

  applsci-14-06877




applsci-14-06877







Appl. Sci. 2024, 14(16), 6877; doi:10.3390/app14166877




Article



Strength and Ultrasonic Testing of Acrylic Foam Adhesive Tape



Jakub Kowalczyk * and Marian Jósko





Faculty of Civil and Transport Engineering, Institute of Machines and Motor Vehicles, Poznan University of Technology, 60-965 Poznan, Poland









*



Correspondence: jakub.kowalczyk@put.poznan.pl; Tel.: +48-61-665-2248







Citation: Kowalczyk, J.; Jósko, M. Strength and Ultrasonic Testing of Acrylic Foam Adhesive Tape. Appl. Sci. 2024, 14, 6877. https://doi.org/10.3390/app14166877



Academic Editor: Alexander J.G. Lunt



Received: 16 July 2024 / Revised: 27 July 2024 / Accepted: 5 August 2024 / Published: 6 August 2024



Abstract

:

Adhesive joints are some of the oldest inseparable connections, and were used much earlier than other non-separable connections (e.g., welded, soldered). Adhesives are widely used in the manufacture of vehicles, household appliances, aircraft, and medicine. One disadvantage of adhesive joints is their long bonding time (amounting, for example, to 72 h for polyurethane adhesives used in bus roof bonding), and another is their production of harmful waste. Tapes that are adhesive coated on both sides are increasingly being used to join parts during production. Such tapes have lower strength than traditional adhesives, but their bonding time is much shorter. In addition, the amount of waste remaining after production is minimized. Tapes, like adhesives, dampen vibrations well and seal the materials being joined. The purpose of this study was to evaluate the influence of selected factors on the quality of tape–steel sheet joints and to assess the possibility of testing acrylic tape–steel sheet joints using ultrasonic methods. It was found that the preparation of a surface for bonding has a significant effect on the quality of the joint, and it was confirmed that non-destructive evaluation of the quality of the tested joints by the ultrasonic method is possible. The decibel drop in the height of the first and fifth pulses obtained on the screen of the ultrasonic defectoscope was proposed as an ultrasonic measure. The highest-quality joints were characterized by a measure in the range of 12 dB, lower-quality areas of about 8 dB, and tape-free areas of about 5 dB. At the same time, it was noted that in the case of proper surface preparation, there was cohesive failure of the joint during breakage.
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1. Introduction


Adhesive joints are increasingly used in modern industry [1,2,3]. Testing the reliability of technical objects, including joints, is the subject of many articles [4,5,6] and constitutes a major basis for improving manufactured machines and vehicles. A particularly significant share of adhesive joints is observed in the automotive industry [7,8,9]. Other joints used in industry include welded joints [10], spot-welded joints [11], ultrasonic welding [12,13], and soldering [14,15]. Adhesive joints have numerous advantages, the most important of which include the ability to join different materials with uniform stress distribution, high fatigue life, protection against vibration and noise, weight reduction, and no effect on the structure of the material. However, they also have disadvantages, including the relatively long bonding times of adhesives, their limited mechanical and thermal resistance, the need to follow the rules of manufacturing technology (e.g., sanding, degreasing, surface activation, and ensuring proper temperature and humidity), and their negative impacts on the environment and health. Despite these disadvantages, their share of use in bonding in modern industry is steadily growing. A valuable solution that reduces the disadvantages of adhesive bonding to a limited extent, while retaining its advantages, is the use of tapes covered on both sides with tack adhesive. Manufacturers are replacing traditional adhesives with such tapes in many areas, including fixing side panels in buses, fastening covers and lids, and fixing roof sheathing in buses and door sheathing in railroads. At room temperature, the adhesion of such tapes reaches an initial strength of 50 percent of the short-term strength after 20 min, and 85 percent of the mechanical strength is secured after 24 h. In the case of polyurethane adhesives used to fix side wall panels or roof sheathing, these periods are many times longer. To a limited extent, hybrid joints are used, which are characterized by the properties of both adhesive and tape joints.



