs and 
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Tg of the top layer, respectively. The peel force of Tapes A and B increased as the temperature 

decreased to 0 °C, and decreased at -20 °C. The peel forces of Tapes C and D decreased inversely 

with temperature as shown in Figure 6 (c and d). Generally, the adhesive peel force is dependent 

on geometric and mechanical conditions such as adhesive thickness, peel velocity, and the modulus 

and thickness of the top layer.[9,25] Therefore, it can be complicated to compare the peel force for 

each TPM tape. However, the peel force with respect to the substrate temperature can be explained 

through viscoelastic relationships for each tape. The plateau modulus and loss tangent of the PSAs 

are inversely proportional to temperature as shown in Figure 3. Jensen et al.[18] defined an 

empirical relationship between viscoelastic parameters such as plateau modulus (𝐺𝐺0), loss tangent 

(𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿), and PSA peel force (𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), as in Equation 1. 

  𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑡𝑡𝑡𝑡𝐺𝐺0

∝ 𝑓𝑓 �𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� (1) 

where 𝑡𝑡 is the thickness, 𝑤𝑤 is the width, and 𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the peel frequency defined as the inverse of 

peel velocity. It is important to note that the loss tangent is a function (𝑓𝑓 �𝑡𝑡𝑡𝑡𝑡𝑡𝛿𝛿𝜔𝜔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�) since peel 

force is not directly proportional to but dependent on the loss tangent. Equation 1 explains the 

observation that the peel force for each TPM tape decreased as temperature increased. Energy 

dissipation increased as the loss tangent increased, so the peel force also increased.  

[Figure 7 near here] 

The brittle broken fracture mode was observed at -20 °C for tapes in which both the Tg of 

the top layer and TR of the PSA are above -20 °C. As a result, the average peel force decreased 

at -20 °C for tapes A and B. Below Tg, the bending stiffness of the top layer increases dramatically. 

Below TR, the PSA becomes harder to deform and loses conformability, which decreases the 

adhesive strength by preventing full contact with the surface. As a result, it is expected that bending 
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strength of the top layer and the adhesive strength of PSAs compete during the peel test, resulting 

in the distinctive sawtooth shape of the peel force with distance plot (Figure 5 (a and b)). 

Figure 7 (a and b) explains this brittle broken fracture behavior in the context of TPM tapes 

- here, the tape spontaneously peels off (positions from 0 to x1) at less than a 90° peel angle. The 

peel force then increased with the peel angle from θ1 to θ2, but there was no peeling. This behavior 

repeated over the peel test and is represented in the peel profile in Figure 5 (a, b) at -20 °C. Since 

the bending stiffness of the top layer is greater than the interface strength between PSAs and the 

surface, the tape peeled before the local angle between tape and surface reached 90°. The video 

for brittle broken fracture, which was taken during 90° peel test for Tape B at -20 °C, is provided 

in the supplemental material.  

Although both Tg and TR for Tape C were higher than -20 °C, the brittle broken fracture 

mode was not observed. This is likely because of the structure of the top layer. Raised ridges are 

distributed across the top layer surface as shown in Figure 1 (b, iii). Each ridge region is thicker 

and therefore stiffer than the flat regions in between.[26] Brittle broken fracture occurred only in 

the ridge region as shown in Figure 5 (c). The peel lengths of the peak and valley regions in the 

peel profile correspond well with the distance between ridges (flat region) and the length of the 

ridge as shown in Figure 5 (c) and Figure 1 (b, iii). 

Based on the peel behavior at various temperatures of the substrate, the usable temperature 

range can be determined for each TPM tape. During construction at very cold temperatures, Tapes 

C and D would be expected to have better adhesive performance than Tapes A or B. On the other 

hand, Tapes B and D would be expected to have better adhesive performance under high-
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temperature construction conditions since the peel force of these tapes is higher than the others at 

elevated temperatures.  

