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Abstract

:

Injection moulding (IM) is a manufacturing technique used to produce intricately detailed plastic components with various surface finishes, enabling the production of high-tolerance functional parts at scale. Conversely, stereolithography (SLA) three-dimensional (3D) printing offers an alternative method for fabricating moulds with shorter lead times and reduced costs compared to conventional manufacturing. However, fabrication in a layer-by-layer fashion results in anisotropic properties and noticeable layer lines, known as the stair-step effect. This study investigates post-processing techniques for plaques with contrasting stair-step effects fabricated from commercially available SLA high-temperature resin, aiming to assess their suitability for IM applications. The results reveal that annealing significantly enhances part hardness and heat deflection temperature (HDT), albeit with a trade-off involving reduced flexural strength. Experimental findings indicate that the optimal stage for abrasive surface treatment is after UV curing and before annealing. Plaques exhibiting contrasting stair-step effects are characterized and evaluated for weight loss, dimensional accuracy, and surface roughness. The results demonstrate that abrasive blasting effectively removes the stair-step effect without compromising geometry while achieving polished surface finishes with roughness average (RA) values of 0.1 μm through sanding. Overall, a combination of abrasive blasting and sanding proves capable of precisely defining surface roughness without significant geometry loss, offering a viable approach to achieving traditional IM finishes suitable for both functional and aesthetic purposes.
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1. Introduction


Additive manufacturing (AM), the official industry term, but also widely referred to as three-dimensional printing (3DP), rapid prototyping (RP), or solid freeform fabrication, is the technique used to build physical models, prototypes, production parts, and insert tooling components in a layer-by-layer fashion [1]. Stereolithography (SLA) is a process belonging to the Vat Photopolymerization family, where a component is built chemically with liquid photopolymer from a photopolymer reservoir or vat. The build platform is first positioned in the vat of liquid photopolymer. A layer is selectively cured using a UV laser to solidify a cross-section of the photopolymer resin. The platform then moves along the Z-axis at the distance of one layer, and a sweeper blade coats the surface. Illustrated in Figure 1, the laser beam is focused on the predetermined path using a set of mirrors, called galvos, or a digital micro-mirror device (DMD) to reflect and focus UV light on the surfaces of photo-reactive materials. However, on build completion, parts require additional UV and thermal treatment to attain maximum properties [2,3]. By cross-linking the remaining unreacted monomer in the part, a proportional improvement in strength, stiffness, temperature resistance, and chemical resistance is achieved [4].



Injection moulding (IM) is a leading manufacturing process when identical parts are required in large production volumes with high dimensional tolerance, consistent quality, and specific surface finishes [5,6]. Prototype or bridge tooling is generally machined by computer numerical control (CNC) from aluminium or steel and requires timely design, specialised equipment, high-end software, and skilled operators [7,8]. When small to medium scale quantities are needed of IM parts, SLA 3D printing offers an alternative solution to fabricate insert moulds with a fraction of the time and cost compared to steel moulds [9]. In comparison to other AM techniques, SLA utilises photoresins that are expected to have high thermal resistance and superior surface quality, making them ideal for insert tooling [10]. Since skilled machine operators are not required and fabrication time is reduced from weeks to hours, assumptions can be quickly evaluated with end-use materials [11]. Rahmati et al. investigated the maximum quantity of IM coupons produced from SLA tooling and reported 500 successful injections before tool failure from excessive flexural stress [12]. Recent studies conducted by Hopkins et al. [13] and Moritz et al. [14] compared the mechanical properties of IM coupons produced from a range of commercially available photoresins and found their properties to be similar to coupons produced from steel tooling. However, in both studies, only a handful of parts were produced before incidental fractures caused by large hairline cracks rendered the SLA inserts unusable. Nevertheless, specialist resins for tooling are constantly being released which may make printed tooling a viable option for short runs.



Spencer et al. [15] discussed how the stair-step effect is a critical drawback to the adaptation of SLA tooling. The surface of the tool is represented on the part, making removal of the part difficult as the surface roughness on the tool can be keyed into the surface of the moulded part. The stair-step effect is influenced by the 3D printing process, material, orientation of the print, and print parameters, which can be optimised to improve the component’s surface roughness [16,17]. In the manufacture of 3D-printed parts, a 3D CAD model is first sliced into a set of two-dimensional (2D) layers. By stacking these 2D layers together, a physical part can be fabricated in an AM process to approximate the original CAD model as illustrated in Figure 2. The stair-step effect is generated by the offset needed between two layers to create a slope. It is the relationship between the thickness of a layer and its offset from the previous layer. It should be noted that, to fabricate an insert mould with any 3D printing technology, the orientation will likely be prioritised for build success and geometric accuracy before surface finish. Factors that will have the largest influence on the stair-step effect include Z height resolution, part orientation, rounded corners, and concave or convex surfaces [18].



Post-process treatments refer to the procedures implemented after the completion of the 3D printing build-process to achieve the desired material properties [17]. These additional steps are primarily undertaken to overcome challenges inherent in AM processes. Surface roughness arising from the stair-step effect, dimensional disparities from CAD design to the final part, and limitations in thermal, mechanical, and anisotropic properties have been outlined as inhibitors limiting the greater adaptation of AM [19]. Studies evaluating post-processing methods for polymer-based 3D printing techniques tend to focus on improving the surface roughness and mechanical properties of parts fabricated by material extrusion (ME) technology and materials [17,20,21], which is likely due to the low-cost entry-level printers. Moreover, newly emerging technologies developed by AMT (Hartland, WI, USA), PostPro3D (Hartland, WI, USA), and Dye Mansion (Austin, TX, USA) have automated the post-process steps required for ME and powder-based techniques to remove the stair-step effect and render parts with texture and polished finishes without extensive material removal to maintain geometric accuracy [22,23,24]. In contrast, investigations into the enhancement of resin-based 3D-printed surface quality and part accuracy frequently concentrate on pre-build printing parameters, including orientation, Z-height resolution, and support structures [25,26]. Mass finishing techniques applied to SLA parts including barrel tumbling and vibratory bowl finishing were found to be effective at reducing surface roughness; however, the authors acknowledged that the processes resulted in a loss of definition in critical areas, such as smoothing sharp edges [15]. Abrasive blasting SLA-printed jewellery was found to significantly reduce the surface roughness without compromising geometric tolerance. Nonetheless, the authors emphasized that the effectiveness of this process hinged on various parameters including media type, pressure, and blasting distance and angle [27]. Furthermore, Hu et al. explored the correlation between SLA part build orientation and UV cure time on part hardness. Their findings suggest that a lower orientation and prolonged UV cure time may enhance the predicted hardness value [28]. Zguris et al. examined the tensile strength and modulus of SLA resins cured under various UV wavelengths, specifically 365 nm, 385 nm, and 405 nm. In each instance, the parts exhibited optimal response when cured at 405 nm [2].