The purpose of this research was to evaluate the influence of selected factors on the quality of the tape–steel sheet joint and to assess the possibility of testing the acrylic tape–steel sheet joint using the ultrasonic method. In [16], the literature in the area of hybrid joints using structural adhesives was reviewed, highlighting the scope of their application and presenting the latest developments in the field. Section 1 provided an introduction to the main types of adhesives, categorized by their chemical nature: epoxy, polyurethane, acrylic and cyanoacrylic, anaerobic, and high-temperature adhesives. Section 2 outlined the most commonly used hybrid joining (HJ) techniques, including mechanical mounting and bonding, as well as welding and bonding processes. Section 3 discussed the use of adhesives in hybrid joining processes, highlighting their performance, benefits, and drawbacks. Finally, the conclusions and perspectives addressed the critical challenges, future prospects, and ongoing research activities. The study concluded that hybrid bonding technology could be a viable solution in various industries for reducing weight and production costs. Hybrid joints were studied in another paper [17]. The tests conducted confirmed the effectiveness of creating hybrid joints for steel sheets using hybrid adhesives. The average shear force of the adhesive joints was 476 N, whereas for sheet metal clinching joints, it was 965 N, indicating a difference of nearly 500 N. The hybrid joint exhibited significantly higher strength compared to both the adhesive and clinching joints alone. For specimens where the clinching joint was made immediately after forming the adhesive joint, the strength was 312% higher than that of the adhesive joint and 154% higher than that of the clinching joint. The study highlighted the importance of timing in forming the clinching joint, showing that it is preferable to form it immediately after the adhesive bond. This approach increased the mechanical strength by 37%. When splices were made right after the adhesive bonds, the adhesive layer was much thinner. In hybrid joints where clinching was performed after the adhesive joints were fully cured, the adhesive thickness averaged 322 µm, while in specimens where clinching was performed right after forming the adhesive joints, the thickness was about eight times less, at approximately 40 µm.



Joints using tapes are a special type of bonded joint and have been studied from various perspectives. The technology involved in making these connections is just one aspect. Another important aspect is the creep testing of joints, as discussed in the article [18]. This article provides a detailed description of the concept and construction of a stand for cyclic creep testing of joints using straps. The stand was designed to test various joints, including lap joints, using pressure-sensitive adhesives (PSAs). Tests were conducted under different stresses and temperatures. The stand featured a mechanism that periodically applied a hanging weight, thereby subjecting the bonded joint to varying loads. After validation, preliminary results were presented. The study confirmed that the developed test stand was effective in characterizing the behavior of PSA under cyclic loading.



Research on the design and manufacture of adhesive bonding was conducted in the study [19]. This study confirmed that adhesive bonding can be considered a viable alternative to traditional bonding methods due to its numerous advantages. Adhesive joints are used in lightweight composite structures because of their uniform stress distribution, low cost, ease of bonding, and other benefits. As lightweight and composite structures find applications in the aerospace and automotive industries, their popularity is increasing, enabling the production of lighter, safer, and more efficient vehicles. The strength of adhesive methods and the influence of parameters such as adhesive composition, surface pretreatment methods, surface preparation materials, adhesive placement procedures, tooling, and curing processes were explained in detail in the aforementioned study. A comparison between metal-to-metal and metal-to-composite adhesive bonds showed that adhesive bond strength is superior for heterogeneous substrates compared to similar substrates (metals and composites) due to unbalanced stiffness. The mixed adhesive system shows promise for maintaining manufacturing tolerances. This research is particularly important because the joining of composite materials is often accomplished with adhesives. The study confirmed that many car components are joined using permanent or temporary fasteners, such as rivets, welded joints, and glued joints. The increased use of bonded structures is expected to reduce the number of fasteners and riveted joints, thereby significantly reducing assembly costs.



Adhesive bonding has been successfully applied in many technologies. This article reviews and discusses scientific papers on adhesive-bonded composites and hybrid composites. Several parameters, such as surface treatment, joint configuration, material properties, geometric parameters, and failure modes, that affect the performance of bonded joints are discussed. Environmental factors, such as humidity and temperature before bonding, as well as the method of adhesive application, are also detailed. The specific case of bonded joints in hybrid bolted joints is examined. As new applications in the field of composite and adhesive bonding expand, it is necessary to utilize information on various adhesives and their behavior under different environmental conditions to develop improved adhesive joint structures for mechanical applications.



