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Abstract:



Ultrasonic fabrication of fiber reinforced plastics made from thermoplastic polymer films and carbon or glass fibers enables cycle times of a few seconds and requires investment costs of only some 10,000 €. Besides this, the raw materials can be stored at room temperature. A fiber content of 33 vol % and a tensile strength of approximately 1.2 GPa have been achieved by ultrasonic welding of nine layers of foils from polyamide, each 100 µm in thickness, and eight layers of carbon fibers, each 100 µm in thickness, in between. Besides unidirectional carbon fiber reinforced polymer composite (CFRP) samples, multi-directional CFRP plates, 116 mm, 64 mm and 1.2 mm in length, width and thickness respectively, were fabricated by processing three layers of carbon fiber canvas, each 300 µm in thickness, and eight layers of polyamide foils, each 100 µm in thickness. Furthermore, both the discontinuous and the continuous ultrasonic fabrication processes are described and the results are presented in this paper. Large-scale production still needs to be demonstrated.
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1. Introduction


The most popular composites are fiber reinforced plastics (FRP), in which there is fiber material like glass (GFRP) or carbon (CFRP) embedded into a matrix material made of thermoplastic or thermoset polymer. The tensile strength to density ratio of CFRP, which is typically approximately 1.2 to 1.6 GPa/(g·cm−3), is more than four times higher than that of steel [1,2]. By replacing steel with CFRP, it is possible to reduce the components’ weight by 70% without any loss of mechanical resilience [2]. Therefore CFRP is mainly used within lightweight applications such as airplanes and cars [3].



However, CFRP with a thermoset matrix cannot be melted and deformed after initial solidification, restricting repair and recycling. Furthermore, the fabrication process of CFRP consumes in total three to five times more energy than steel production, including the fabrication of carbon fiber material itself [4]. Finally, the major drawback of CFRP is its high material costs, which can reach up to more than 300 US$/kg depending on the field of application [3]. Concluding these effects, a part made of CFRP is in total approximately six times more expensive than its steel equivalent [1].



This paper described how CFRP has been produced by ultrasonic processing of thermoplastic foils and carbon fibers. The cycle time of this process is only a few seconds and the required investment costs are on the order of some 10,000 €. Because of the local heating of the material, ultrasonic processing is relatively low energy consuming and various thermoplastic polymers as well as various fiber materials can be processed [5,6]. Figure 1 describes schematically how CFRP has been fabricated by ultrasonic welding.


Figure 1. Schematic illustration of the ultrasonic fabrication of carbon fiber reinforced polymer composite (CFRP): (a) Carbon fibers placed between polymer layers on top of the anvil and under the horn of an ultrasonic welding machine. Down stroke of the horn; (b) Buildup of a mechanical force by the horn and compression of the sample; (c) Ultrasonic vibrations generate friction heat between fibers and polymer, melting the polymer and embedding the fibers; (d) De-activating ultrasonic vibrations and retaining force for solidification; (e) Demolding the ultrasonically fabricated sample from the machine.
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A layer of carbon fibers with a thickness of approximately 100 µm was placed between two layers of polypropylene (PP), each 200 µm in thickness. Afterwards, this stack of carbon fibers and polymer foils was positioned and fixed on the anvil and under the horn of an ultrasonic welding machine. During the so-called down stroke step, the horn was moved downward onto the sample (see Figure 1a). After the horn reached the surface of the sample, it was compressed (see Figure 1b). As soon as the force reached a certain predetermined trigger force, ultrasonic vibrations were generated for a predetermined welding time. As a consequence, friction heat was generated between the fibers and the polymer, melting the polymer and embedding the fibers into the molten polymer (see Figure 1c). After the welding time of 1.5 s, ultrasonic vibrations and melting were stopped and the heat was conducted away into the horn and the anvil. As a result, the polymer was solidifying within 1 s, the so-called holding time. During the holding time, the compressing pressure was retained (see Figure 1d). Finally, the horn was moved upward to its initial position and the ultrasonically fabricated CFRP sample was released (see Figure 1e). The overall process cycle time was in the order of 5 s. Furthermore, the set parameters of the ultrasonic process are summarized as process A in Table 1.


