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Abstract

:

Polymer-based engineering materials (plastics, polymer matrix composites, and similar) are becoming more widely used for the design and construction of consumer products and systems. While providing a host of design benefits, these materials also can have a large detrimental effect on the environment when not handled properly. One of the best ways to increase the sustainability of systems created using these materials is to extend their operating life as much as possible. Additive manufacturing (AM) technologies offer a powerful tool for this, as they allow easy repair of damaged or worn components in an automated or semi-automated way. This article explores the use of the fused filament fabrication (FFF) process as a tool for repairing high-value (i.e., difficult or expensive to replace) thermoplastic parts. The major design opportunities and restrictions are presented, as well as an evaluation of the types of repair jobs for which this process could be suitable and effective. Advice and ideas for future implementations and improvements are provided as well. A detailed case study is presented, where cracked ABS bars were repaired using FFF-deposited patches while varying the print parameters using a factorial designed experiment. The repaired bars were tested against the baseline and in most cases were found to be as good as or better than the original bars under a bending load. This case study demonstrates the concepts and explores how this repair approach could be realistically employed in practice.
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1. Introduction


Polymer-based materials (plastics, polymer matrix composites, and others) possess high specific strength (high strength-to-weight ratio) and corrosion resistance and can easily be manufactured into complicated shapes [1]. These properties, along with their relatively low cost and stability over time, are desirable material characteristics for many engineering applications and consumer products. Much research has gone into understanding and improving the quality and durability of these materials since their use became widespread throughout the world in the 1960s and 1970s [2,3,4]. As a result, they have been steadily replacing traditional metals, wood, and ceramics for many applications over the past few decades and are expected to increase in production exponentially in the next few years [5,6]. While many applications are for throw-away products (e.g., packaging, children’s toys, or disposable eating and drinking utensils), there are also many cases where high-value parts need to be made from polymer-based materials. These products are especially common in the aerospace, automotive, biomedical, and packaging industries. BMW’s bumper structure, the transverse support beam in Porsche cars, protective covers, cab interior parts, and cockpit components are a few examples of such high-value parts [7,8,9,10,11,12,13].



In spite of the many advantages offered by polymer-based materials for engineering and consumer product applications, there are some serious and concerning drawbacks. One of the largest disadvantage is also the largest advantage of these materials from a product design perspective: these materials are extremely durable and do not easily degrade over time. Most polymer-based materials are not biodegradable or particularly cost-effective to recycle, and the few that are require specific conditions for degradation, which are not readily available in the natural environment [14,15,16]. As a result, when not disposed of properly, these materials end up in landfills and water bodies, damaging the environment for a long period of time [14,17]. This concern has increased the drive to implement a material circular economy (CE) for polymers to reduce polymeric waste. Traditionally, the linear economy (shown in Figure 1) is used in a production cycle in which raw material is transformed into products and disposed. On the other hand, the circular economy aims to reduce waste and pollution by circulating the products and materials at their highest value for a long time. Figure 1 depicts the difference between a typical linear and a circular economy. For the circular economy, the disposal phase involves breaking the product down into components or scrap, some of which are then waste and some of which are reused in other systems (i.e., reused parts) or a new raw materials (i.e., shredded thermoplastic or scrap metal) to be used again in the production of new products.



In addition to the need for polymer-based materials for user products and engineering applications and the need to reduce the environmental impact of these materials, a third major consideration exists for using plastic parts in large systems: the potential extension of the system lifecycle to delay replacing or refurbishment of the system. A demonstration is shown in Figure 2. Examples of large systems where this could be very impactful are aircraft [18,19], robotic manufacturing systems [20,21], power grids [22,23], sensor networks [24,25], and heating, ventilating, and air-conditioning (HVAC) systems used in large buildings [26,27]. One of the most impactful and practical ways to increase the sustainability of a system is to increase its lifespan (i.e., the time it is functional from deployment to retirement) [28,29,30]. Perhaps the easiest way to do this is to design the system so that it is easy to maintain by making the parts likely to fail, wear out, or become obsolete easy to replace or repair [31,32,33,34]. This allows easy repair and offers the possibility of upgrading the individual components of the system as needed. Within these systems, components will have different utilities or “values” based on both their cost to acquire and cost to replace and the reliance of the system on their function. In some existing systems, many legacy parts are used, which may be difficult or impossible to replace or reproduce. Therefore, a class of “high-value” components (made from all materials, including engineering plastics) must exist for which a repair method is needed for times when it is difficult or impossible to replace within the needed time frame.



Given the fact that high-value polymer-based parts exist and need to be used in the systems that the modern world relies on, it is necessary to accept that they will be used in spite of the potential environmental impact of the materials. This effect can be offset greatly by a system design strategy that allows the easy replacement and repair of the parts, since they will be used longer and fewer of them will be needed. However, in some cases, it will be impossible or impractical to simply replace parts since many systems are at least partially integrated and not fully modular. Therefore, a method for effectively repairing broken, cracked, or defective plastic parts needs to be developed. While glued patches and epoxies exist for temporary manual repair, an automated method, as proposed in this article, will be far more useful and effective.