In terms of the work carried out, significant research was presented in publication [20], where the authors examined the use of VHB straps for mounting photovoltaic cells. It was discovered that mechanical fasteners created punctures in the waterproof layer of the roof, while ballasted footing fasteners added significant additional weight to the roof support structure. Therefore, adhesive bonding emerged as a favorable alternative. Acrylic adhesive tapes, specifically VHBTM tapes, offer sufficient strength without the need for mechanical fasteners or ballasts. These tapes also facilitate a convenient, fast, and efficient bonding process, as they do not require curing, unlike liquid adhesives. However, the water resistance of load-bearing joints has not been sufficiently studied and may be crucial for joints exposed to external environments. This study aims to determine the water resistance and durability of GPH-series VHBTM tapes, which are commonly used to bond various substrates, including many metals. The mechanical properties and failure modes of the samples were compared before and after a 21-day immersion in water. A significant decrease in strength was observed depending on the substrate material. Examination of the chemical changes in the acrylic tape and its leachate by means of infrared spectroscopy (FT-IR), X-ray fluorescence, and X-ray diffraction analysis explained the reduction in mechanical properties. The selected VHBTM tape showed high water resistance. However, the overall bond strength after immersion was significantly affected by a decrease in adhesion to the specified substrate.



The water resistance of the acrylic adhesive tape GPH-110GF was investigated to quantify the reduction in bond strength when water was applied to the adhesive bond. The tensile samples showed an average tensile strength of 0.13 MPa for the longitudinal system and 0.19 MPa for the longitudinal system. The average shear strength of the reference joint was determined to be 0.47 MPa for all tested substrates and 0.30 MPa for all tested substrates after immersion. Chemical analyses showed only minor changes in the chemical structure of the adhesive. After shear strength and shear modulus reduction analyses, it was shown that the smooth-surfaced samples had reduced shear strength by more than 39% due to poor interfacing between the adhesive tape and the substrate.



Tapes are also used in construction, and research has also been conducted in this area. The purpose of the work [21] was to evaluate the airtightness of various building surfaces and adhesive tape systems by carrying out artificial aging. It was found that self-adhesive tapes based on acrylic adhesive provide full system tightness. In all cases, tapes applied to surfaces such as plywood, gypsum board, cement board, plastered cement board, and plastic board provided sufficient sealing.



The non-destructive evaluation of adhesive joints, especially those used in automotive applications, is a significant concern. By the end of the last century, R.D. Adams [22] had proposed various non-destructive methods for assessing adhesive joints. According to his research, the ultrasonic method provides a fairly good understanding of the properties of an adhesive joint. The quality of adhesive joints, examined using non-destructive methods, was also studied in [23]. In this study, three different composite-adhesive joints were examined. An immersion ultrasonic method and induction thermography were used. The researchers increased the efficiency of defect localization by using data fusion. The induction thermography method is very good at detecting defects related to current conduction. However, it cannot detect defects through which no current is flowing. Ultrasonic testing is far better at detecting inclusions of release film. Brass inclusions are more effectively detected by induction thermography.



Different variants of bonded materials have been studied. In one study [24], the effect of adhesive distribution across the overlap area in bonded joints was examined. Incorrect adhesive application during manufacturing can lead to improper adhesive distribution. Three adhesive sizes and two shapes (circular and elliptical) with two orientations were investigated. Overlap shear strength tests showed that adhesive distribution along the transverse direction to the applied load affects joint strength. Specimens with complete adhesive coverage in the transverse direction, specifically circular and elliptical shapes with one axis length equal to the weld width, showed higher lap shear strength. The elliptical shape with the main axis oriented along the load direction had the lowest strength despite the same coverage area. Ultrasonic scanning was used to identify adhesive distribution shapes in the overlap area. Comparing damaged specimens after shear tests revealed a correlation between the shapes identified by ultrasonic C-scans. These scan images can provide bond geometry data for generating three-dimensional adhesive distribution models for finite element analysis. Ultrasonic testing was also conducted in the study [25]. In this study, aluminum single-lap adhesive joints were tested in pulse-echo mode. The joints contained defects. The goal of the study was to increase the probability of detecting defects and to estimate their size. The authors identified the ultrasonic features most suitable for detecting different types of defects. Subsequently, a comparative analysis was performed, which revealed that determining the size of inclusion-type defects is more challenging compared to delamination. The proposed method showed the highest performance for features such as inter-peak amplitude, aspect ratios, absolute energy, absolute transition time, average amplitude, standard deviation, and coefficient of variation for both types of defects. The maximum relative error in defect size compared to the actual size was 16.9% for inclusions and 3.6% for delamination, with minimum errors of 11.4% and 2.2%, respectively. It was noted that analyzing data from repeated reflections, especially the second and third reflections, increased the probability of detecting a defect.