If resin-based 3D printing is to be widely adopted by the production and manufacturing industry (particularly for IM applications, which consume nearly 30% of all plastic parts [7], with an estimated compound annual growth rate of 5.1% by 2033 according to global market insights [23]), the ability to replicate conventional finishes should follow a degree of logic in practical steps. Hence, there is a necessity for the development of reliable, controllable, and predictable post-processes to enhance the effectiveness of SLA. As such, the focus of this study has been to remove the stair-step effect and replicate standard plastic surface finishes on SLA insert tooling. This study further intends to evaluate post-processing techniques on plaques produced with contrasting stair-step effects from fabrication in a range of orientation from commercial SLA high-temperature resin. The trade-offs in thermal and mechanical properties resulting from post-curing will be assessed for IM applications. The study aims to provide valuable insights by recording the impact of abrasive post-process techniques on surface roughness and dimensional accuracy.




2. Materials and Methods


2.1. Fabrication of Plaques


SLA-printed plaques were fabricated from commercially available photopolymer resin, namely Formlabs high temp resin RS-F2-HTAM-02 with a heat deflection temperature (HDT) of 238 °C at 0.45 MPa for precision applications [29]. The 3D-printed plaques were manufactured as illustrated in Figure 3 on a FormLabs 2 (FormLabs Ltd., Somerville, MA, USA) utilising the inbuilt 250 mW laser at 405 nm wavelength at 50 microns layer height. SLA plaques were designed in SolidWorks 2022 (Dassault Systems SolidWorks Corp., Waltham, MA, USA). Plaques were printed at orientations ranging from 0–90 degrees in increments of 10 degrees. The initial phase of the study focused on examining the mechanical and thermal properties of 3D-printed plaques subjected to post-production UV curing (referred to as “Cured”) or post-production UV curing followed by annealing (referred to as “Annealed”). The aim was to discern the trade-offs associated with heat treatment in the context of IM applications. In addition to the aforementioned cured and annealed plaques, trials were conducted on plaques that underwent no treatment post printing, termed as “Green”. The experimental investigation aimed to assess the hardness of plaques and the cutting rate at each stage of cure. This assessment was conducted to pinpoint the optimal stage of post-curing for implementing abrasive post-processing surface treatment techniques.




2.2. Surface Finish Benchmarks


The benchmarks used in this study for each orientation to achieve are named, described, and cross-referenced in terms of numerical value and international injection moulding specification in Table 1 [30,31].




2.3. Post-Processing


Upon build completion, all plaques were removed from the build platform and placed in a wash basket containing used isopropyl alcohol (IPA) for 5 min. Plaques were then separated from support material and transferred to a second wash basket containing unused IPA for an additional five minutes of soaking and rinsing.



Green plaques consisted of parts with their supports removed, soaked in IPA for 10 min, and air-dried without post-curing. Plaques referred to as UV-cured were post-cured in a 3D Systems ProCur350 UV Chamber (Rock Hill, SC, USA) at 395 nm wavelength for 10 min per side after support removal. Annealed plaques were post-UV-cured and then placed in a non-food oven heated to 160 °C for 180 min, as recommended by manufacturing guidelines, to achieve peak mechanical properties for high-temperature applications [4].



2.3.1. Sanding


Wet and dry abrasive paper of grits ranging from 60 to 2500 were obtained from Athlone Motor Factors, (Athlone, Ireland). Abrasive paper was cut into 30 mm × 40 mm rectangles and attached to a medium-density foam sanding block. All sanding procedures were completed by hand; the sanding block was rotated in a circular motion with light pressure at an average of 120 revolutions per minute.




2.3.2. Abrasive Blasting


Abrasive blasting was carried out using a manual sandblaster with 200 μm round glass balls sourced from Sinterit sp. z o.o., (Krakow, Poland). Plaques were positioned 20 mm from the nozzle at a 90° angle and manually moved across the blasting nozzle 6 times per minute at 75 psi.




2.3.3. Vapour Smoothing Tetrahydrofuran


(THF) was sourced from Lennox Laboratory Supplies Ltd., (Dublin, Ireland) and utilised as a solvent to be vaporised during this study. The setup consisted of 25 mL of solvent poured into a glass dish enclosed by a cardboard lid. Plaques were suspended at heights of 25 and 50 mm above the solvent and visually inspected at 5 min intervals for 30 min. An induction heating plate was used to vaporise the THF solution between 64 °C and 66 °C, and the temperature was monitored using a thermometer.





2.4. Mechanical and Thermal Characterisation


2.4.1. Shore D Hardness


Shore hardness was measured using a Durometer Shore D Hardness Scale at 20 °C room temperature for 15 s per sample. Five measurements were taken per plaque. A total of 45 plaques were subjected to testing, with 5 plaques prepared for each orientation.




