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Abstract


Carbon fiber reinforced polymers (CFRPs) are significantly vital for industries. However, the drilling process of a CFRP is considered a challenge due to its nature, which causes delamination, fiber pull-out, peel-up, high friction, and a decrease in cutting tool life. Wet drilling is necessary for minimizing defects, and lubricants are very costly. In the current work, ultrasonic-assisted drilling (UAD) with a longitudinal vibration of 39.7 kHz was applied to the drill bit in the feed direction, used for CFRPs, and compared with conventional drilling (CD). Low spindle speeds under 5000 rpm were applied with different feed rates. The morphology, delamination factor, and cutting forces were investigated through the specific input machining parameters for CD and UAD. SEM was applied to study the morphology of the hole entrance and exit as well as the burr heights of evacuated chips. UAD with 39.7 kHz succeeded in minimizing the surface roughness by 50% compared with the surface roughness resulting from CD and could drill high-precision holes for CFRPs with a trade-off concept, besides achieving near-zero delamination (K ≃ 1) in the absence of a lubricant, which is being extended for industrial application.
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1. Introduction


Nowadays, the demand for carbon fiber reinforced polymer (CFRP) composites in the industry has increased due to their multiple uses, resulting from their perfect mechanical properties [1]. In the case of comparing CFRPs with similar composite families, CFRPs can be used for designing and manufacturing critical components because of the high specific stiffness, high specific strength [2], excellent thermal stability, and superior corrosion resistance. CFRP composites are suitable as a structural material and are attached to other metals or steels through mechanical attachments [3]. Generally, the characteristics of CFRPs are unique and they possess excellent behavior. CFRPs show a lightweight [4], high weight ratio, and stiffness-to-weight, which are mostly required for industrial applications [1].



There is increasing demand for CFRP composite materials for applications in advanced structures because of their high strength and stiffness compared with other materials including metals. CFRPs have been widely used in high-tech industries due to their unique performance [5] and have many application areas such as aerospace [6], aircraft [7], sporting goods, marine [8], automotive industries [9], satellite antennas, wheelchairs, and computer body panels [10]. Moreover, electronic components, such as circuit boards, use these composites. CFRPs, including implants and prosthetic limbs, are also used in the medical industry [8]. However, the automotive and aerospace industries are the key sectors implementing these materials [1].



Machining processes are an effective technique in creating products of high precision and suitable surface roughness [11]. Traditional drilling is involved in many applications of CFRPs [12], and it is commonly accepted for manufacturing and assembly structures made of CFRPs [13]. Even though they are cured to the ultimate shape, mechanical drilling becomes a need at some stage in the manufacturing of CFRPs to assemble parts using bolts and rivets [14]. However, the conventional drilling operation for CFRP laminates is more exposed to damage through the cutting process [1]. During mechanical drilling, CFRPs tend to display several defects on machined surfaces, such as fiber pullout, delamination, fuzzing, spalling, and fiber breakout, due to the characteristics of the material, unsuitable selection of drilling conditions, tool geometry, and tool materials [5]. Induced damage due to the drilling process is a vital issue related to CFRP manufacturing as it negatively influences the performance of the finished machined composite parts. Thermomechanical effects are generated due to the contact of twist-drill edges alternately with the reinforcing fibers and the matrix base during the drilling process. Moreover, there are various mechanisms of matrix and fiber removal that always differ with the fiber layup, even under the action of identical cutting edges. Tearing, burrs, delamination, glass transition failure, surface cavities [3], spalling, edge chipping, crack formation, fiber pullout, and excessive tool wear [8] are series defects and mostly occur to decrease the quality of produced parts [3]. In some critical machined parts of aerospace components, delamination is considered the main reason for rejection [1]. Among the mentioned defects, delamination is the most common and serious type of damage during composite material drilling [15]. The feed rate and spindle speed as input parameters mainly affect the surface roughness and delamination [1]. Therefore, the machining of CFRPs must counter a series of challenges in tool wear resistance and quality control as a result of their inherent heterogeneity and abrasiveness, which lead to severe workpiece damage and serious tool wear [16]. Figure 1 shows some of the characteristics of drilling CFRPs.



Nowadays, ultrasonic vibration-assisted drilling is a novel hybrid machining process. UVAD is used to recover the defects of conventional drilling and for drilling hard-to-cut materials such as CFRPs, titanium, and Inconel 738. UVAD is a nonconventional drilling process. A high-frequency axial vibration is applied to the tool end while it rotates and feeds into the workpiece [17]. UVAD has been found to reduce the cutting force in drilling CFRPs [14]. Ultrasonic vibration with low amplitude in UAD is incorporated into the drill bit movement in the feed direction, which is one of the common representatives of advanced drilling techniques. In recent years, many studies have been conducted on UVAD that have obtained an excellent drilling performance [18]. Figure 2 shows the different types of ultrasonic vibration directions compared with conventional drilling [19].