2. Research


2.1. Research Procedure


The present experiment consisted of testing the quality of adhesive joints on a testing machine and using an ultrasonic defectoscope. An industrial digital defectoscope and a high-frequency ultrasonic head were used for this study. The method of preparing the surface for testing and the method of making the joint were varied. In this study, all of the test work was carried out based on the test procedure shown in Figure 1.




2.2. Materials and Methods


In the first stage of the experiment, samples were selected for testing. The tests conducted reflected production conditions. An analysis of the use of double-sided adhesive-coated tapes was carried out, and it was noted that they are most often used for joining parts made of thin sheets. Therefore, it was decided to use the zinc-coated steel sheet DC01 in the study. Table 1 shows the chemical composition of the DC01 sheet used. The surface of the sheet was degreased with isopropanol before the adhesive was applied, and its most important roughness parameters were, on average, Ra = 0.49 µm and Rz = 2.6 µm. Measurements were made in accordance with the EN ISO 4287 [26] and EN ISO 4288 [27] standards.



Since acrylic strips are used to join thin sheets, a 1 mm thick sheet was chosen for testing, which means that the sheet was susceptible to deformation, and the loads on the testing machine of the joint were close to shear. It was assumed that the specimens would be overlapped, and the length of the sheet metal strips would be 150 mm. A 1.6 mm thick acrylic foam adhesive was chosen, one that not only bonded, but also sealed and dampened vibrations. The strips were available in 6, 9, 12, 15, 19, 25, 50 and 210 × 197 mm format sheets. Based on previous research, a 19 mm wide tape was selected for this work, and the width of the sheet strips was 20 mm. Acrylic tape, VHB with a thickness of 1.6 mm was selected for the test, which according to the manufacturer, has high mechanical, thermal, and chemical resistance. A drawing showing the dimensions of the sample is shown in Figure 2.



The metal sheets were divided into three groups, with twenty samples in each group. In the first, the surface was properly prepared, and the joined sheets were pressed according to the technology recommended by the manufacturer. In the second group, the surface was also prepared according to the rules, but the joined sheets were not pressed. In the third group of samples, the surface was not prepared in any way and the sheets were pressed correctly.




2.3. Ultrasonic Apparatus


Due to the practical nature of the research, an industrial digital ultrasonic defectoscope USM35XS (Krautkramer, GE Electronic, Boston, MA, USA) was used for the measurements, along with an ultrasonic probe. Because the samples used in the study were small in thickness, a high-frequency probe had to be used so that a short wavelength could be obtained. The wavelength is the quotient of its speed and its frequency. It was assumed that the wavelength should be at least three times smaller than the thickness of the sheet to be tested. Taking into account the above assumptions and the speed of the ultrasonic wave in the steel sheet of about 5940 m/s, it was calculated that the frequency of the wave used should be about 20 MHz. Due to the near-field and dead zone and the impossibility of immersion testing (due to possible degradation of the joint), it was decided to use a head with a water delay line. A probe from GE Electronic with a transducer diameter of 5 mm, designated by the manufacturer as G20MNX, was selected. This head is equipped with a flexible diaphragm that adapts to the shape of the surface to be tested. The selected ultrasonic probe is shown in Figure 3. The basic parameters of the ultrasonic transducer are shown in Table 2.



The schematic of the measurement system is shown in Figure 4.



Prior to the study, measurement errors were determined experimentally. For this purpose, 30 measurements were taken at a single location, the mean value was determined, and the confidence subinterval was set at 0.95, which allowed the percentage errors to be determined. The results of the calculations are presented in Table 3, while graphically, they are shown in Figure 5. The results of all measurements are presented in Appendix A.



Analyzing the results obtained, it was assumed that for further work, the fifth pulse would be used, since it came from multiple reflections, which increased the accuracy; additionally, the measurement error was about 8 percent, and with subsequent pulses, it increased up to 46 percent.



In the tests, a sequence of pulses was obtained on the defectoscope screen, and the heights of all pulses were measured. The decibel drop between the heights of the first and fifth pulses on the defectoscope screen was used as an ultrasonic measure of the quality of the adhesive bond, according to the following expression:


  M = 20 · l o g        H   I       H   V         



(1)







The settings of ultrasonic defectoscope were chosen so that the height of the first pulse in the joint area was 80% of the screen height; in the event that the defectoscope screen could not be frozen at this value, a conversion was made. An example view of the defectoscope screen and the principle of determining the ultrasonic measure is shown in Figure 6.