Table 1. Overview of the process conditions and the parameters for the ultrasonic fabrication of CFRP with the Branson 2000IW+ Ultrasonic Welder.





	Process
	Welding Force (N)
	Trigger Force (N)
	Welding Time (s)
	Holding Time (s)
	Ultrasonic Amplitude (µm)





	A: 1 layer of carbon fibers, 100 µm in thickness, and 2 layers of PP foils, each 200 µm.
	3200
	220
	1.5
	1.0
	32.0



	L: 3 layers of carbon fibers, each 100 µm in thickness, and 4 layers of PA foils, each 200 µm.
	1800
	870
	1.5
	1.0
	30.4









In an initial experiment, the prior described ultrasonic fabrication process was used to fabricate CFRP samples, which consisted of one layer of carbon fibers embedded into a PP matrix. Figure 2 displays one example of an ultrasonically fabricated CFRP sample. After the fabrication process, the samples were trimmed to the dimensions of approximately 10 mm in width and 25 mm to 30 mm in length. The thickness of the samples was approximately 470 µm. To demonstrate that all fibers were embedded fully into the PP matrix, the upper matrix layer and some fibers were cut off and removed partly. Because a unidirectional carbon fiber roving was employed as raw material, all the fibers of the fabricated CFRP sample were orientated unidirectional as well.


Figure 2. Ultrasonically fabricated CFRP made of carbon fibers between two layers of polypropylene (PP). The thickness of the sample was approximately 470 µm. To demonstrate that the fibers were embedded fully, the upper matrix layer was cut off and removed partly.
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Ultrasonic energy generated within the ultrasonic welding process has been used in industrial applications such as welding, deforming and joining of thermoplastic polymer materials for more than six decades [5,6]. However, in the field of composite materials, ongoing research activities focus on employing the ultrasonic welding process for the joining of CFRP parts, which were fabricated by industrial state of the art fabrication processes such as pultrusion, winding, processing of prepregs or resin transfer moulding (RTM). Furthermore, CFRP parts joined by ultrasonic welding can be made from both a thermoplastic and a thermoset matrix material [7,8,9,10,11,12].



Besides the joining of already fabricated CFRP, it was demonstrated that the ultrasonic welding process can also be used for the initial fabrication of CFRP itself made from prepregs, tapes or preforms [13,14,15,16,17,18]. Furthermore, it is possible to use ultrasonic welding to process the so-called pseudo-prepregs made of continuously commingled glass fibers and PP filaments, which allows to fabricate GFRP within a roll-to-roll process [19,20].



However, these approaches still require semi-finished CFRP products as raw materials, which need to be fabricated within a prior processing step. On the contrary, the approach presented in this paper avoids using semi-finished CFRP and employs dry carbon fibers from fiber rovings and rolls of solid thermoplastic polymer film with various thicknesses as raw materials. Both materials are processed in just one continuous processing step within seconds to finished CFRP by ultrasonic welding. Furthermore, the materials can be stored at room temperature for an unlimited time.



Based on the promising results of the first experiment, further research activities dealt with the systematic development of the ultrasonic fabrication process of CFRP. During the development process, the amount of fiber layers within the fabricated CFRP-samples was increased successively. Furthermore, not only carbon fibers but also glass fibers and carbon fiber canvas as well as various thermoplastic matrix materials were employed as raw process materials. Besides the discontinuous processing, the continuous ultrasonic fabrication of CFRP was demonstrated as well. Finally, material properties of the CFRP such as fiber volume content and tensile strength were examined and summarized.




2. Materials and Methods


2.1. Machines


During the development of ultrasonic fabrication of FRP three different ultrasonic welding machines were used. These machines are introduced in this section. Furthermore, their main processing characteristics such as ultrasonic frequency, maximum ultrasonic amplitude, dimensions of the ultrasonic horn, maximum pressing force and maximum power are named.