Fused filament fabrication (FFF) is an additive manufacturing (AM) process that extrudes thermoplastics to build up geometry in layers via automatic control from a computer. This article explores the use of FFF as a feasible repair process for high-value thermoplastic parts. If feasible for this task, an FFF-based repair process will address all three of the motivating factors (functionality, sustainability, and system lifecycle extension) discussed previously. This article is divided into five major sections: First, a literature review on AM-based repair techniques is presented in Section 2. This is followed in Section 3 by a discussion of high-value thermoplastic components and criteria for their repair using FFF. An in-depth case study is explored in Section 4, followed by a discussion in Section 5 and conclusions in Section 6. The case study presented in this article focuses on obtaining high adhesive strength between the damaged component and the added material. It is essential to obtain a high adhesive strength between the material added using FFF and the damaged component to transfer higher loads to the material added across the interface. High adhesive strength (also termed interfacial stress) will prevent premature failure at the interface of the two materials and result in better confidence in the performance of the repaired component.




2. Component Repair Using AM: Brief Review


A large number of AM processes exist, and several have been used successfully for repair tasks. These processes can be broadly classified into seven families: vat photopolymerization, powder bed fusion (PBF), binder jetting (BJ), material jetting (MJ), material extrusion (ME), sheet lamination (SL), and direct energy deposition (DED). FFF is one of the several processes in the ME family. Previous research has shown that the inclusion of different AM processes in maintenance, repair, and overhaul strategies for systems and individual parts can improve the sustainability of the supply chain process [35]. The benefits of using AM in the supply chain process include that it can be used for a wide variety of materials, reduces the time required to acquire spare parts and the cost to maintain inventory, and provides freedom to customize the parts [36,37,38]. These advantages of AM can be attributed to its ability to add material in a layer-by-layer fashion, in contrast to removing material, as in subtractive manufacturing. Due to its ability to add material, AM can also be used as a compelling candidate to repair the parts in conjunction with traditional machining by adding material in the damaged area, which can then be machined to its final shape.



Different AM techniques have been used to repair metallic parts for aerospace engines and equipment [39,40,41], marine engines [42,43], turbines [44] (Figure 3a), components for railways [45], and tools [46,47] (Figure 3b). For example, Fraunhofer Institute has successfully certified repair processes for 15 standard aerospace components using laser metal deposition (LMD) [40]. Siemens repaired burner tips using selective laser melting (SLM) and demonstrated that the new repair process required 10% of the standard repair time, significantly reducing manufacturing and inspection time. Similarly, Mudge and Wald [48] showed that metals made from titanium alloys, stainless steel, tool steel, nickel alloys, and cobalt alloys could be repaired using laser engineered net shaping (LENS).



In the case of polymers, Wits et al. [35] and Chadha et al. [49] discussed the application of FFF in repair and overhaul strategies and simple patching (Figure 3c). Richter et al. [50] explored the effect of surface preparation and nozzle distance when ABS and polypropene (PP) were directly deposited on the respective molded sheets using FFF. They concluded that decreasing the distance of the nozzle from the surface during deposition improves the bonding between the deposited material and molded surface. In contrast, surface preparation has a minimum effect on adhesion. AM has also been used to directly deposit polymeric material on top of metallic materials [51,52]. This process is usually known as “addjoining” in the literature. Additionally, the application of AM in joining two polymeric parts has also been extensively studied [53]. However, in these studies, both adherents and adhesives are produced in a single print job [54,55,56,57], or epoxy is used to join different parts [58,59]. When the epoxy is used, the bonding strength between adherents and adhesives can be improved by changing the geometry of the adherents (pieces being joined) [58,59] or by changing the printing parameters during AM [56,57]. These factors improve the surface area and its properties, leading to a better adhesion to the epoxy.



Based on this literature review, it can be concluded that AM can be used as a viable candidate to repair components. However, the impact of the printing parameters on the adhesive strength of the repair has not been studied extensively in the case of FFF. It is essential to develop a strong adhesive strength for the repair process so that the deposited material adheres to the existing component and enables load distribution across the interface.




3. Defect and Crack Repair with FFF


FFF works by selectively depositing elements of molten or semi-molten thermoplastic material (or composites with a thermoplastic matrix), as shown in Figure 4. These elements can be modeled as beams, with the set of elements for each layer acting as a truss. When the printing conditions are good, the layer adhesion is generally good. This layer adhesion is key to the success of the process and allows it to build functional 2.5D and 3D parts in layers. As such, it is potentially feasible for repairing or patching surface damage or cracks in thermoplastic parts and others for which the deposited material will join well with the surface as it does with a previous layer in regular FFF. In addition, it is computer controlled, so the repair will be far more precise than would be expected from a plastic weld or simple patch using a non-AM method. The exact mechanics of FFF are well described in the literature [37,49,60,61,62,63], so they will not be reproduced here. Beginning from the basic principles of the process, it follows that any potential repair task using FFF should be evaluated on three points to ensure it is feasible and has a good chance of success:




	1.