3. Results


Before making the samples, measurements were taken on a strip of metal sheet. These measurements were post-reference measurements. No significant differences were found in the attenuation of the metal sheets for all samples. The average value of the ultrasonic measure M for the sheet was 5.49 dB with a measurement error of 0.187 dB.



Measurements were also carried out after gluing all 60 samples together. The measurements were taken 24 h after the samples were prepared. After the ultrasonic measurements were executed, the specimens were broken on a testing machine.



The test results were divided into three main groups. Table 4 shows the results for the joints, for which the surface was prepared according to the tape manufacturer’s guidelines and the joined sheets were torn, while at the same time the breaking force was measured. Measurement of the force made it possible to determine the shear stress of the joint.



Table 5 shows the results for those specimens where the surfaces were degreased before gluing, but were not pressed together. Table 6 shows the results for those specimens where the surfaces were not degreased.



The average wall stress for the samples prepared according to the tape manufacturers’ recommendations was 0.497 MPa. For the samples in which the glued surfaces were not pressed, this value was 0.333 MPa, while for the surfaces that were not degreased, it was 0.252 MPa.



A summary of the results from all of the samples in graphical form is shown in Figure 7. In this figure, the value of the ultrasonic measure for the measurement on the sheet without tape is also included. Based on the graph, it is possible to distinguish between high-quality (shear resistance about 0.5 MPa) and low-quality joints (shear resistance between 0.2 and 0.45 MPa).



An example graph showing the dependence of the stress on the displacement of the jaws of the testing machine is shown in Figure 8. This figure shows the variable nature of the graph for cohesive rupture (8a) and cohesive-adhesive rupture (8b). A decrease in stress was observed when the jaws of the testing machine were moved by about 9 mm, with full specimen rupture occurring when as much as about 75 percent of the strip width was moved. No adhesion failure occurred in any of the specimens tested.



Cohesive, adhesive, and cohesive-adhesive rupture are possible. In cohesive rupture, there is an internal tear in the tape. In adhesive rupture, tearing of the tape from the material occurs. In cohesive-adhesive rupture, both forms of rupture are observed. It was noted that the failure of the joints for which the stresses were highest had the character of cohesive failure. This means that the surface was properly prepared. An ultrasonic measure of joint quality above 10 dB indicates an adhesion joint of the highest quality. For adhesive joints for which the ultrasonic measure was 7 to 9 dB, joints with shear strengths of 0.2 to 0.4 MPa were found, with mixed rupture, i.e., adhesion-cohesion rupture. For higher stresses, the proportion of cohesive rupture increased.



Sample results from the surface of the specimens are shown in Figure 9, Figure 10, Figure 11 and Figure 12, where the view of the specimens both after rupture and the ultrasonic measure distribution are shown. In these figures, the characteristic area, that is, the area where the connection had the highest quality, can be seen. This area was detected by ultrasonic testing.




4. Conclusions


The tests carried out confirmed that it was possible to test the quality of the bond between the adhesive tape and the steel plate using the ultrasonic echo method within the specified range. It was possible to identify high-quality joints for which the shear stresses exceeded 0.4 MPa. The stresses reached a maximum value of 0.53 MPa. Significantly, within this range, the strength of the joint was determined by the cohesive strength of the strip and not by the adhesive bond. It was confirmed that both sheet pressure and surface preparation significantly affect the quality of the joint. The average strength of joints prepared according to the tape manufacturer’s recommendations was 0.497 MPa. The average strength of those specimens where the surface was prepared properly, but the bonded surfaces were not pressed, was 0.333 MPa, about 30% lower, while where the surface was not properly cleaned, the strength was about 50% lower, averaging 0.252 MPa. The proposed ultrasonic measure (the decibel drop in height between the first and fifth pulses on the defectoscope screen) allowed a correct assessment of the quality of the joint.



The results obtained can be used not only during laboratory testing, but also under industrial production conditions, for quality control during the manufacture of adhesive joints.
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Table A1. Measurement results determining measurement errors.






Table A1. Measurement results determining measurement errors.