The Branson 2000IW+ Ultrasonic Welder from Emerson Electric Inc., St. Louis, MO, USA works at an ultrasonic frequency of 20 kHz. Maximum ultrasonic amplitude, power and pressing force are 32 µm, 2.2 kW and 3.2 kN, respectively [21]. The dimensions of the horn are 60 mm × 40 mm. This ultrasonic welding machine was employed for processes A and L presented in this paper. Table 1 summarizes the set processing parameters.



The Herrmann Ultraschall HiQ DIALOG 1200 ultrasonic welding machine from Herrmann Ultraschalltechnik GmbH & Co. KG, Karlsbad, Germany works at 35 kHz. Maximum ultrasonic amplitude, power and pressing force are 31 µm, 1.2 kW and 650 N, respectively [22]. The dimensions of the horn are 60 mm × 40 mm. This machine was employed for process B. Table 2 summarizes the set processing parameters.


Table 2. Overview of the process conditions and the parameters for the ultrasonic fabrication of CFRP with the Herrmann Ultraschall HiQ DIALOG 1200 ultrasonic welding machine.





	Process
	Welding Force (N)
	Trigger Force (N)
	Welding Time (s)
	Holding Time (s)
	Ultrasonic Amplitude (µm)





	B: 6 layers of carbon fibers, each 100 µm in thickness, and 7 layers of PP foils, each 200 µm.
	500
	600
	0.65
	2.0
	30.0









The Herrmann Ultraschall HiQ DIALOG 6200 ultrasonic welding machine from Herrmann Ultraschalltechnik GmbH & Co. KG, Karlsbad, Germany works at 20 kHz. Maximum ultrasonic amplitude, power and pressing force are 30.6 µm, 6.2 kW and 2.49 kN, respectively [22]. The dimensions of the horn are 120 mm × 80 mm. This machine was employed for processes C, D, E, F, G, H, M and N. Table 3 summarizes the set processing parameters. When two welding forces are named, there was a raise of force during the ultrasonic welding process.


Table 3. Overview of the process conditions and the parameters for the ultrasonic fabrication of CFRP with the Herrmann Ultraschall HiQ DIALOG 6200 ultrasonic welding machine.





	Process
	Welding Force (N)
	Trigger Force (N)
	Welding Time (s)
	Holding Time (s)
	Ultrasonic Amplitude (µm)





	C: 8 layers of carbon fibers, each 100 µm in thickness, and 9 layers of PA foils, each 100 µm.
	500/2000
	500
	3.0
	5.0
	22.0



	D: 17 layers of carbon fibers, each 100 µm in thickness, and 18 layers of PA foils, each 100 µm.
	1200/2000
	1200
	15.0
	5.0
	30.0



	E: 4 layers of carbon fibers, each 100 µm in thickness, and 5 layers of PA foils, each 100 µm.
	500/2000
	500
	4.0
	5.0
	30.0



	F: 5 layers of CFRP made within process E
	500/2000
	500
	6.0
	5.0
	20.0



	G: 4 layers of glass fibers, each 200 µm in thickness, and 5 layers of PA foils, each 100 µm.
	2000
	500
	4.5
	5.0
	30.0



	H: 3 layers of canvas, each 300 µm in thickness, and 8 layers of PA foils, each 100 µm.
	500/2000
	500
	16.0
	5.0
	30.6



	M: 5 layers of carbon fibers, each 100 µm in thickness, and 6 layers of PA foils, each 100 µm.
	500/2000
	500
	4.5
	5.0
	30.0



	N: 8 layers of carbon fibers, each 100 µm in thickness, and 9 layers of PA foils, each 100 µm.
	500/2000
	500
	7.0
	5.0
	30.0









The CERA 100 ultrasonic welding machine from CERA Engineering SAS, Villars, France works at 35 kHz. Maximum ultrasonic amplitude, power and piston pressure are 20 µm, 1 kW and 0.5 MPa, respectively [23]. The width of the disk-shaped horn was 8 mm. This machine was employed for processes I, J and K. Table 4 summarizes the set processing parameters.