	
The damaged part or parts should be classified as “must replace” versus “possible to repair”. If the part falls into the “must replace” category, no further analysis is needed. The engineering literature gives some potential examples of “must replace” versus “possible to repair” (for example, severe impact damage versus small cracks and surface dents), but this categorization will require judgment on behalf of the user in each individual case.




	2.

	
The damage on the part (or each part in a set) that is classified as “possible to repair” should be appraised as to its feasibility of repair. In some cases, the damage may be simply cosmetic and not require any major intervention. On the other hand, the damage may be more severe than originally thought, become worse since the original evaluation (for example, from corrosion or fatigue), or appear superficial upon the first analysis, but severely affect its function (for example, a worn shaft or cracked gear tooth). At this point, even if the part is repairable (and repair is necessary or desirable), AM-based repair may not be the best choice.




	3.

	
Finally, FFF should be evaluated as a feasible option for repairing any parts not rejected for repair in the first two steps. The best way to do this is to develop a checklist for the individual scenario. While each checklist will be unique, FFF repair should have at least five major considerations:



	(a)

	
The nozzle must have access to the repair surface. Many different FFF machines exist with different degrees of freedom, so the repair needs to be evaluated in terms of the available printer. This constraint can be evaluated similarly to the tool reach for a machining process.




	(b)

	
The required depth of repair. Many FFF machines will be limited to patching and surface-level repair.




	(c)

	
How well the deposited material will bond with the material being repaired. If both are thermoplastic, this is usually not a major concern; however, careful surface preparation around the repair site may be required and should be planned.




	(d)

	
Appropriate control of the printing parameters for the needed repair job.




	(e)

	
The level of potential residual stress introduced into the base material and repair during printing.













Once a damaged plastic component has been identified, it is necessary to establish whether it is both feasible and desirable to attempt a repair versus simply replacing the part. Figure 5 shows a good decision-making process for determining this. This is a general framework and could be more complex and have additional levels of analysis in specific applications. The first task is to determine if the part needs to be made and used in accordance with any standards or certification processes that may be negatively affected by repairing it. If so, it is usually best to replace the part unless it is an emergency and the repair is meant to be a stop-gap until a new part arrives. If the part is not required to be certified and it is not a total loss (e.q., clearly irreparable), the next step should be to determine if the part is commercial-off-the-shelf (COTS), for which an exact replacement can be ordered or simply purchased within the time frame and cost acceptable to the stakeholders making the decision. If yes, even a feasible repair is likely not worth the cost in terms of resources and time. If the part is a custom-designed part, it should be examined for complexity and size; if it has an easily reproduced geometry or can be scanned and effectively 3D printed fully, it might be the best choice to build a new one instead of trying to repair the old one. The size of the part is an important consideration here, as a small part that can be transported, scanned, or removed from the system is easier to replace in many cases. However, if the part is large or is in a place that is difficult to access (assuming that the printer head can access it), repairing it is perhaps more efficient. The final recommended consideration, if the part cannot be easily replaced with a COTS version or easily reproduced, is to determine if it is a legacy part (for example, an aircraft part made by a company no longer doing business) for which the specifications and manufacturing information are no longer available. In this case, repairing it might be the only feasible option until a functionally equivalent replacement can be re-designed and manufactured.



Once it has been established that the damaged plastic component is a repair candidate, it should be further analyzed to ensure that FFF is a good option. Obviously, the part to be repaired must be a thermoplastic (with a similar or lower glass transition temperature than the deposited material) or have a surface or coating to which a molten thermoplastic will adhere well. The type of damage seen on the part is also an important consideration; an example decision-making process for this level of repair is shown in Figure 6. The damage can be categorized into four basic types:




	1.

	
Severe damage that destroys the part or makes it irreparable. While this kind of damage will often be detected before reaching this far in the repair procedure, there are cases where it might not. Cases where the damage has become worse since the original inspection or damage that is internal could be such cases.




	2.

	
Small cracks and chips. Such damage usually does not put the part out of commission, but could lead to greater problems and system failure later on and so must be addressed.




	3.

	
Larger or deep cracks.




	4.

	
Broken or missing features.









Clearly, FFF repair is not an option for severe damage for which the part is a total loss. For the other three, FFF does offer options for repair, as long as the added mass and geometry of the repair will not interfere with the function or reliability of the repaired part. In many cases, some post-processing to grind or machine off excess material may be needed. For each application FFF repair is being considered for, this point needs to be discussed. In the case of small cracks and chips near the surface, FFF could be used to fill them and re-establish the original surface and dimensions after post-processing. The damage could also be repaired using a cutout to remove the stress concentration that started the crack. A large deep crack may be repaired with a patch if the geometry of the part allows this. Finally, broken and missing features may be able to be printed onto the part surfaces, as shown by Chadha et al. [49] and others. Even in these cases, it is sometimes preferable to use a more traditional method such as plastic welding or adhesives. However, these do not give the control and automated processing offered by FFF.