2.4.2. Flexural Modulus/Strength


Flexural testing was conducted on a Lloyd LRX Tensometer after conditioning for a minimum of 24 h at 23 ± 2 °C. The Tensometer was fitted with a 2.5 kN loadcell and 3-point bending jig. Experiment settings: span 96.0 mm, speed of bending 2 mm/min, max deflection 2 mm (Modulus), 35 mm (Strength). A total of 30 specimens were prepared to ISO 178:2010+A:2013 standards to determine flexural properties.




2.4.3. Heat Deflection Temperature (HDT)


The specimens were placed under the deflection-measuring device and lowered into a silicone oil bath, and a flexural stress of 1.80 MPa was applied. The temperature was increased from ambient at a uniform heating rate of 120 °C/h. The Heat Deflection Temperature of the material was tested according to ISO 75-2:2013, Method A. A total of 30 samples were prepared in three orientations of uniform dimensions measuring 80 mm in length, 10 mm in width, and 4 mm in height. The test was complete when each sample reached a deflection of 0.34 mm.




2.4.4. Surface Roughness


Surface roughness was measured using an E35 B HandySurf Surface Finish Analyser tester from Zeiss (Oberkochen, Germany). It has a measuring range X = 16 mm and Z = 370 µm with a resolution of 0.7 nm. Three measurements were taken in the X and Y direction to give an average surface roughness value per direction.




2.4.5. Weight and Dimensional Tolerance


Samples of between 8.0000–8.9000 g were weighed using a Sartorius analytical balance with a resolution of 0.0001 g. Digital Vernier callipers were used to measure and record the height of the plaques, which were designed in CAD to have a nominal height of 7.50 mm. Three measurements were taken per sample at each step during procedures to identify the average loss of geometry.





2.5. Digital Microscopic Images


Images were taken with a Nikon Digital Microscope ShuttlePix P-400R (Krakow, Poland) before and after abrasive post-processing steps to help identify removal of the stair-step effect and to visually benchmark IM surface finishes on plaques. Plaques were centred on an LED illuminator and the microscope was lowered to a z height of 17,000 µm with a magnification of 12.5×.





3. Results and Discussion


3.1. Observations from Print Orientations


All plaques printed without difficulty. Visually, there was a considerable difference in the stair-step effect depending on the print angle. The success rate of large flat 3D-printed surface areas common in insert tooling can be significantly increased by tilting the model. According to Formlabs [35], orienting the model at an angle of 10 to 20 degrees can substantially boost the success rate of printing. This is achieved by decreasing the contact area between the part and the tank, resulting in a reduced cross-sectional surface area or volume per layer. In most cases, the slicing software for resin-based applications will offer an automated orientation to help ensure print success. The stair-step effect is determined by the orientation in which the 3D-printed part is fabricated. As illustrated in Figure 4, a gradual slope of 10 degrees will have noticeably protruding wide “steps” in comparison to a steep slope of 80 degrees with barely visible “steps”, while a slope of 45 degrees will render a uniform stair-step pattern. These orientations were deliberately selected to create a wide array of distinctive stair-step effects, facilitating a comprehensive evaluation of post-processing techniques and their impact on dimensional geometry and surface roughness.




3.2. Material Characterisation after UV and Thermal Treatment


3.2.1. Heat Deflection Temperature


HDT testing was conducted on post-fabrication cured and annealed plaques. Results illustrated in Figure 5 that changes in print orientation resulted in significant differences in the HDT of the plaques (p < 0.005). During the build process, UV light is used to solidify the resin and form the shape of the part being fabricated. However, parts do not reach optimal polymerization and often require additional UV and thermal treatment after printing to attain maximum mechanical properties. By cross-linking, the remaining polymer proportionally improves strength, stiffness, temperature resistance, chemical resistance, and most noticeably becomes harder [21,36]. In the literature, both Hopkins et al. and Moritz et al. reported incidental fractures caused by large hairline cracks rendering SLA IM insert unusable before reaching the desired quantity of parts during trials [13,14], likely due to the brittle nature of the tooling when used for high heat applications. The HDT serves as a metric for assessing a polymer’s ability to endure deformation when exposed to predetermined loads and elevated temperatures [37], as observed in IM. Increasing the HDT value can notably improve the performance of 3D-printed polymer insert moulds. By improving thermal resilience, inserts become capable of enduring elevated temperatures without compromising their structural integrity or incurring deformations. Consequently, this enables dimensional stability in moulded components by mitigating heat accumulation during the injection process, which is a common source of distortion and warping.




3.2.2. Flexural Properties


Flexural properties of polymers refer to the material’s ability to withstand bending or flexural stress without breaking. The mechanical properties can be used to assess a polymer’s strength, stiffness, and its ability to maintain its structural integrity under various loads [38,39]. Flexural property data was obtained following HDT testing from cured and annealed plaques across utilised orientations.



The findings listed in Figure 6 for UV-treated plaques are consistent with the manufactures guidelines and those of Cosmi et al. [3], although the materials, print orientations, and parameters were not exactly the same, which is likely the reason for the slight differences. Consequently, heat treatment following the manufactures guidelines proved to have a significant effect on the average flexural strength of plaques in all orientations; the average strength from plaques annealed declined from 68.35 MPa to 23.37 MPa. The manufacturers reported a slight insignificant decrease in material properties after annealing, although post-UV curing was completed using a FormCure box that is composed of an 80 °C heated chamber and 405 nm wavelength bulbs [40]. It is likely that the polymer chains in the 3D-printed plaques degraded from excessive heat caused by the annealing process and that an increased UV wavelength and duration for curing may resulted in improved mechanical properties.



A significant decrease was noted in the flexural modulus of annealed plaques, as illustrated in Figure 7. The results differ from those of the manufacturers data sheets, which showed no difference in flexural modulus after heat treatment [40]. Furthermore, significant differences were observed between orientations following heat treatment; plaques printed at a 10° angle exhibited a 29.2% reduction, whereas those printed at an 80° angle demonstrated a 15.1% overall reduction to an average value of 315.5 MPa. Annealing involves heating the polymer to a specific temperature and allowing it to cool, thereby promoting molecular rearrangement and relaxation of internal stresses caused by the building process. Research aiming to improve mechanical and thermal properties by annealing 3D-printed parts is usually limited to ME processes; this can be attributed to low-cost entry-level FDM printers using thermoplastic materials such as polylactic acid (PLA) that generally respond well to heat treatment secondary processes [18,41,42].