	No.
	HI %
	HII %
	HIII %
	HIV %
	HV %
	HVI %
	HVII %
	HVIII %
	HIX %
	HX %
	HXI %





	80
	68
	58
	43
	34
	24
	23
	19
	18
	17
	14
	80



	80
	68
	58
	43
	35
	33
	28
	26
	22
	14
	9
	80



	80
	68
	55
	45
	33
	30
	32
	24
	17
	16
	8
	80



	80
	69
	55
	42
	36
	31
	29
	22
	19
	18
	9
	80



	80
	69
	55
	43
	36
	27
	25
	23
	22
	16
	13
	80



	80
	68
	57
	48
	37
	29
	33
	25
	17
	16
	13
	80



	80
	69
	56
	43
	34
	27
	31
	21
	19
	14
	13
	80



	80
	70
	57
	42
	35
	30
	33
	21
	18
	17
	5
	80



	80
	69
	56
	47
	36
	28
	31
	19
	18
	13
	9
	80



	80
	68
	57
	43
	33
	31
	29
	28
	20
	14
	13
	80



	80
	71
	57
	44
	34
	28
	32
	22
	22
	15
	10
	80



	80
	67
	58
	46
	34
	29
	32
	26
	18
	19
	9
	80



	80
	68
	57
	43
	36
	30
	33
	22
	21
	14
	8
	80



	80
	72
	56
	48
	33
	28
	28
	22
	20
	17
	10
	80



	80
	70
	57
	44
	33
	31
	26
	21
	22
	13
	13
	80



	80
	73
	56
	45
	33
	30
	31
	25
	20
	17
	10
	80



	80
	69
	56
	45
	36
	31
	26
	23
	20
	14
	9
	80



	80
	69
	58
	44
	34
	28
	31
	18
	21
	13
	11
	80



	80
	70
	56
	43
	36
	30
	25
	22
	18
	16
	10
	80



	80
	69
	58
	45
	34
	26
	32
	23
	19
	15
	7
	80



	80
	66
	55
	42
	37
	26
	23
	21
	18
	17
	8
	80



	80
	70
	56
	45
	34
	31
	25
	20
	20
	14
	7
	80



	80
	70
	55
	43
	33
	27
	30
	27
	22
	18
	8
	80



	80
	69
	57
	43
	34
	26
	28
	18
	18
	16
	11
	80



	80
	71
	58
	42
	34
	32
	29
	20
	20
	14
	10
	80



	80
	71
	55
	45
	33
	28
	32
	22
	18
	18
	13
	80



	80
	69
	56
	43
	32
	29
	28
	18
	22
	14
	10
	80



	80
	67
	57
	42
	37
	32
	23
	20
	21
	19
	9
	80



	80
	67
	56
	47
	33
	31
	28
	20
	17
	18
	9
	80



	80
	71
	55
	46
	35
	31
	26
	20
	17
	16
	7
	80
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Figure 1. Research plan. 






Figure 1. Research plan.
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Figure 2. Sample used in the study: dimensions. 






Figure 2. Sample used in the study: dimensions.



[image: Applsci 14 06877 g002]







[image: Applsci 14 06877 g003] 





Figure 3. Ultrasonic probe used in research. 






Figure 3. Ultrasonic probe used in research.



[image: Applsci 14 06877 g003]







[image: Applsci 14 06877 g004] 





Figure 4. Measurement stand: (a) general view, (b) sample and probe model; 1, metal sheet; 2, ultrasonic probe; 3, flexible membrane, 4, adhesive tape; and 5, metal sheet. 
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Figure 5. Measurement errors for the obtained pulses. 
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Figure 6. Example view of the defectoscope screen. (a) Real image; 1, initial pulse; 2, gain of signal; 3, pulse height read automatically from the measuring gate (5); 4, first pulse (HI). (b) The principle of making measurements with the demonstration of the ultrasonic signal waveform. 
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Figure 7. Relationship between ultrasonic measure and shear stresses. 
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Figure 8. Plot of the dependence of the stress as a function of the punch path; (a) a joint in which cohesive rupture has occurred, and (b) a joint in which cohesive-adhesive rupture has occurred. 
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Figure 9. View of a sample after rupture, along with a map showing the value of the ultrasonic measure; the dashed line marks the characteristic area. 






Figure 9. View of a sample after rupture, along with a map showing the value of the ultrasonic measure; the dashed line marks the characteristic area.