As plastic and polymer matrix composite (PMC) components become more sophisticated and widely used, both because of the need for lightweight designs and improvements in polymer technology, a category of “high-value” components naturally emerges. While the majority of (or most, depending on the context) plastic components made from standard materials are easily replaceable using original equipment manufacturer (OEM) spares or full-AM replacements, this is certainly not always the case. Therefore, a formal definition is needed for high-value plastic components to distinguish them from the standard or easily replaceable plastic components. While a “high-value” component could be simply defined as one that is difficult or costly to replace, a more formal definition is needed. As described by Chadha et al. [49], a part or component is high-value if it has one or more of the following characteristics:




	
It is essential to the system’s operation (with or without a spare on-hand), and the system would not be able to function within the established parameters without it.



	
It would be very difficult, expensive, or time-consuming to reproduce or replace.



	
Specialized tooling or a manufacturing process is required to produce it (and may no longer exist or be available).



	
It must be made from a specialized or unavailable material, such as a specially created blend of metal powder or chopped carbon fibers in a polymer matrix.








While the designation as high-value does not automatically ensure that it is worth a repair attempt, it does help to screen out the plastic components that are not worth the cost of repair. Note that, according to the definition offered here, which components in the system are high-value is context-dependent and may be different for each system studied and for each set of stakeholders. Legacy components (those in old or obsolete systems that are no longer supported) for which original drawings or tooling no longer exist may be considered to be automatically high-value, but they should still be evaluated to ensure that they meet the criteria set by the stakeholders for a worthwhile repair. Furthermore, note that a standard, low-value plastic component may become a high-value component temporarily if it fails or is at risk of failing and a replacement is not immediately available.



While FFF repair is technically feasible in many cases, especially for high-value parts, an objection could arise that many good repair processes already exist for thermoplastic parts, and so, applying FFF as a repair method may not be worth the cost and effort to develop this application. It could also be said that the application space for FFF as a repair method is rather small compared to general (unrestricted) methods such as epoxy and other adhesives. While it is true that it would not be efficient or cost-effective for many simple consumer products, FFF-driven repair offers several major benefits not offered by other existing processes, the pursuit of which certainly motivates the development of FFF-driven repair:




	1.

	
FFF repair is fully automated and computer-driven.




	2.

	
FFF repairs are extremely precise relative to other thermoplastic repair processes.




	3.

	
Repair materials can be changed on-demand.




	4.

	
The repair settings can be modified nearly infinitely, allowing them to be optimized for the repair job and even be changed on-the-fly if a repair plan is proving unsuccessful.




	5.

	
No direct human interaction is needed during the repair, allowing it to be useful in dangerous or inaccessible repair jobs.




	6.

	
Since the raw material is driven (filament, screw, or plunger) and not dropped or sprayed onto the printed surface, it is possible to perform repairs on angled and even upside-down surfaces if the settings are tuned properly.




	7.

	
FFF can be integrated with a camera and other sensors, which can automatically detect and repair cracks and other problems within its capability without the need for direct human intervention.









To further explore the feasibility of FFF-driven repair of thermoplastic parts, a rigorous case study was developed and completed; it is described in the next section. Many of the practical considerations, issues, and potential problems that could be encountered were explored in this case study. It also gives useful guidance on how to implement a practical FFF repair method.




4. Case Study—Repair of Cracked Beams under Three-Point Load


4.1. Purpose and Goals


In this case study, beams made from molded acrylonitrile butadiene styrene (ABS) were subjected to a three-point structural load (Figure 7). As with many AM-related experiments, no specific testing standard was found to be useful for this work. Given the geometry and setup, ASTM D5045 was used as a guide to preparing the samples before patching. The beams cracked under the center load (the crack represented by a pre-cracked machined notch) and needed to be repaired to avoid structural collapse. The purpose of the repair was to prevent the cracks from becoming worse and to restore the structural integrity of the beams under the original loading. The main criterion for success was for the patched beams to be able to hold at least the load of a non-cracked beam. To do so, a strong adhesive bond should be present at the interface (as described in Section 1). As a result, the effect of three printing parameters (print speed, print temperature, and raster angle) on the adhesive strength of the base material was also studied. These parameters are described in detail in the following section. Though many printing parameters can affect adhesive strength, these three parameters were chosen as they are the most common parameters that are varied and can easily be controlled during 3D printing (which can play an important role during the repair automation process). No epoxy or post-processing can be used on the repairs, only the basic FFF process with ABS filler material. Given the direction of the loading, the patches needed to be applied to the sides of the beams, both to allow the interface to be parallel to the loading and because there was enough room on the sides for the patches to not interfere with the function of the beams.




4.2. Materials and Methods


Pre-manufactured ABS bars (molded and cut to size from a sheet with a table saw, supplied by McMaster Carr) 8 inches (203 mm) long, 3/8 inches (9.5 mm) thick, and 1 inch (25.4 mm) wide were used in the study. A 4 mm-deep notch was milled at the center of the bar using a 60 degree router bit with a 0.2 mm tip, as shown in Figure 8a. A sharp pre-crack (Figure 8b) was then introduced to the bars using a desktop pre-cracking device developed by Patterson et al. [64], as shown in Figure 8c.