4. Conclusion 

 Viscoelastic and mechanical properties directly influence the adhesion strength for TPM 

tapes. It is critical to characterize these properties at at operating temperatures expected during 

road construction. However, measuring the viscoelastic properties of only the PSA in TPM tapes 

is limited with conventional rheological configurations. Here, a double lap shear fixture was 

created to measure the dynamic mechanical properties for the PSA in TPM tapes, and an operating 

temperature window for four brands of TPM tapes was determined empirically. While considering 

the viscoelastic properties of the PSAs and top layers, the interfacial failure modes and peel forces 

were analyzed over the expected operating temperature range. All tested TPM tapes failed 

adhesively at temperatures above the Tg of the top layer and the TR of the PSAs. The peel force 

decreased as temperature increased due to a reduction in storage modulus. At -20 °C, the 

temperature was below Tg of the top layer and TR of the PSA for Tapes A and B – here, the brittle 

broken fracture mode was observed. This was due to a combination of the increased bending 

stiffness of the top layer and the decreased adhesion of PSA in the 90° peel test. Using this method, 

the potential operating temperatures of commercial TPM tapes can be determined, which could 

inform future TPM product evaluation and selection. Further, by considering the required 

operating temperature range for these products, new and improved TPM tapes can be developed. 
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Table 1. Thickness of the top layer and PSA layer for TPM tapes. 

 Tape A Tape B Tape C Tape D 

Top Layer (µm) 775 ± 26 755 ± 87 482 ± 49 568 ± 18 

PSA (µm) 275 ± 27 158 ± 24 139± 15 464 ± 31 
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Figure 1. 
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Figure 2 
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Figure 3 
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Figure 4. 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 1. (a) schematic image of typical structure for TPM tapes. (b) Top views of (i) Tape A, (ii) 

Tape B, (iii) Tape C, and (iv) Tape D. (c) Microscopic side view images of (i) Tape A, (ii) Tape 

B, (iii) Tape C, and (iv) Tape D. 

Figure 2. (a) Double lap shear fixture. The left image shows the double lap shear fixture clamped 

on the DMA instrument. The right schematic image shows the side view of the double lap shear 

fixture with TPM tape. Inserted images are the top and side views of the fixture. (b) Photograph 

of 90° peel test fixture and schematic of peel test configuration with TPM tapes. 

Figure 3. The dynamic mechanical behavior of PSAs for (a) Tape A, (b) Tape B, (c) Tape C, and 

(d) Tape D. The vertical dotted line on each plot indicates the transition temperature (TR) from 

transition zone (shaded region) to rubbery plateau zone. Inserted schematic image in (c) shows 

double lap shear configuration for PSA. A 0.5% oscillatory shear strain was applied to the PSAs 

at a frequency of 1 Hz. The temperature was increased from -20 °C to 40 °C in 5 °C increments 

with dwell time for 120s at each temperature. 

Figure 4. The dynamic mechanical behavior of top layers for (a) Tape A, (b) Tape B, (c) Tape C, 

and (d) Tape D. The vertical dashed line indicates the glass transition temperature (Tg) of the top 

layer. Inserted schematic image in (d) shows the tensile configuration for top layer. A 0.2% 

oscillatory tensile strain was applied to the top layer at a frequency of 1Hz. The temperature was 

increased from -20 °C to 40 °C in 5 °C increments with dwell time for 120s at each temperature. 

Figure 5. The 90° peel force with a distance of (a) Tape A, (b) Tape B, (c) Tape C, and Tape D at 

various temperatures. The inset image in (c) exhibits the top view of Tape C and red and blue 

arrows indicate the flat and ridge position, respectively. The peel test was performed with 1mm/s 

peel rate. 
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Figure 6. The average peel force with respect to the temperature for (a) Tape A, (b) Tape B, (c) 

Tape C, and (d) Tape D. The dotted and dashed lines show transition temperature from transition 

zone to rubbery plateau zone of PSAs and glass transition temperature of the top layers, 

respectively. The error bars represent one standard deviation over 3 tests. 

Figure 7. (a) Schematic and (b) photographic image sequence illustrating the brittle broken fracture 

phenomenon shown in Figure 6 (a) and (b) at -20 °C. (b) The image was taken on the peel test for 

Tape B at -20 °C. 
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