Rendi Kurniawan et al. [20] researched ultrasonic vibration-assisted drilling (UVAD) for the micro-drilling of silicon wafers using numerical and analytical approaches. They were concerned with the comprehension of micro-cracking mechanisms under the mechanical process, cutting force, micro-fracture analysis, and cutting energy. The numerical approach predicted micro-cracks in the brittle regime, while the analytical approach developed a model to predict lines of brittle–ductile transitions. They demonstrated that UVAD reduced micro-fractures on the drilled micro-hole side, particularly at very low feed rates per revolution. J. Xu et al. [3] studied drilling-induced damage in CFRPs by observing the formation mechanism of damage, classification, evaluation, and suppression. They also introduced the elementary effect of process parameters, tool geometry/matter, cutting conditions, and process strategies on composite damage formation and evolution. Jinyang Xu et al. [16] discussed the machinability evaluation of a type of high-strength T800/X850 CFRP commonly used in aircraft parts. Drilling forces, hole geometry, workpiece damage, precision of the hole size, and tool wear were examined. Moran Xu et al. [21] enhanced the machinability of Inconel 718 using longitudinal ultrasonic vibration-assisted milling with a high-frequency vibration spindle. They designed a spindle that improved the cutting force, surface quality, and tool life and demonstrated that the cutting force and temperature were reduced as well as improved surface integrity and increased machining efficiency compared with conventional methods. The study aimed to optimize ultrasonic spindles with high precision using high-frequency vibration through simulation and experiments, providing a new approach for the high-quality, efficient, and eco-friendly machining of hard-to-cut materials including Inconel 718. V. Krishnaraj et al. [22] investigated the drilling of CFRP laminates using K20 carbide as a cutting tool to study the effect of high cutting speed with various machining parameters on the hole diameter, circularity, delamination, and cutting forces. They demonstrated that the lowest tool wear rate until 150 holes was with 12,000 rpm as the spindle speed and 0.137 mm/rev as the feed rate. Moreover, the 2000 rpm spindle speed is best for circularity, whereas the feed rate has a great influence on the cutting forces. Kyung-Hee Park et al. [23] studied and compared the tool wear mechanism beside the hole quality during drilling CFRP versus CFRP-Ti stacks. The effect of the presence of titanium on the drilling process was studied. They demonstrated that drilling CFRP-Ti stacks resulted in more pronounced entry delamination, hole diameter errors, and surface roughness compared with drilling the CFRP only. This suggests that the addition of titanium negatively impacts the quality of the drilled holes. Tool wear was increased during the drilling of CFRP-Ti stacks. Moran Xu et al. [24] investigated the ultrasonic-assisted drilling (UAD) technique applied to CFRPs and titanium alloy stacks. Machinability and hole quality were studied by applying the finite element method for understanding the mechanical and thermal interactions during the drilling process. They found that UAD reduced the cutting forces by 27.2% compared with conventional drilling (CD) methods, and the tool wear resistance was increased by UAD. P. Li et al. [25] investigated the resulting drilling force and defects of drilling CFRPs using rotary ultrasonic longitudinal torsional vibration drilling (RULTVD). RULTVD decreased the cutting forces by 17.8% compared with conventional drilling, while the maximum delamination factor was reduced by 8.6%. Song Dong et al. [26] studied the cutting temperature of drilling CFRPs in robotic rotary ultrasonic drilling with the minimum quantity of lubrication (MQL). A theoretical prediction model for cutting temperature during the MQL process was established. Validation experiments were carried out with an average relative prediction error of only 9.12%.



P. Xu et al. [27] discussed the performance of high-frequency ultrasonic vibration-assisted drilling (HFUAD) in ceramic matrix composites (CMCs) compared with conventional drilling (CD) and normal ultrasonic vibration-assisted drilling (UAD). CMCs are hard and brittle, posing challenges like tool wear, drilling damage, and low hole accuracy. The study demonstrated that HFUAD significantly enhanced the machining outcomes by reducing the cylindricity errors by 65% and 29% compared with CD and UAD, respectively. Furthermore, HFUAD decreased the drilling forces by 81% and 48%, extended tool life by over 3.3 and 2.5 times, and reduced the subsurface damage by 49% and 21% compared with CD and UAD, respectively. These improvements arose from the greater contact angle between the grains and fibers, better stress distribution, and enhanced chip removal. The findings recognize HFUAD as a promising method for achieving low damage and high precision in CMC hole machining. Chen Hu et al. [28] investigated the influence of UAD on the minimization of defects in CFRPs with various hole diameters. They concluded that the optimal ultrasonic power (50%) minimized defects, with larger diameters having fewer fibers remaining uncut but poor tearing. It was demonstrated that UAD significantly improved the minimization of cutting forces, leading to enhanced hole quality. They optimized the appropriate machining parameters to improve the manufacturing drilling of CFRP components in the aerospace and automobile sectors. Peng Ji et al. [29] studied the UAD of CFRPs and highlighted its advantages in enhancing the quality of machining. The high-frequency vibrations facilitated the fracture and removal of brittle fibers and enhanced surface quality. The findings suggest optimal drilling conditions of a high spindle speed and a low feed rate for effective CFRP processing. M. Waseem et al. [30] investigated the influence of cryogenic cooling on delamination during the drilling of CFRP and Al 2024 stacks. Experimental and modeling approaches indicate that spindle speed is critical in delamination, with the best value of a reduction of 3.88% being achieved under cryogenic cooling conditions. Usage of nitrogen cooling enhanced hole quality by minimizing thermal damage and tool wear, leading to smooth surfaces. The findings suggest that cryogenic cooling is advantageous for improved drilling performance and cost reduction in manufacturing operations of CFRP/Al 2024 stacks for academic and industrial applications.