To pre-crack the samples, the samples obtained after milling the notches were secured in the slot provided at the base of the test rig. The relative location of the sample and the blade holder was adjusted to ensure that the razor blade aligned with the valley of the milled notch (the desired location of the pre-crack). The end stops were then adjusted to the desired length. Finally, the balancing weight was aligned on the blade holder and tapped by the dead blow hammer. The end stops prevented the movement of the blade holder, which restricted the crack length. The razor blade was changed after every 15 samples to ensure only sharp-edged blades were used to create the cracks. Only one tap was used to develop a pre-crack to prevent crazing and surface hardening of the material around the crack by the pressure, heat, or multiple hits. The length of the pre-cracks was measured using calipers under a low-resolution microscope. The length of material present in front of the pre-crack for all the bars was within 1% error, as required in ISO 13586:2018. Detailed process repeatability and dimensional accuracy analysis for this device can be seen in [64].



To repair the cracked specimens, patches of dimensions 25.4 mm × 25.4 mm × 5 mm were printed directly on top of the damaged material on both sides, as shown in Figure 9. The dimensions of the patches were kept constant across all samples so that the load at the failure (and, in turn, the adhesive strength) could be directly compared to determine the role played by varying the parameters. Ultimaker® Cura® was used as the pre-processing and slicing software. The printing parameters can affect the material properties of the 3D-printed product, as described in the literature [61,65,66,67]. Three parameters: print speed, raster angle, and printing temperature, were identified as the parameters that should affect the cohesive strength and the adhesive bonding at the interface formed between the pre-cracked material (base) and the 3D-printed material (printed directly on top of the base material). The print temperature is the temperature at which the material is heated before being deposited. The print speed is the speed of the extruder head, which controls the speed at which the material is deposited. The raster angle is the direction in which the material is deposited. A two-level full-factorial design of experiments (DOE) was followed for this study, as shown in Table 1 and Table 2. Apart from the chosen parameters, several other printing parameters can also affect the adhesive strength (such as layer height, material width, pre-heating of the sample, and enclosure temperature). However, these parameters were kept constant for this study to generate a full-factorial DOE of a manageable size.




4.3. Sample Preparation


To print the patches above an existing surface, two precautions need to be taken. Firstly, the bar needs to be secured firmly at the desired location on the print bed such that it does not move during the printing process. Secondly, the z-axis (axis perpendicular to the plane of the print bed) should be offset to ensure that the origin referred to in the G-code lies above the print surface. In this study, a jig was designed and used to secure the ABS bars during the printing operation. The jig was fixed on top of the print bed using nuts and bolts, as shown in Figure 10. An additional attachment was designed and attached to the rails of the 3D printer to offset the z-axis. The attachment consisted of two parts: a rigid body and an extendable flat head screw. The rigid body was designed such that it could be secured on the rails of the printer. The extendable screw was then placed at the bottom of the body. When this screw came in contact with the micro-switch, it signaled the printer that it had reached z = 0, thereby offsetting it to the printing surface rather than the top of the print bed. The extension of the screw protruding outside the body could be controlled by simple rotation, giving the flexibility to adjust the z-offset so the distance between the surface and the printer nozzle could be adjusted very precisely. Slight variations in the bars (9.5 mm + 0.1 mm) were observed due to the tolerance in the manufacturing conditions of the purchased bars. Thus, the extension of the screw was adjusted for each sample to ensure that at the z = 0 plane, the tip of the print nozzle barely touched the bar’s surface. This allowed the substrate to be heated by the nozzle as it scanned to print the patch, causing the deposited material to be able to penetrate slightly into the bar surface as the surface melted and make a strong bond with it. In future works, an automatic bed level switch could be used for this purpose as well. After securing the pre-cracked bar and offsetting the z-axis for each sample, the bars were cleaned with 95% pure isopropyl alcohol using a gauze pad. Once the isopropyl alcohol evaporated, the G-code generated by Cura® was loaded to the printer, and the patch was printed as any regular 3D printing would be performed.




4.4. Experimental Setup and Results


After printing the patches on both sides, the samples were subjected to a three-point bending test using an Instron Model 4483 universal testing machine. The load was applied at a rate of 2 mm/min. The force–deflection curves, maximum load at failure, and maximum deflection for each sample were recorded and compared. The experiment was replicated twice, for a total of 16 runs. Apart from the cases mentioned in Table 3, three un-notched samples and three notched samples without the printed patches were also tested to identify the baseline and determine if the patches were successful. The collected force–deflection curves are shown in Figure 11, while the collected data are shown in Table 3. The failure mode of each set of runs was also recorded. Figure 12 shows the modes that were observed; in some cases, the patch itself broke off during testing (adhesive failure, Figure 12a); in some, the patch fractured (patch fracture, Figure 12b); in some, the bar itself broke (substrate failure, Figure 12c) before the patch failed. Note that all of the runs improved the strength of the cracked bar, while six of the eight factor combinations resulted in performance that was superior to the raw, undamaged ABS bars. The experiments were quite consistent between runs, with a small standard error between replications.