Table 4. Overview of the process conditions and the parameters for the ultrasonic fabrication of CFRP by the CERA 100 ultrasonic welding machine.





	Process
	Piston Pressure (MPa)
	Feed (m/min)
	Ultrasonic Amplitude (µm)





	I: 3 layers of carbon fibers, each 50 µm in thickness, and 4 layers of PE foils, each 150 µm in thickness.
	0.5
	4.0
	20



	J: 2 layers of carbon fibers, each 50 µm in thickness, and 3 layers of PA foils, each 100 µm in thickness.
	0.4
	4.0
	17.5



	K: 1 layer of carbon fibers, 50 µm in thickness, and 2 layers of PP foils, each 200 µm in thickness.
	0.3
	4.0
	20









During the ultrasonic fabrication of CFRP, the carbon fiber and the polymer film layers had to be positioned and fixed on the anvil and under the horn of the ultrasonic welding machine. Therefore, strips of an adhesive tape and a self-constructed clamping tool were used. Figure 3 illustrates the fixing process.


Figure 3. Positioning and fixing of the carbon fiber layers and the layers the polymer film on the anvil and under the horn of the Herrmann Ultraschall HiQ DIALOG 6200 ultrasonic welding machine. (a) Placing and stacking of the carbon fibers and the polymer film layers on the anvil; (b) fixing the stack of carbon fibers and the polymer film layers in their position with a clamping tool; (c) activating the ultrasonic welding process to fabricate carbon fiber reinforced plastics (CFRP).
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First the layers of carbon fibers and polymer film were stacked and placed on the anvil (see Figure 3a). Adhesive tape was used to fix the stack of carbon fibers and polymer film preliminary. Because of the limited mechanical force from the adhesive tapes of approximately less than 10 N, a clamping tool was necessary to build up a higher mechanical force fixing the fibers in their position. The clamping tool was placed on the anvil of the ultrasonic welding machine, but the screws had not been tightened yet (see Figure 3b).



Afterwards, the horn of the ultrasonic welding machine was moved downward and built up a mechanical force. Finally, the screws of the clamping tool were tightened and therefore the fibers and polymer film layers were fixed in their position (see Figure 3c). The ultrasonic horn was moved upward to its initial position. After this fixing step, the ultrasonic welding process begun and the CFRP sample was fabricated.



As processing parameters of the ultrasonic welding process cannot be predicted in advance precisely [6], they had to be determined through trial and error experiments for every setup individually, with respect to the materials used and their dimensions as well as the amount of fiber and polymer film layers. Therefore, a batch of samples was produced initially to determine suitable processing parameters for various setups. Using suitable processing parameters, which were chosen based on criteria such as uniformity of welding and full embedding of the fibers, a batch of testing samples with various amounts of CFRP samples was produced afterwards. For each setup the exact amount of the batch size is named in Section 3.5.



According to the dimension of the ultrasonic horn used in the fabrication process, the samples were approximately 60 mm to 80 mm in length. The width of the inhomogeneous samples was 50 mm, which consisted of approximately 10 mm to 15 mm of embedded fibers and the rest of unfilled polymer material. To fabricate homogeneous CFRP samples and to compare the results of the tensile tests in Section 3, all the samples needed to be trimmed to same dimensions. Based on the sample’s center point in width and length after initial fabrication, they were trimmed to 8 mm and 55 mm in width and length, respectively. The height of the sample was a function of the amount of carbon fibers and polymer film layers used. Those dimensions were measured for every sample individually by an optical microscope. Furthermore, every sample was weighed by a micro scale. This information was used to calculate the cross-section area of the sample and later to determine the tensile strength applied on a sample. From each batch of testing samples, every ultrasonically fabricated CFRP samples was prepared and tested within tensile tests.



To measure the tensile strength of the CFRP samples, the zwickiLine Materials Testing Machine Z5.0 tensile strength testing machine from Zwick GmbH & Co. KG, Ulm, Germany, was used. The maximum test load in tensile direction of the machine was 5 kN and the crosshead speed can be set from 0.0005 mm/min up to 600 mm/min [24]. The force measurement accuracy fulfills the requirements of the grade 0.5 according to DIN EN ISO 7500-1 and ASTM E4, what means that the measuring error of the machine is less than 0.5% [24].