3.2.3. Shore D Hardness


The hardness of a plastic is an important performance index used to evaluate and compare polymer materials. The hardness of the 3D-printed photopolymer resin can affect the durability and performance when utilised for IM applications, enabling it to resist scratches and withstand deformation, breakage, and indentation [43]. In each orientation, annealed specimens proved to be the hardest, followed by cured plaques, as shown in Figure 8 Statistical differences (p < 0.05) were observed across all utilised orientations. UV curing significantly increased the hardness of specimens that received no curing, while annealing further increased the hardness from samples that were only UV-cured. In general, specimens printed in upright orientations such as 45° and 80° showed slightly higher properties than specimens printed at 10°. The results are consistent and in line with the literature [44].





3.3. Investigation of Post-Process Cutting Rates at Green, UV, and Annealed States of Cure


The predominant resin-based post-processing methods employed for mitigating surface roughness commonly involve manual abrasive finishing techniques, such as sanding and abrasive blasting [27,45]. Experimental investigations aimed to determine the optimal stage of cure for surface treatment when utilising abrasive post-processing techniques to remove the stair-step effect. Specifically, these experiments assessed the cutting rate on plaques printed at orientations of 10°, 45°, and 80°. Each experiment was carried out for a 60 s duration; measurements were taken before and after surface treatment to evaluate and compare the reductions in surface roughness and weigh.



Optimal Stage of Cure for Abrasive Post-Process Methods


Figure 9 presents the weight loss differences after dry sanding procedures across 10°, 45°, and 80° orientations at each state of cure. Each orientation lost the highest amount of material in a green state and showed the least effective cutting rate after UV curing and annealing. Weight loss after wet sanding procedures resulted in a similar trajectory to dry sanding across all orientations.



Further evidence, illustrated in Figure 10, indicates that the abrasive post-process procedures are less effective after UV curing and least effective with the combination of UV curing and annealing. Nevertheless, in the absence of UV curing, a thin film of viscous residual resin persisted on the surfaces of the plaques. Notably, glass beads and dust particles were observed to be firmly adhered to these surfaces, rendering them unsuitable for further evaluation. The abrasive blasting process has shown that the stage of cure will significantly affect the cutting rate with a p value < 0.05. Samples treated in a green state lost an average of 24.59% more material compared to plaques UV-cured. Additionally, plaques in a green state lost on average 38.18% more material than UV-cured and annealed plaques. Surface roughness was measured before and after procedures to ascertain and calculate any reduction in roughness. Surface roughness values after treatment did not prove to be significant, likely due to the short duration of the test and the contrast in surface roughness caused by the stair-step effect prior to treatment.





3.4. Surface Finishing Post-Process Results


The objective of this section was to evaluate and quantify the efficacy of abrasive post-processes methods in mitigating the stair-step effect induced by the fabrication of plaques at orientations of 10°, 45°, and 80°. Five plaques were employed for each orientation in the assessment of each post-processing method. The post-processing techniques were systematically categorised into equal time intervals enumerated as steps. Sanding procedures were executed over a duration of 20 s, while abrasive blasting was sustained for 1 min per step. Throughout each step, meticulous measurements of surface roughness, weight, and dimensional accuracy were conducted and documented to discern any potential correlation between surface roughness and geometric tolerances. Furthermore, microscopic imaging was undertaken to visually depict the extent of stair-step effect removal and its progression towards achieving a benchmark surface roughness (BM1 and BM2), comparable to a standard IM finish outlined in Table 1.



To facilitate comprehensive monitoring and documentation, dry and wet sanding procedures were subdivided into a 15-step sequence. The mean result and standard deviation for each step of dry sanding are listed on Table 2. Categories: A: steps 1–9 summarised coarse sanding results to remove the stair-step effect and attain benchmark BM2 and category; B: steps 10–15 concluded fine sanding results to reach BM1. Abrasive blasting was utilised to remove the stair-step effect and obtain a BM2 finish. The procedure was broken into 10 steps, equally timed at 1 min. Results are listed in Table 3 and compared with coarse sanding results from wet and dry sanding procedures.



3.4.1. Observations from Sanding Techniques


The stair-step structure was visually removed from all orientations, as confirmed by the RA values coinciding on the Y and X axis listed on Table 2. Noticeably, for each orientation utilised, the stair-step effect was removed at different steps during coarse sanding. Plaques fabricated at 10° orientations required all steps of coarse sanding before the stair-step effect began to fade, as evident in image B, Figure 11, whereas the stair-step effect was removed from 45° and 80° at steps 6 and 4, respectively, as illustrate in images E and H. Fine sanding, comprising steps 10 to 15 as detailed in Table 2, resulted in perceptible improvements to plaque surfaces. The plaques became noticeably smoother with each step, as scratches caused by coarse sanding were gradually removed. This improvement was visually evident as depicted in images C, F, and I, listing fine sanding steps 15, 13, and 11, respectively, where the surfaces appeared more translucent.




3.4.2. Course Sanding Surface Roughness Results


The data collected in the Y direction quantified the peaks and valleys attributed to the profile of the stair-step effect. The results in Table 2 reveal that plaques printed at a 10° orientation exhibited an average surface roughness exceeding 10 µm, which is likely due to the distance between layers required to fabricate a flat surface angled to 10°. On completion of coarse sanding (step 9), Ra values decreased across all orientations to an average of 1.05 μm, resulting in a surface roughness reduction of 93.3% for plaques printed at 10°. Plaques printed at a 45° orientation experienced a 75% reduction, while surfaces printed at 80° exhibited an average reduction of 45%.