4.5. Statistical Analysis


After collecting the experimental data from the patch tests, the printing factors (print speed, raster angle, and printing temperature) were analyzed statistically for their impact on the two responses (maximum force and displacement). The results are shown in Table 4. Minitab was used to complete an analysis of variance (ANOVA) on the collected data. In order to establish the validity of the ANOVA conclusions, an Anderson–Darling test was performed on each response to test the normality of the residuals. An optimal Box–Cox transform was used as part of the analysis, allowing valid p-values to be calculated even if the data were normal within statistical significance, but skewed in some way. Since the AD test for both responses gave p-values > 0.05, normality was established. It was found that the print speed had a statistically significant (  α = 0.05  ) impact on both responses, but neither of the other factors did. In order to explore this further than simple statistical significance, a main effects plot was prepared for each of the responses; these are shown in Figure 13. These plots suggest that the force was actually influenced by temperature, but that this influence was not statistically significant; in future work, a larger difference between temperatures should be used to explore this conclusion.




4.6. Finite Element Analysis


To further explore the results from the experiments and attempt to model them, a simple finite element analysis (FEA) was completed for the basic case (Case 1). As shown in Figure 14, the FEA model was used to computationally model the stress distribution in the repaired bar under three-point bending using the Abaqus-implicit solver. The patches and the bar were modeled as a deformable geometry using C3D8R-type elements. The interface between the pre-cracked bar and patches was assumed to be fully bonded. The rollers used in the case of the three-point bending were modeled as a rigid non-deformable geometry. A surface-to-surface contact with a frictional coefficient of 0.2 in the tangential direction and a hard contact in the normal direction were applied between the rollers and patches. The two rollers at the bottom were fixed in all degrees of freedom. A displacement of 8 mm was applied on the roller at the top (as shown in Figure 14). Elastic–plastic material properties were used to simulate the material behavior for the ABS bars and patches. The material behavior model was derived from tensile tests undertaken on FFF-printed dog bone samples tested according to ASTM D638. Material properties obtained from FFF-printed dog bone samples were applied to both patches, and ABS bars as the material properties of 3D-printed samples are generally assumed to be weaker than their injection-molded counterparts. The samples were printed inside of an enclosure from ABS using a 0.4 mm brass extrusion nozzle at a temperature of 230    °  C, a bed temperature of 100    °  C, and a print speed of 60 mm/s. The tensile testing speed was 5 mm/minute via the ASTM D638 standard. All the dimensions used were those specified for a Type IV specimen in the ASTM D638 standard, including a sample thickness of T = 3.2 mm. The dog bone samples and the corresponding stress–strain curve obtained from tensile testing (average of five runs) are shown in Figure 15a,b, respectively. A mesh convergence study was used to refine the mesh size in the vicinity of the patches. Based on the study, an element size of 0.1 was used to model the area surrounding the patches, as shown in Figure 14b.



The load–displacement curve shown in Figure 15c was obtained from the FEA results. This curve was in good agreement with the load–displacement curve obtained experimentally when patches do not delaminate, as in Case 1. When the load–displacement curve obtained using FEA is superimposed on the load displacement curve obtained from Case 1, the curves overlap in the case of the elastic region. However, the curve deviates from the experimental data after yielding. This can be attributed to the fact that molded ABS bars have a higher yield strength compared to 3D-printed ABS. Future work will need to focus on integrating these two cases together for a better match. The von Misses stress distribution and plastic strain at the displacement of 8 mm obtained from the FEA is shown in Figure 16. From the figure, it can be noted that the patches help to re-distribute the load around the pre-cracked region present in the ABS bar. Instead, a new crack location should be initiated adjacent to the patch boundary. This observation is consistent with the substrate failure observed during experiments. Thus, based on the FEA analysis, it can be concluded that in the case of substrate failure, complete bonding is observed at the interface and a simplified FEA model can be used to predict the behavior of the repaired component provided the interface is printed at low speeds.





5. Discussion


When loaded under three-point bending, the samples in the case study failed in one of three ways: adhesive failure, failure in the patch, and substrate failure. The adhesive failure was noticed at the high print speeds (50 mm/s). In this case, the patches were delaminated from the base material and the crack continued to propagate from the pre-crack after delamination. In contrast, at lower speeds (10 mm/s), the patches did not delaminate, and the material failed at the corner of the patch, resulting in substrate failure. Based on this observation, it appears that the 3D-printed patch and the base material acted as a single material at lower speeds. When both materials worked as a single material, the patch’s corner served as the location for stress concentration, initiating a new crack. This result was not initially anticipated. In the two cases involving high temperature and high print speed, though the patch did not delaminate, it failed at the location of the pre-crack. In all the cases, when the patches were printed over the pre-crack, they sustained a higher load than when no patches were present. Thus, it can be concluded from this case study that 3D-printed patches can greatly improve the operating life (and even performance) of these base materials.