[image: Applsci 14 06877 g009]







[image: Applsci 14 06877 g010] 





Figure 10. View of a sample after rupture, along with a map showing the value of the ultrasonic measure; the dashed line marks the characteristic area. 
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Figure 11. View of a sample after rupture, along with a map showing the value of the ultrasonic measure; the dashed line marks the characteristic area. 
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Figure 12. View of a sample after rupture, along with a map showing the value of the ultrasonic measure; the dashed line marks the characteristic area. 
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Table 1. Chemical composition of metal sheet (%).






Table 1. Chemical composition of metal sheet (%).





	Designation
	Numerical Classification
	C [%]
	Mn [%].
	P [%]
	S [%]
	Si
	Ti
	Al
	Nb





	DC01
	1.033
	≤0.12
	≤0.6
	≤0.045
	≤0.045
	-
	-
	-
	-










 





Table 2. Parameters of the ultrasonic transducer used.
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	Parameter
	
	





	frequency
	20
	MHz



	diameter of the transducer
	5.0
	mm



	effective diameter
	4.5
	mm



	wave speed of tested material
	5940
	m/s



	wave length
	0.297
	mm



	near field
	17.0
	mm



	the coefficient of decrease of decibels K
	0.87
	-



	sin the angle of divergence of the beam
	0.06
	-



	divergence angle degrees
	3.29
	°



	distance from the transducer
	20
	mm



	beam width
	2.3
	mm










 





Table 3. Determination of measurement errors (the complete set of results is available in Appendix A, Table A1).
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	Pulse

Number
	Average

Pulse High
	Standard

Deviation
	Confidence

Interval
	Percent Error





	1
	80.0
	0.00
	0.00
	0%



	2
	69.2
	1.55
	3.17
	5%



	3
	56.4
	1.05
	2.16
	4%



	4
	44.1
	1.77
	3.61
	8%



	5
	34.5
	1.41
	2.88
	8%



	6
	29.1
	2.12
	4.35
	15%



	7
	28.7
	3.14
	6.42
	22%



	8
	21.9
	2.63
	5.38
	25%



	9
	19.5
	1.73
	3.53
	18%



	10
	15.7
	1.81
	3.69
	23%



	11
	9.8
	2.21
	4.51
	46%










 





Table 4. Individual pulse heights and shear stresses for joints made according to the tape manufacturer’s guidelines.
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	No.
	HI

%
	HII

%
	HIII

%
	HIV

%
	HV

%
	M

dB
	Stresses

MPa





	1
	0.80
	0.62
	0.47
	0.34
	0.23
	10.83
	0.49



	2
	0.80
	0.61
	0.44
	0.29
	0.20
	12.04
	0.52



	3
	0.80
	0.61
	0.45
	0.30
	0.21
	11.62
	0.33



	4
	0.80
	0.59
	0.42
	0.29
	0.20
	12.04
	0.49



	5
	0.80
	0.63
	0.47
	0.3
	0.21
	11.62
	0.51



	6
	0.80
	0.61
	0.46
	0.3
	0.19
	12.49
	0.53



	7
	0.80
	0.68
	0.47
	0.33
	0.24
	10.46
	0.49



	8
	0.80
	0.62
	0.43
	0.32
	0.25
	10.10
	0.52



	9
	0.80
	0.55
	0.38
	0.24
	0.15
	14.54
	0.53



	10
	0.80
	0.55
	0.40
	0.27
	0.20
	12.04
	0.52



	11
	0.80
	0.63
	0.46
	0.31
	0.23
	10.83
	0.47



	12
	0.80
	0.67
	0.48
	0.36
	0.28
	9.12
	0.42



	13
	0.80
	0.68
	0.53
	0.33
	0.23
	10.83
	0.50



	14
	0.80
	0.56
	0.38
	0.26
	0.18
	12.96
	0.53



	15
	0.80
	0.61
	0.45
	0.29
	0.19
	12.49
	0.50



	16
	0.80
	0.63
	0.50
	0.31
	0.20
	12.04
	0.53



	17
	0.80
	0.66
	0.44
	0.30
	0.22
	11.21
	0.51



	18
	0.80
	0.63
	0.45
	0.33
	0.23
	10.83
	0.50



	19
	0.80
	0.54
	0.45
	0.35
	0.23
	10.83
	0.53



	20
	0.80
	0.63
	0.41
	0.29
	0.21
	11.62
	0.51










 





Table 5. Individual pulse heights and shear stresses for joints in which the bonded surfaces were not pressed together.
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	No.
	HI