3.4.3. Wet versus Dry Fine Sanding Surface Roughness Comparison


The surface roughness outcomes derived from fine dry sanding procedures, specifically steps 10 to 15 listed on Table 2, are compared with wet sanding and illustrated in Figure 12. No significant differences (p < 0.05) in surface roughness were revealed when comparing orientations within an individual step. Furthermore, the surface roughness measurements indicated a marginally higher roughness with wet sanding compared to dry sanding, albeit without a significant disparity in RA values (p < 0.05). This observation underscores the predominant influence of abrasive paper grit size on plaque surface roughness once the stair-step effect has been eliminated. As anticipated, a discernible and statistically significant reduction in surface roughness occurs from one step to the next in order to attain BM1 as listed on Table 1 which can be attributed to the variation in grit size of the abrasive paper.




3.4.4. Abrasive Blasting Post-Process Observations


In Figure 11, Image J–R demonstrates the eradication of the stair-step effect through abrasive blasting techniques applied to the specified orientations. Similar to coarse sanding, the number of steps or duration required for eliminating the stair-step effect is contingent upon the profile of the step. Notably, for orientations set at 10°, 45°, and 80°, the stair-step becomes visibly faint on steps 7, 5, and 3, respectively, as depicted in Images K, N, and Q in Figure 11. Visual inspection confirms the successful removal of the stair-step effect through post-process abrasive blasting procedures. Furthermore, Image L in Figure 11 showcases the attainment of a surface finish characterized by a matte, non-reflective, and uniformly textured appearance upon the culmination of the process, resembling the finish achieved with bead-blasted aluminium.




3.4.5. Abrasive Blasting Surface Roughness Comparison


Upon the elimination of the stair-step effect, the RA values, encompassing all orientations in both the X and Y directions at step 10 (refer to Table 3), exhibited an average surface roughness of 2.72 µm ± 0.39. A noteworthy reduction of 72%, deemed statistically significant (p < 0.05), is evident in plaques configured at a 10° orientation. Conversely, the treatment is observed to increase the surface roughness on plaques featuring a low-profile stair-step effect, exemplified by the 80° orientation. This outcome aligns with findings reported by Leong et al. [27].





3.5. Plaque Characterisation


To assess the impact of post-processes surface treatments on geometric tolerance, an examination of both dimensional accuracy and plaque weight uniformity was conducted before, during, and after treatment. All orientations surpassed the specified CAD geometry height of 7.50 mm, as depicted in Figure 3. Plaques printed at an 80° orientation exhibited an average height of 7.53 mm, while those printed at 45° and 10° averaged 7.67 mm and 7.93 mm, respectively. In the case of a 10° orientation, the plaque height is governed by the Z axis, maintained at a 50 µm resolution for all printing endeavours. While increasing the resolution to 25 µm will enhance Z axis accuracy, it was deemed unnecessary for this study due to the associated twofold increase in print time. These findings align with existing literature emphasising the significant impact of orientation on the accuracy of parts produced through resin-based printing [36,46,47].



The post-process characterisation findings, as depicted in Table 4, reveal significant distinctions in weight loss (p > 0.05) and dimensional variations resulting from abrasive post-processing techniques. Sanding procedures displayed a significant material removal across all orientations compared to abrasive blasting.



While no significant difference in surface roughness was observed between dry and wet sanding procedures, as illustrated in Figure 12, wet sanding exhibited the highest and least predictable material loss. The introduction of water during coarse sanding posed challenges in maintaining traction and consistent pressure, leading to surface damage with prominent scrapes. Increasing pressure and reducing RPM proved effective in mitigating surface damage, although it is worth noting that the greater dimensional disparities and weight loss are likely attributed to the increased pressure.



Conversely, dry sanding emerged as a less aggressive and more controlled process, especially during coarse sanding procedures. Preliminary trials with 60, 80, and 120 grit caused deep cuts that remained evident after polishing. Moreover, if the stair-step effect was not fully removed before fine sanding commenced, its visibility persisted after polishing, although surface roughness values below 0.25 µm were still achievable.



To ensure the comprehensive removal of the stair-step effect without a significant loss of geometry across all orientations, each step in coarse sanding was repeated to establish a sufficient sequence. In contrast, abrasive blasting does not entail the removal of substantial material quantities. Instead, the process introduced a distinct modification that profiled the surface to conceal the stair-step effect. Consequently, the surface topography underwent deformation and restructuring through a peening effect.





4. Conclusions


In this experimental study, the focus was on evaluating post-processing techniques applied to photopolymer resins (specifically, FormLabs HighTemp resin) to fabricate 3D-printed plaques intended for injection moulding (IM) insert tooling applications. The study aimed to assess the effects of post-curing on mechanical and thermal properties, as well as to evaluate abrasive surface treatments for mitigating the stair-step effect and achieving desired IM surface finishes.



Results indicated a direct correlation between the orientation of 3D-printed parts and the severity of the stair-step effect: our observations outlined that a slight tilt of 10° resulted in a pronounced “step” compared to a steep angle of 80° used to produce smooth surfaces with steps that were barely discernible. Thermal analysis revealed that annealing after UV curing significantly increased part hardness and HDT, albeit with some trade-offs observed in mechanical properties, particularly a reduction in flexural modulus and strength.



The cutting rate of abrasive post-processes indicate that the optimal stage of cure to tackle the stair-step effect was after UV curing and prior to annealing. Characterisation of abrasive post-processing techniques highlighted variations in processing duration required to eliminate the stair-step effect that were proportional to the orientation of the print, while abrasive blasting proved effective in profiling the isotropic stair-step effect with a uniform anisotropic surface textures ideal for functional applications.



The combination of abrasive blasting and fine sanding emerged as a promising approach for maintaining dimensional accuracy while attaining desired surface finishes. These findings underscore thermal curing, offer insights into the optimal stage of cure for post-processing techniques, and outline the trade-offs in dimensional accuracy for addressing the stair-step effect and achieving conventional plastic surface finishes.