After careful analysis, it was observed that the results obtained from the three-point bending experiments aligned with Wool and O’Connor’s proposed polymer healing theory [68,69]. According to this theory (based on the reptation model developed by De Gennes [70]), when two surfaces of the same amorphous polymers are brought into contact with each other above the glass transition temperature, the polymer chains present at the surface gradually cross the interface. With time, the number of chains crossing the interface and polymer chain entanglement with the base material increase, resulting in higher fracture strength. When the interface is kept above the glass transition temperature for a long time (reptation time, also called the molecular relaxation time), the randomization process of polymer chains is completed and the full fracture strength of the bulk polymer is reached. At this stage, the polymer is said to be healed entirely [68,69]. The complete healing of the polymer generally undergoes five steps: surface rearrangement, surface approach, wetting, diffusion, and randomization. Wool and O’Connor [68] proposed a general expression for the healing process as:


  R  ( σ , t )  =   R 0  +   K  t  1 / 4     σ ∞   Ψ  ( t )    ϕ ˙   ( t )   



(1)




where t is the time that the interface is kept above the glass transition temperature, R is the recovery ratio of stress compared to the virgin material, and   R 0   is the ratio of yield stress due to the attraction of the wetting surface (  σ 0  ) and the yield stress of the virgin material (  σ ∞  ). K is a constant;   Ψ ( t )   is the diffusion initiation function;   ϕ ( t )   is the wetting distribution function. In the case of fracture stress, the above equation can be simplified to:


  σ =  σ 0  + K  t  1 / 4    



(2)







This simplified form assumes instantaneous diffusion of polymer chains (i.e.,   Ψ ( t ) = 1  ). In the case of FFF, when molten material is deposited on previously deposited fiber (or polymeric surface in this case), an interface is created whose strength can be determined by the polymer healing theory. This theory has been applied to assess inter-layer and intra-layer strengths; based on the results discussed in the literature, the temperature profile plays a critical role in determining the interfacial strength during FFF [61,62,63]. Both wetting and diffusion processes are integral parts of the polymer healing process in FFF [60,61,62,63]. In the case of ABS, studies have found that the interfacial temperature should be above 200    °  C for the wetting process to continue after material deposition [61,71]. Complete polymer healing will not occur if the interfacial temperature reduces below 200    °  C before the reptation time is reached. Since it is difficult to maintain the interface temperature above 200    °  C for a long duration and the material is unstable at very high temperatures, it was concluded that complete polymer healing is difficult to achieve in FFF [71]. However, even a possibly partial healing proved to be more than effective for repair, as shown in this study.



During the FFF process, the temperature at the interface can be controlled by factors such as the print speed, nozzle temperature, and environmental temperature. At a low print speed, the heat from the nozzle is transferred to the deposited material. As a result, the material cools down slowly, enabling greater bond strength to develop at the interface. This theory is backed by the results obtained during the three-point bending and ANOVA. However, it was surprising that a new path for crack propagation was formed at a low print speed, indicating a complete polymer healing or nearly complete healing can be obtained at low print speeds. This result contradicts the assumptions made in the literature that complete polymer healing cannot be achieved during FFF. This result gives credibility to FFF as a useful repair process as the print speed of the bottom of the patch (which can be easily adjusted in Cura®) can be reduced to produce high interfacial strength between the base and deposited material.



Since the temperature profile plays a vital role in determining the bond strength, intuitively, the higher nozzle temperature should produce greater interfacial strength. However, this intuition is not backed by the results obtained by the case study in this article. This observation can be explained by the results reported by Sun et al. [62]. They observed that the nozzle/liquefier temperature does not play a critical role in determining the bond strength even at the higher nozzle temperatures because the interface remains at the peak temperature for a relatively low time. They noted that the additional heat supplied by the increased nozzle temperature dissipated quickly after the hot extrusion tip moved past the deposited material. The raster angle plays a vital role in determining the strength of material along a direction due to anisotropy in the 3D-printed material. In this experiment, however, since the crack did not propagate through the 3D-printed patch (except in two cases), the raster angle did not play a critical role in affecting the bond strength. Thus, it can be successfully concluded that the deposition strategy has a negligible effect on the interfacial strength formed between the base material and the deposited material.




6. Conclusions and Future Work


In this work, the use of FFF as a repair process for thermoplastics was argued and supported by an extensive case study and analysis. The main outcomes of this work were:




	
FFF-based damage repair was shown to be feasible from both a theoretical perspective (i.e., from polymer healing theory) and experimentally.



	
Restrictions and assumptions related to FFF repair were explored in detail, including a set of definitions for identifying high-value parts.



	
A detailed decision-making process for screening and then repairing candidate parts was developed and described.



	
The usefulness of FFF-based repair (and AM-based repair in general) was shown to have the potential to extend the life of parts and promote a circular engineering materials economy.








While there are some restrictions to the range of use of FFF for this application (many of the same restrictions encountered for any surface-based repair process), there are many potential benefits, and the feasibility was well established by the experimental results. Developing FFF as a repair method will offer interesting alternatives to existing thermoplastic repair processes, allowing the repair to be automated and selectively applied.