%
	HII

%
	HIII

%
	HIV

%
	HV

%
	M

dB
	Stresses

MPa





	1
	0.80
	0.69
	0.48
	0.38
	0.30
	8.52
	0.46



	2
	0.80
	0.69
	0.47
	0.39
	0.28
	9.12
	0.33



	3
	0.80
	0.62
	0.53
	0.39
	0.30
	8.52
	0.31



	4
	0.80
	0.71
	0.53
	0.42
	0.28
	9.12
	0.33



	5
	0.80
	0.66
	0.48
	0.42
	0.28
	9.12
	0.34



	6
	0.80
	0.61
	0.53
	0.37
	0.30
	8.52
	0.35



	7
	0.80
	0.67
	0.47
	0.41
	0.30
	8.52
	0.33



	8
	0.80
	0.66
	0.47
	0.41
	0.28
	9.12
	0.35



	9
	0.80
	0.64
	0.48
	0.37
	0.29
	8.81
	0.32



	10
	0.80
	0.64
	0.48
	0.37
	0.29
	8.81
	0.33



	11
	0.80
	0.68
	0.52
	0.37
	0.32
	7.96
	0.30



	12
	0.80
	0.63
	0.52
	0.38
	0.29
	8.81
	0.33



	13
	0.80
	0.63
	0.47
	0.38
	0.28
	9.12
	0.35



	14
	0.80
	0.66
	0.46
	0.40
	0.29
	8.81
	0.28



	15
	0.80
	0.65
	0.46
	0.38
	0.31
	8.23
	0.31



	16
	0.80
	0.69
	0.47
	0.38
	0.29
	8.81
	0.33



	17
	0.80
	0.70
	0.49
	0.40
	0.31
	8.23
	0.34



	18
	0.80
	0.60
	0.53
	0.41
	0.31
	8.23
	0.31



	19
	0.80
	0.61
	0.51
	0.39
	0.30
	8.52
	0.33



	20
	0.80
	0.67
	0.50
	0.39
	0.28
	9.12
	0.33










 





Table 6. Individual pulse heights and shear stresses for joints in which the bonded surfaces were not degreased, but were pressed together.






Table 6. Individual pulse heights and shear stresses for joints in which the bonded surfaces were not degreased, but were pressed together.





	No.
	HI

%
	HII

%
	HIII

%
	HIV

%
	HV

%
	M

dB
	Stresses

MPa





	1
	0.80
	0.64
	0.45
	0.37
	0.33
	7.69
	0.21



	2
	0.80
	0.65
	0.48
	0.42
	0.34
	7.43
	0.21



	3
	0.80
	0.70
	0.49
	0.41
	0.33
	7.69
	0.27



	4
	0.80
	0.67
	0.46
	0.43
	0.34
	7.43
	0.29



	5
	0.80
	0.59
	0.52
	0.38
	0.32
	7.96
	0.24



	6
	0.80
	0.60
	0.53
	0.41
	0.31
	8.23
	0.33



	7
	0.80
	0.66
	0.52
	0.40
	0.34
	7.43
	0.23



	8
	0.80
	0.60
	0.49
	0.41
	0.30
	8.52
	0.21



	9
	0.80
	0.66
	0.52
	0.41
	0.31
	8.23
	0.28



	10
	0.80
	0.68
	0.52
	0.41
	0.31
	8.23
	0.28



	11
	0.80
	0.63
	0.53
	0.40
	0.32
	7.96
	0.27



	12
	0.80
	0.63
	0.51
	0.42
	0.33
	7.69
	0.23



	13
	0.80
	0.64
	0.51
	0.41
	0.33
	7.69
	0.24



	14
	0.80
	0.66
	0.52
	0.41
	0.31
	8.23
	0.29



	15
	0.80
	0.67
	0.51
	0.42
	0.33
	7.69
	0.24



	16
	0.80
	0.65
	0.51
	0.42
	0.32
	7.96
	0.26



	17
	0.80
	0.67
	0.51
	0.41
	0.32
	7.96
	0.26



	18
	0.80
	0.65
	0.52
	0.40
	0.32
	7.96
	0.25



	19
	0.80
	0.64
	0.53
	0.42
	0.32
	7.96
	0.24



	20
	0.80
	0.63
	0.54
	0.41
	0.33
	7.69
	0.21
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