Future studies on SLA insert tooling for IM should focus on mould and surface finish durability. Further investigating heat treatments duration and temperature parameters will help identify sufficient properties between HDT and flexural strength. The performance of the surface finish attained in this study should be investigated with common IM polymers to determine if degradation on the surface occurs over short product runs and overall mould durability without the stair-step. Additionally, exploring CAD-applied textures may present advantages and present new manufacturing techniques to disrupt the conventional manufacturing process.



Fabricating IM insert moulds from photopolymers offers significant advantages in design flexibility, potentially reducing costs and time associated with conventional manufacturing processes. Moreover, early validation of design aesthetics and functionalities can lead to improved customer satisfaction and accelerated time-to-market.



In conclusion, this study represents a pivotal advancement in additive manufacturing, specifically in the realm of 3D-printed insert tooling for injection moulding applications. By rigorously evaluating post-processing techniques applied to photopolymer resins, we have not only uncovered valuable insights into enhancing mechanical and thermal properties but also addressed a pressing need for standardized methodologies in the industry. Our findings hold significant implications for injection moulding industries, where achieving high-quality moulds with precise surface finishes is paramount. Furthermore, our research points towards a broader shift in manufacturing paradigms, with implications for increased efficiency, improved product quality, and enhanced design flexibility. Looking ahead, future research endeavours should focus on exploring the durability of surface finishes, optimizing heat treatment parameters, and harnessing innovative CAD-applied textures to push the boundaries of mould design. By embracing these challenges, we can unlock the full potential of additive manufacturing, driving innovation and reshaping the landscape of modern manufacturing practices.
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Figure 1. A basic schematic of stereolithography technology. 
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Figure 2. (A); Outline of CAD geometry, (B); outline of CAD geometry after slicing, (C); 3D-printed outline of layers. 
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Figure 3. Dimensions of 3D-printed plaques (length 40.00 mm, width 30.00 mm, height 7.50 mm). 
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Figure 4. Illustration of the stair-step effect built at (A) 10°, (B) 45°, and (C) 80° orientations. 
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Figure 5. HDT comparison results from UV vs. annealed plaques fabricated in orientations of 10°, 45°, and 80°. 
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Figure 6. Flexural strength results for UV vs. annealed groups of plaques in orientations of 10°, 45°, and 80°. 
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Figure 7. Flexural modulus results for UV vs. annealed groups of plaques in orientations of 10°, 45°, and 80°. 
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Figure 8. Overview of shore D hardness results on selected orientation of 10°, 45°, and 80° in green, UV-cured, and UV-cured and annealed state of cure. 
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Figure 9. Overview of dry sanding weight removal results on plaques printed in orientations of 10°, 45°, and 80° at green, UV-cured, and annealed stages of cure. 
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Figure 10. Weight loss results from abrasive blasting procedures in green, UV, and annealed states of cure. 
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Figure 11. Microscopic images show removal of the stair-step effect on 10°, 45°, and 80° orientations at steps before, during, and after dry sanding (DS) in image; (A–I), and abrasive blasting (AB) in images (J–R). 
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Figure 12. Fine sanding surface roughness comparison of wet vs. dry procedure on grouped orientations. 
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Table 1. Benchmark surface finish selected for study.
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	Bench Marks
	Finish
	Target RA Range
	Description/Application
	ISO/TC 213

[32]
	SPI

[33]
	VDI 3400

[34]





	BM1
	High Polish
	(0.1–0.14) μm
	Shinny high gloss finish commonly used in automotive industry, generally used for aesthetical applications
	N3
	A3
	No. 1–2



	BM2
	Texturised
	(2.00–4.00) μm
	Bead blasted finish generally used for functional applications to create grip
	N7–N8
	D2–D3
	No. 26–32










 





Table 2. Overview of A: coarse dry sanding and B: fine dry sanding on surface roughness, weight, and dimensional accuracy results on plaques printed at 10°, 45°, and 80°.
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X (Ra μm)

	
Y (Ra μm)

	
Weight (g)

	
Dimensional Tolerance (mm)




	

	
Step

	
Grit

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°






	
A

	
1

	
NA *

	
2.01

(S.D 0.36)

	
3.42

(S.D 0.81)

	
2.32

(S.D 0.10)

	
10.51

(S.D 0.73)

	
4.04

(S.D 0.54)

	
1.89

(S.D 0.12)

	
8.9076

(S.D 0.08)

	
8.7633

(S.D 0.13)

	
8.6617

(S.D 0.07)

	
7.99

(S.D 0.22)

	
7.74

(S.D 0.08)

	
7.52

(S.D 0.01)




	
2

	
180

	
1.91

(S.D 0.49)

	
2.36

(S.D 0.29)

	
1.97

(S.D 0.18)

	
4.36

(S.D 1.00)

	
2.51

(S.D 0.29)

	
1.78

(S.D 0.06)

	
8.8391

(S.D 0.10)

	
8.6452

(S.D 0.14)

	
8.6142

(S.D 0.05)

	
7.94

(S.D 0.21)

	
7.68

(S.D 0.08)

	
7.48

(S.D 0.02)




	
3

	
180

	
1.87

(S.D 0.56)

	
1.90

(S.D 0.21)

	
1.70

(S.D 0.05)

	
3.44

(S.D 2.40)

	
1.89

(S.D 0.34)

	
1.53

(S.D 0.18)

	
8.7854

(S.D 0.11)

	
8.5998

(S.D 0.14)

	
8.5769

(S.D 0.05)

	
7.89

(S.D 0.22)

	
7.65

(S.D 0.07)

	
7.47

(S.D 0.02)




	
4

	
240

	
1.53

(S.D 0.33)

	
1.41

(S.D 0.20)

	
1.36

(S.D 0.06)

	
2.19

(S.D 1.07)

	
1.52

(S.D 0.35)