For the measurement of the tensile strength, the CFRP-sample was placed and fixed in the clamping claws of the tensile testing machine. Both clamping claws were tightened with a torque of 14 N·m. The distance between both clamping claws was set to 15 mm. The testing velocity was set to 1 mm/min. During the test, the tensile force was measured and later used to calculate the tensile strength together with the cross-section of every sample individually.




2.2. Materials


For the development of the ultrasonic fabrication of FRP various polymer matrix materials as well as fiber materials were examined. Those materials, their relevant mechanical properties as well as the supplying company are introduced within this section.



The Tecfilm PP TC 00170 polypropylene (PP) foil used in this paper was supplied in various thicknesses by Dr. Dietrich Müller GmbH, Ahlhorn, Germany. The density of the PP foil was 0.9 g·cm−3, the maximum tensile strength was 80 MPa and the elongation at break was approximately 150% [25].



The Nowocast HD polyethylene (PE) foil was supplied by Nowofol Kunststoffprodukte GmbH & Co. KG, Siegsdorf, Germany. The density, maximum tensile strength and elongation at break of the PE foil were 0.945 g·cm−3, 20 MPa and up to 600%, respectively [26].



The Cast Nylon Film PA 6 polyamide 6 (PA6) foil was supplied in various thicknesses by mf-folien GmbH, Kempten, Germany. Density, maximum tensile strength and elongation at break of this foil were 1.14 g·cm−3, 80 MPa and up to 400%, respectively [27].



The carbon fiber Tenax-HTS40 F13 12K 800tex was supplied by Toho Tenax GmbH, Heinsberg, Gemany. One layer of the fibers had a thickness of approximately 100 µm and a width of approximately 8 mm. Density, maximum tensile strength and elongation at break of the carbon fibers were 1.77 g·cm−3, 4.4 GPa and up to 1.8%, respectively [28].



The glass fiber E-CR1200 was supplied by Mühlmeier GmbH & Co. KG, Bärnau, Gemany [29]. One layer of the fibers had a thickness of approximately 100 µm and a width of approximately 7 mm. Further information on the mechanical properties were not available but also not needed, because no mechanical tensile tests were performed with the GFRP sample. Figure 4 shows the polymer matrix as well as the fiber materials used in this paper.


Figure 4. Overview of the polymer foils and fiber materials used in this paper.
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2.3. Methods


The fiber volume content ϕC of the ultrasonically fabricated CFRP was calculated from the conservation of mass and the densities ρ and volumes V of CFRP, fibers and matrix polymer:


[image: ]



(1)




where the indexes C, f and m denote CFRP, fibers and matrix polymer and [image: ] denotes the fiber or matrix content, respectively. Dividing the last two parts of the above equation by VC yields:


[image: ]



(2)







The density of the ultrasonically fabricated CFRP sample was calculated by weighting and measuring the geometrical dimension of every sample. The density of fiber and matrix material were taken from their technical data sheet (see Section 2.2).





3. Results


3.1. Ultrasonic Fabrication of Multi Layered CFRP


Based on achieved results of the initial experiment, in further experiments thicker CFRP plates were fabricated by ultrasonic welding of several layers for fibers and foils in a single step (see Figure 5).


Figure 5. Schematic illustration of the ultrasonic fabrication of multi layered CFRP.
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Up to six layers of carbon fibers, each 100 µm in thickness, and seven layers of PP foils, each 200 µm in thickness, were welded together in a single welding process. The total thickness of the fabricated samples was approximately 1.8 mm and all fibers were orientated in one direction because unidirectional carbon fibers were used as a raw material. All the fibers were embedded fully into the various layers of molten polymer matrix material. The process parameters are summarized as process B in Table 2. Figure 6 illustrates a microscopic view of a cut through the CFRP in fiber direction.