This technique can easily be integrated with sensors and cameras to build a system to seek out and address cracks and other issues autonomously or semi-autonomously. FFF-based repair does not require any special materials and, in most cases, no special surface preparation. While this study did show feasibility, there is more work to be performed on this problem before it can be fully applied as a repair process. The case study showed that some of the parameters most readily associated with repair (such as temperature) did not have a significant influence, but it is not clear if this is true for other materials and material combinations. ABS-on-ABS repairs were shown to be as good or better (depending on the parameters used), but other materials may or may not show the same results; this is a major area where more research is needed for this question. Any needed special sensors or control software needed for different repair problems are also yet to be developed and properly integrated. Finally, methods for identifying areas to be repaired and modeling the patch or fill material are needed.
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Figure 1. Example linear and circular economy models. 
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Figure 2. Example system lifecycle diagram from the NASA Systems Engineering Handbook. U.S. Government document, not subject to copyright. 
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Figure 3. (a) Examples of damaged turbine blades repaired using laser engineered net shaping (LENS) [44], (b) example LENS repair setup [46], and (c) FFF-printed patches [49]. Panels (a,b) © Elsevier B.V., reproduced with permission. Panel (c) reproduced under the terms of a CC-BY license. 
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Figure 4. Steps to print a part using FFF and modification required to the traditional FFF process to repair a given part using FFF [49]. Figure reproduced under the terms of a CC-BY license. 
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Figure 5. Decision-making process to establish potential FFF repair candidates. 
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Figure 6. Decision-making process for FFF repair after screening candidates. 
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Figure 7. Three-point bending test setup. 
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Figure 8. (a) Pre-cracking device, (b) design for the notch and pre-crack, and (c) notch and pre-crack as observed under an optical microscope [64]. Figures © Elsevier B.V., reproduced with permission. 
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Figure 9. (a) Patch printing, with detail (b) shown on completed patch. 
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Figure 10. Sample printing setup, including the modifications to the 3D printer to accommodate the samples. 
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Figure 11. Force–deflection curves from the three-point bending test for both replications of the experiment, divided into two plots for clarity. Runs 1–4 are shown in (a). Runs 5–8 are shown in (b). The plot legend indicates [Sample, Replication] in each case. 
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Figure 12. Failure modes (a) between the patch and the substrate, (b) within the patch, and (c) within the substrate. 
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Figure 13. Main effects plots for (a) force at failure and (b) deflection at failure. 
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Figure 14. (a) FEA model setup and (b) mesh used. 
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Figure 15. (a) Tested sample for material model, (b) the material model used for the FEA, and (c) Comparison of FEA and experimental results. 
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Figure 16. (a) Stress and (b) deformation plots for the FEA. 
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Table 1. Experimental factors and levels.






Table 1. Experimental factors and levels.





	Factor
	Low Level (−)
	High Level (+)





	A: Print speed (mm/s)
	10
	50



	B: Raster angle (   °  )
	0/90
	45/135



	C: Deposition temperature (   °  C)
	220
	240
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Table 2. Case study design of experiments (DOE) table. This case study used a full-factorial   2 3   design.
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	Sample
	Comb
	Factor A
	Factor B
	Factor C





	1
	0
	10
	0/90
	220



	2
	a
	50
	0/90
	220



	3
	b
	10
	45/135
	220



	4
	ab
	50
	45/135
	220



	5
	c
	10
	0/90
	240



	6
	ac
	50
	0/90
	240



	7
	bc
	10
	45/135
	240



	8
	abc
	50
	45/135
	240
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Table 3. Experimental responses. See Table 2 for factor levels and combinations. SE =   σ /  n   .
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Sample

	
Force at Failure (N)

	
Max Displacement (mm)

	
Failure Mode




	
Rep 1

	
Rep 2

	
SE

	
Rep 1

	
Rep 2

	
SE






	
1

	
2187

	
2186

	
0.5

	
8.33

	
8.70

	
0.19

	
Substrate failure




	
2

	
1677

	
1613

	
32.0

	
6.20

	
5.32

	
0.49

	
Adhesive failure




	
3

	
2136

	
2160

	
12.0

	
8.85

	
8.17

	
0.34

	
Substrate failure




	
4

	
1553

	
1700

	
73.5

	
5.68

	
6.20

	
0.26

	
Adhesive failure




	
5

	
2050

	
2077

	
13.5

	
7.20

	
7.35

	
0.08

	
Substrate failure




	
6

	
1984

	
2004

	
10.0

	
7.18

	
7.25

	
0.04

	
Patch fracture




	
7

	
2036

	
2148

	
56.0

	
7.32

	
7.62

	
0.15

	
Substrate failure




	
8

	
2134

	
2081

	
26.5

	
7.95

	
7.63

	
0.16

	
Patch fracture




	
Control 1

	
1859

	
Mean for n = 3

	
No damage or patch before testing




	
Control 2

	
953

	
Mean for n = 3

	
Damage, but no patch before testing
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Table 4. Results from the statistical analysis. p-values based on ANOVA with optimal Box–Cox transformation using   λ = 6   (calculated by Minitab). Level of significance   α = 0.05  .
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	Factor
	Max Force
	Max Displacement
	Conclusions





	Anderson–Darling test
	p = 0.224
	p = 0.066
	Both sets have normally distributed residuals, and therefore, an ANOVA is valid.



	A: Print speed
	p = 0.004
	p = 0.013
	Print speed has a statistically significant impact on both the max force and max displacement.



	B: Raster angle
	p = 0.687
	p = 0.585
	Raster angle does not have a statistically significant impact on either response.



	C: Deposition temp
	p = 0.209
	p = 0.748
	Raster angle does not have a statistically significant impact on either response.
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