	
1.30

(S.D 0.12)

	
8.7568

(S.D 0.10)

	
8.5739

(S.D 0.14)

	
8.5529

(S.D 0.05)

	
7.87

(S.D 0.22)

	
7.63

(S.D 0.07)

	
7.46

(S.D 0.02)




	
5

	
240

	
1.40

(S.D 0.21)

	
1.27

(S.D 0.16)

	
1.26

(S.D 0.06)

	
1.63

(S.D 0.48)

	
1.19

(S.D 0.13)

	
1.26

(S.D 0.03)

	
8.7175

(S.D 0.09)

	
8.5491

(S.D 0.14)

	
8.5275

(S.D 0.05)

	
7.85

(S.D 0.23)

	
7.62

(S.D 0.06)

	
7.45

(S.D 0.03)




	
6

	
280

	
1.22

(S.D 0.03)

	
1.15

(S.D 0.09)

	
1.14

(S.D 0.06)

	
1.33

(S.D 0.07)

	
1.13

(S.D 0.11)

	
1.18

(S.D 0.03)

	
8.6724

(S.D 0.09)

	
8.5046

(S.D 0.14)

	
8.4863

(S.D 0.04)

	
7.83

(S.D 0.22)

	
7.61

(S.D 0.06)

	
7.43

(S.D 0.03)




	
7

	
280

	
1.19

(S.D 0.14)

	
1.15

(S.D 0.09)

	
1.07

(S.D 0.07)

	
1.17

(S.D 0.01)

	
1.09

(S.D 0.08)

	
1.16

(S.D 0.11)

	
8.6222

(S.D 0.10)

	
8.4654

(S.D 0.14)

	
8.4435

(S.D 0.04)

	
7.81

(S.D 0.21)

	
7.59

(S.D 0.06)

	
7.42

(S.D 0.03)




	
8

	
320

	
1.18

(S.D 0.12)

	
1.11

(S.D 0.07)

	
1.04

(S.D 0.06)

	
1.11

(S.D 0.09)

	
1.07

(S.D 0.07)

	
1.09

(S.D 0.06)

	
8.5728

(S.D 0.11)

	
8.4350

(S.D 0.14)

	
8.4091

(S.D 0.08)

	
7.80

(S.D 0.21)

	
7.58

(S.D 0.06)

	
7.41

(S.D 0.03)




	
9

	
320

	
1.14

(S.D 0.12)

	
1.08

(S.D 0.04)

	
1.03

(S.D 0.10)

	
1.10

(S.D 0.05)

	
1.01

(S.D 0.06)

	
1.04

(S.D 0.11)

	
8.5206

(S.D 0.11)

	
8.3988

(S.D 0.14)

	
8.3701

(S.D 0.08)

	
7.78

(S.D 0.21)

	
7.57

(S.D 0.06)

	
7.40

(S.D 0.03)




	
B

	
10

	
400

	
0.85

(S.D 0.15)

	
0.89

(S.D 0.14)

	
0.91

(S.D 0.09)

	
0.86

((S.D 0.11)

	
0.84

(S.D 0.16)

	
0.83

(S.D 0.12)

	
8.4817

(S.D 0.12)

	
8.3726

(S.D 0.13)

	
8.3421

(S.D 0.08)

	
7.77

(S.D 0.21)

	
7.56

(S.D 0.07)

	
7.39

(S.D 0.02)




	
11

	
600

	
0.46

(S.D 0.04)

	
0.52

(S.D 0.12)

	
0.49

(S.D 0.05)

	
0.42

(S.D 0.06)

	
0.45

(S.D 0.09)

	
0.43

(S.D 0.05)

	
8.4509

(S.D 0.12)

	
8.3513

(S.D 0.13)

	
8.3191

(S.D 0.08)

	
7.76

(S.D 0.21)

	
7.55

(S.D 0.06)

	
7.38

(S.D 0.02)




	
12

	
1000

	
0.31

(S.D 0.04)

	
0.34

(S.D 0.06)

	
0.34

(S.D 0.02)

	
0.31

(S.D 0.02)

	
0.33

(S.D 0.06)

	
0.31

(S.D 0.01)

	
8.4259

(S.D 0.12)

	
8.3360

(S.D 0.12)

	
8.3034

(S.D 0.08)

	
7.75

(S.D 0.20)

	
7.54

(S.D 0.06)

	
7.37

(S.D 0.03)




	
13

	
1500

	
0.20

(S.D 0.03)

	
0.20

(S.D 0.02)

	
0.21

(S.D 0.03)

	
0.18

(S.D 0.02)

	
0.20

(S.D 0.02)

	
0.20

(S.D 0.02)

	
8.4137

(S.D 0.12)

	
8.3192

(S.D 0.13)

	
8.2893

(S.D 0.08)

	
7.74

(S.D 0.21)

	
7.54

(S.D 0.06)

	
7.37

(S.D 0.03)




	
14

	
2000

	
0.17

(S.D 0.02)

	
0.17

(S.D 0.02)

	
0.16

(S.D 0.01)

	
0.17

(S.D 0.02)

	
0.17

(S.D 0.02)

	
0.15

(S.D 0.02)

	
8.4049

(S.D 0.12)

	
8.3080

(S.D 0.13)

	
8.2788

(S.D 0.07)

	
7.73

(S.D 0.21)

	
7.53

(S.D 0.07)

	
7.36

(S.D 0.03)




	
15

	
2500

	
0.12

(S.D 0.02)

	
0.12

(S.D 0.02)

	
0.12

(S.D 0.01)

	
0.11

(S.D 0.01)

	
0.12

(S.D 0.01)

	
0.11

(S.D 0.02)

	
8.4009

(S.D 0.12)

	
8.3022

(S.D 0.13)

	
8.2733

(S.D 0.07)

	
7.73

(S.D 0.21)

	
7.53

(S.D 0.07)

	
7.35

(S.D 0.02)








NA * Symbol indicates starting values prior to any post-processing treatment. S.D indicates standard deviation.