Figure 6. Microscopic view on a cut in direction of the fibers through a CFRP sample with a total thickness of approximately 1.8 mm made of six layers of carbon fibers and seven layers of PP-foils.
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Although all the fibers were embedded completely, the CFRP sample was inhomogeneous because separate layers of polymer and carbon fibers are seen on a cut (cf. Figure 6). Especially the upmost PP layer had still a thickness of approximately 150 µm after welding. This means that the total amount of PP used within process B was larger than necessary for embedding the fibers completely.



In further experiments polyamide (PA) films were employed as matrix material. As shown in Figure 6, several PA foils were positioned between the anvil and the horn of the ultrasonic welding machine and ultrasonically welded to CFRP. By using nine PA foils, each 100 µm in thickness, the amount of matrix material in the CFRP sample was reduced. The trigger force was set to 500 N and the welding force was raised from 500 N to 2 kN in 0.5 s. The parameters are summarized as process C in Table 3. This way, a homogeneous cross-section of the CFRP was achieved (see Figure 7). The thickness of the sample was approximately 900 µm in total.


Figure 7. Microscopic view on a cut orthogonal to the direction of the fibers through a CFRP sample fabricated by process C from eight layers of carbon fibers and nine layers of PA foils, all 100 µm in thickness, resulting in 900 µm total thickness of the CFRP.
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In further experiments up to 17 layers of carbon fibers and 18 layers of PA film, all 100 µm in thickness, were welded in a single process to CFRP. Figure 8 displays such a sample. The parameters are summarized as process D in Table 2.


Figure 8. Ultrasonically fabricated CFRP sample made from 17 layers of carbon fibers and 18 layers of PA foils, all 100 µm in thickness. The total thickness of the CFRP was 1 mm.
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The width of the samples expanded from 8 mm before welding to up to approximately 15 mm after welding. The total thickness of the sample was approximately 1 mm. It appears to be possible to reduce this extension by applying a preliminary tension on the fibers.



Up to 20 layers of carbon fibers were welded into a PA matrix by first fabricating five CFRPs with four layers of carbon fibers embedded in five layers of PA and then joining these five CFRPs without any additional fibers by ultrasonic welding. The processing parameters of this process E and F are summarized in Table 3.



Besides the ultrasonic fabrication of unidirectional CFRP it was also demonstrated to fabricate multi-directional CFRP. Various layers of unidirectional carbon fibers were placed at different orientations between the polymer layers. The first carbon fiber layer was orientated at 0° direction, the second was orientated orthogonally to the first one at 90° direction and the third layer in ±45° direction, and so on. This procedure allowed for ultrasonically fabricating quasi-isotropic CFRP from unidirectional carbon fiber rovings.




3.2. Ultrasonic Fabrication of GFRP


Glass fiber reinforced plastics (GFRP) have already been made by ultrasonic fabrication from pseudo-prepregs made of continuous commingled glass fibers and PP filaments [19]. However, the approach presented in this paper showed that it is also possible to employ polymer films with various thicknesses instead of PP filaments. GFRP were fabricated similarly as CFRP by ultrasonic processing (cf. process G in Table 3). Figure 9 displays a GFRP sample, made from four layers of glass fibers, with a thickness of approximately 200 µm each, and five layers of PA film with a thickness of 100 µm each. The GFRP sample had a total thickness of approximately 900 µm.


Figure 9. Ultrasonically fabricated GFRP made from four layers of glass fiber roving with a thickness of 200 µm each and five layers of PA film with a thickness of 100 µm each.
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3.3. Ultrasonic Fabrication of CFRP-Plates


Besides processing unidirectional fibers, the ultrasonic fabrication also allowed to process carbon fiber canvas, which consisted of carbon fibers woven into a 0° and 90° mash [30] (see left side of Figure 10). The yellow marked area shows the welding area of the horn. To fabricate CFRP plates, three layers of carbon fiber canvas with a thickness of 300 µm each were placed between eight PA foils, each 100 µm in thickness, and ultrasonically welded. The processing parameters of the process H are summarized in Table 3.


Figure 10. Raw carbon fiber canvas with marked welding area (left). Ultrasonically fabricated CFRP plate from three layers of carbon fiber canvas with a thickness of 300 µm each and eight layers of PA film, each 100 µm in thickness. The fabricated CFRP plate had outer dimensions 116 mm × 64 mm and the thickness was 1.2 mm.



[image: Jcs 02 00056 g010]






The right side of Figure 10 shows the CFRP plate after it was ultrasonically fabricated and trimmed. This plate was approximately 116 mm in length, 61 mm in width and had a thickness of approximately 1.2 mm. The dimensions of the fabricated plate were limited to the dimensions of the ultrasonic horn.




3.4. Continuous Ultrasonic Fabrication of CFRP


Besides the discontinuous fabrication process of CFRP described in Section 1, a continuous process was investigated as well. An ultrasonic welding machine consisting of a disk-shaped rotating horn and anvil was employed. The left side of Figure 11 illustrates the working principle of the continuous ultrasonic fabrication of CFRP. Similar to the discontinuous process, the stack of carbon fibers and polymer film was placed between the horn and the anvil. Both the horn and the anvil are rotating during ultrasonic welding, transporting the sample.


Figure 11. Schematic illustration of the working principle of continuous ultrasonic fabrication of CFRP (left). Ultrasonically fabricated CFRP sample with a length of 30 cm made from three layers of carbon fibers, each 50 µm in thickness, and four layers of PE foils, each 150 µm in thickness (right).
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Figure 11 shows the experimental setup for the continuous ultrasonic fabrication of CFRP as well as the fabricated sample. The experiments showed that with process I, it is possible to fabricate samples from four layers of PE foils, each 150 µm in thickness, and three layers of carbon fibers, each 50 µm in thickness, with a total length of up to 30 cm. Furthermore, additional investigations focused on the variation of the polymer material employed as well as the amount of carbon fiber layers within the fabricated CFRP sample. For instance, in process J, two layers of carbon fibers with a thickness of 50 µm each and three layers of PA foil with a thickness of 100 µm each were processed to CFRP. Finally, in process K one layer of carbon fiber with a thickness of 50 µm and two layers of PP foils with a thickness of 200 µm each were processed. The processing parameters of processes I, J and K are summarized in Table 4.




3.5. Mechanical Testing


Besides the examination of the fabrication process, the mechanical properties of the fabricated CFRP were investigated. Samples with different amounts of carbon fiber layers as well as polymer film layers were fabricated. The manufactured batch consisted of CFRP samples with three, four, five and eight layers of carbon fibers. PA was used as matrix material. The process parameters for processes E, L, M and N are summarized in Table 1 and Table 3. After ultrasonic fabrication of the CFRP, the samples were trimmed, weighed and their dimensions were measured according to the method described in Section 2.1. Afterwards, tensile tests were performed, the tensile force of breakage was determined and finally the tensile strength of the samples was calculated. The following Table 5 summarizes the results of the tensile test.


Table 5. Mean tensile strength and standard deviation of the ultrasonically fabricated CFRP samples measured within tensile tests.





	Process
	Mean Tensile Strength (MPa)
	Standard Deviation (%)
	Samples Tested (-)





	L: 3 layers of carbon fibers, each 100 µm in thickness, and 4 layers of PA foils, each 200 µm.
	502 ± 42
	8.4
	5



	E: 4 layers of carbon fibers, each 100 µm in thickness, and 5 layers of PA foils, each 100 µm.
	819 ± 113
	13.8
	17



	M: 5 layers of carbon fibers, each 100 µm in thickness, and 6 layers of PA foils, each 100 µm.
	1001 ± 142
	14.2
	14



	N: 8 layers of carbon fibers, each 100 µm in thickness, and 9 layers of PA foils, each 100 µm.
	1240 ± 130
	10.5
	14









CFRP samples, which consisted of 5 layers of carbon fibers and 6 layers of PA films, had a mean tensile strength of 1001 ± 142 MPa and a density of 1259 g·cm−3, leading to a fiber content of approximately 19 vol %. The maximum tensile strength was achieved with 8 layers of carbon fibers and 9 PA layers, all 100 µm in thickness. In that case, the density of the CFRP was 1.336 g·cm−3. Consequently, the fiber content was approximately 33 vol % and the mean tensile strength was 1240 ± 130 MPa.