 





Table 3. Overview of abrasive blasting effects on surface roughness, weight, and dimensional accuracy results on plaques printed at 10°, 45°, and 80°.
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Time (Minutes)

	
X (Ra μm)

	
Y (Ra μm)

	
Weight (g)

	
Dimensional Tolerance (mm)




	

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°

	
10°

	
45°

	
80°






	
NA *

	
2.97

(S.D 0.37)

	
3.80

(S.D 0.29)

	
2.97

(S.D 0.63)

	
10.35

(S.D 0.49)

	
4.10

(S.D 0.68)

	
2.22

(S.D 0.43)

	
9.0155

(S.D 0.04)

	
8.7931

(S.D 0.05)

	
8.7299

(S.D 0.05)

	
7.94

(S.D 0.01)

	
7.69

(S.D 0.05)

	
7.57

(S.D 0.03)




	
1

	
2.88

(S.D 0.30)

	
3.92

(S.D 0.43)

	
2.84

(S.D 0.23)

	
6.31

(S.D 0.13)

	
3.89

(S.D 0.53)

	
2.24

(S.D 0.17)

	
9.0141

(S.D 0.04)

	
8.7918

(S.D 0.05)

	
8.7284

(S.D 0.05)

	
7.94

(S.D 0.01)

	
7.69

(S.D 0.05)

	
7.57

(S.D 0.03)




	
2

	
2.85

(S.D 0.31)

	
4.16

(S.D 0.92)

	
2.86

(S.D 0.24)

	
5.45

(S.D 0.72)

	
3.76

(S.D 0.50)

	
2.26

(S.D 0.17)

	
9.0128

(S.D 0.05)

	
8.7909

(S.D 0.05)

	
8.7269

(S.D 0.05)

	
7.93

(S.D 0.02)

	
7.69

(S.D 0.05)

	
7.56

(S.D 0.03)




	
3

	
2.82

(S.D 0.27)

	
3.57

(S.D 0.48)

	
2.90

(S.D 0.23)

	
4.75

(S.D 0.92)

	
3.59

(S.D 0.46)

	
2.27

(S.D 0.24)

	
9.0113

(S.D 0.05)

	
8.7898

(S.D 0.05)

	
8.7254

(S.D 0.05)

	
7.93

(S.D 0.02)

	
7.68

(S.D 0.04)

	
7.56

(S.D 0.02)




	
4

	
2.89

(S.D 0.11)

	
3.47

(S.D 0.47)

	
2.91

(S.D 0.30)

	
4.26

(S.D 0.77)

	
3.55

(S.D 0.35)

	
2.54

(S.D 0.25)

	
9.0099

(S.D 0.05)

	
8.7885

(S.D 0.05)

	
8.7241

(S.D 0.05)

	
7.93

(S.D 0.02)

	
7.68

(S.D 0.05)

	
7.56

(S.D 0.03)




	
5

	
2.62

(S.D 0.29)

	
3.57

(S.D 0.35)

	
2.96

(S.D 0.21)

	
3.84

(S.D 0.64)

	
3.49

(S.D 0.41)

	
2.53

(S.D 0.36)

	
9.0087

(S.D 0.05)

	
8.7873

(S.D 0.05)

	
8.7227

(S.D 0.05)

	
7.92

(S.D 0.02)

	
7.67

(S.D 0.05)

	
7.55

(S.D 0.03)




	
6

	
2.70

(S.D 0.33)

	
3.14

(S.D 0.36)

	
2.92

(S.D 0.19)

	
3.58

(S.D 0.31)

	
3.06

(S.D 0.48)

	
2.45

(S.D 0.15)

	
9.0072

(S.D 0.05)

	
8.7859

(S.D 0.05)

	
8.7218

(S.D 0.05)

	
7.92

(S.D 0.02)

	
7.67

(S.D 0.05)

	
7.55

(S.D 0.03)




	
7

	
2.79

(S.D 0.35)

	
3.40

(S.D 0.47)

	
2.87

(S.D 0.22)

	
3.35

(S.D 0.36)

	
3.30

(S.D 0.50)

	
2.52

(S.D 0.22)

	
9.0061

(S.D 0.05)

	
8.7846

(S.D 0.05)

	
8.7214

(S.D 0.05)

	
7.92

(S.D 0.02)

	
7.67

(S.D 0.05)

	
7.55

(S.D 0.03)




	
8

	
2.73

(S.D 0.37)

	
3.42

(S.D 0.38)

	
2.80

(S.D 0.13)

	
3.12

(S.D 0.22)

	
3.12

(S.D 0.52)

	
2.52

(S.D 0.10)

	
9.0049

(S.D 0.05)

	
8.7834

(S.D 0.05)

	
8.7199

(S.D 0.05)

	
7.91

(S.D 0.02)

	
7.67

(S.D 0.05)

	
7.55

(S.D 0.03)




	
9

	
2.68

(S.D 0.32)

	
3.22

(S.D 0.37)

	
2.75

(S.D 0.16)

	
2.88

(S.D 0.21)

	
2.98

(S.D 0.44)

	
2.46

(S.D 0.16)

	
9.0040

(S.D 0.05)

	
8.7826

(S.D 0.05)

	
8.7190

(S.D 0.05)

	
7.91

(S.D 0.02)

	
7.66

(S.D 0.05)

	
7.54

(S.D 0.03)




	
10

	
2.42

(S.D 0.40)

	
3.21

(S.D 0.37)

	
2.60

(S.D 0.19)

	
2.69

(S.D 0.07)

	
2.87

(S.D 0.23)

	
2.39

(S.D 0.13)

	
9.0029

(S.D 0.05)

	
8.7817

(S.D 0.05)

	
8.7183

(S.D 0.05)

	
7.91

(S.D 0.02)

	
7.66

(S.D 0.05)

	
7.54

(S.D 0.03)








NA * Sym