4. Discussion


It has been shown that fiber reinforced plastic can be fabricated by ultrasonic welding of thermoplastic polymer films and both glass and carbon fibers. The process allows for the employment of various thermoplastic matrix materials such as PP, PE or PA. The maximum thickness of a CFRP achieved this way was 1.2 mm. Thicker samples could not be manufactured because of the limited power of the ultrasonic welding machines available. The lateral dimensions of the samples are also a function of the available ultrasonic power because larger areas of the horn require more power for successful welding. The material palette is also limited by the power of the ultrasonic welding machine because thermoplastic polymers with a higher softening temperature such as polyether etherketone (PEEK) require more ultrasonic power for welding. The limited welding area could be extended by ultrasonic welding machines with rotating horns and anvils. However, the width of such horns up to now is limited to approximately 20 mm. As a consequence, improved ultrasonic welding machines are desirable for the ultrasonic fabrication of fiber reinforced plastics.



Unidirectional fibers are squeezed out perpendicular to their direction by ultrasonic welding. Therefore, it was necessary to fix them at a significant tensile stress before welding. Employing canvas is a solution for this problem. On the other hand, using unidirectional fibers enables choosing the directions of maximum strength with more freedom. Thus further developments of the process are desirable, allowing for more designs of the samples. Besides this, the fiber content achievable by ultrasonic welding should be enhanced. The maximum fiber content obtained so far was 33 vol % yielding a tensile strength of 1.2 GPa. For high performance applications such as aviation or aerospace a fiber content of approximately 50 vol % and a tensile strength of up to 2 GPa are usual [31] indicating that further improvements may also be possible for the fabrication by ultrasonic welding.



For several applications it is desirable to construct three-dimensional parts from FRP. The processes described here so far have been employed only for manufacturing flat FRP plates. Thus, further development work will also be necessary to allow for the fabrication of more complex geometries. Since there is a lot of freedom to arrange the fibers for ultrasonic welding, there appear to be chances for new designs.



The ultrasonic fabrication of CFRP processes dry carbon fibers and solid thermoplastic matrix material to semi-finished CFRP or CFRP products within seconds. Therefore, the fabrication process is much faster than state of the art fabrication of CFRP, e.g., by pultrusion or the processing of semi-finished CFRP products such as prepregs. Furthermore, all raw materials can be stored at room temperature for a nearly unlimited amount of time.




5. Conclusions


The fabrication of FRP by ultrasonic welding of polymer films and fibers is a promising new process enabling fast and low-cost fabrication. In contrast to other approaches in current research activities, the process presented within this paper does not require semi-finished FRP products as raw materials. It uses dry fibers and solid polymer film material, which can be purchased relatively cost-effectively by industrial suppliers. However, due to the early stage of the research, further development work is required to enhance fiber content and area and thickness of the products fabricated this way. As processing parameters are usually determined by trial and error, it seems possible to optimize the quality of the ultrasonically fabricated FRP through an intensively process parameter study. Besides the optimization of the process parameters, using a preliminary tension on the fibers during the fabrication process may avoid widening of the fiber rovings after the welding process, leading to an increase of both material thickness and tensile strength of the FRP.



Furthermore, the statistically significance of the measured tensile strength of the ultrasonically fabricated FRP needs to be determined by using statistical methods such as analysis of variance (ANOVA). To evaluate the quality of the FRP, values of tensile strength, which were measured in experiments, need to be compared to theoretical values predicted using composite theory.



Many issues such as the microscopical structure, the wrinkling of the fibers, the squeezing of the matrix materials or the porosity of the ultrasonically fabricated FRP were not investigated in this paper. However, these experiments and examinations could not be performed yet due to limited resources. Therefore, they need to be addressed in future works.
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