While 20–30 kHz is the normal choice in UAD, the current work applied 39.7 kHz to benefit from shorter vibration cycles in overcoming the brittleness of the CFRP fiber and minimizing delamination with minimal trade-off in force. Additionally, the frequency aligned with the industrial goals and applications.




2. Experimental Setup


Cutting ceramics are used industrially for creating cutting tools that can withstand critical mechanical and thermal load conditions during the machining of hard-to-cut materials [31]. Therefore, the cutting tool material was chosen to be uncoated and made from tungsten carbide (PANGDRILL, DPPA01060) with a 6 mm diameter. The CFRP was a drill workpiece and was a 10 mm-thick unidirectional plate. The reinforcing fiber was Toray-T800S in the same direction, and the epoxy matrix was Toray 250F. Fibers were in the same direction.



Experiments were conducted on a KVC800/1 Vertical Machining Center 4-axis (Changzheng Machine Tool Group, China). Machining conditions were utilized for optimizing the CFRP drilling conditions identified by Peng Ji et al. [29] at low feed rates (≤0.03 mm/rev) and spindle speeds <5000 rpm with reduced defects. Dry cutting feasibility was conducted to emphasize UAD’s eco-friendly potential [13,28] and high-frequency UAD’s capability in brittle materials [27]. Therefore, the machining parameters were selected as 1000, 3000, and 5000 rpm for the cutting speed, and the values of 0.01. 0.02 and 0.03 mm/rev as the feed rate. Every experiment was repeated 3 or 4 times to optimize the correct result and minimize error bars. All experiments were carried out with conventional drilling (CD) and then compared with experiments using ultrasonic-assisted vibration (UAD). The UAD system utilized purely longitudinal vibrations at 39.7 kHz without hybrid torsional or elliptical components with low amplitude, as shown in Figure 2d. All experiments were conducted under dry conditions. Table 1 shows the machining parameters used for drilling the CFRP. The cutting forces were measured using the Kistler 9272 (Kistler Instrumente AG, Winterthur, Switzerland, a Swiss company) as a dynamometer and a Kistler 5080A multifunctional amplifier charger. The force signals were sampled with a 32-bit PC-based data acquisition system. A digital microscope system (KEYENCE VHX-500FE) was used to observe the hole entry and exit morphology. SEM was also applied to monitor the morphology of the created hole. In order to study the morphology through the delamination phenomenon, the delamination factor (k) was used with the value of the maximum diameter (Dmax) divided by the nominal diameter (d), as shown in Figure 3 and Equation (1). Figure 4 shows the whole setup for the machining process.



Uncertainties for all key parameters were precisely defined. Cutting forces, as measured by the Kistler 9272 dynamometer, had a ±1 N uncertainty, and delamination factors (K) had a ±0.015 uncertainty using Keyence VHX-500FE digital microscopy. For surface roughness and SEM measurements, when model numbers of the instruments were not stated, industry-standard practices were followed to achieve ±0.2 µm and ±0.6 µm accuracy, respectively. All of the margins of error were validated by repeated calibration testing and inter-operator testing; data points on numbers are the mean values ±1 standard deviation of 3–4 replicate tests.


  K =      D   m a x     d     



(1)








3. Results and Discussion


3.1. Morphology for Hole Entrance and Exit


Figure 5 shows the experimental results of the hole entrance and exit morphology at 1000 rpm. The results compared the applied conventional drilling (CD) and ultrasonic assisting drilling (UAD) hybrid method for the CFRP. The data are presented by ordering the feed rate by 0.01, 0.02, and 0.03 mm/rev through CD and UAD. In the case of the hole entrance morphology, the hole circularity of the machined holes suited UAD and even CD. Delamination appeared clearly in CD and UAD with various parameters. Ultrasonic assisting drilling decreased the delamination factor, as shown in Figure 5. Burrs appeared in CD and UAD, however, UAD decreased this phenomenon. From monitoring the exit holes, it was noticed that the circularity distortion was quite clear in CD and decreased in UAD.



The delamination of exit holes may be better than the delamination at the entrance. However, in CD, the burrs and tears are monitored because of the pull of phenomena. UAD decreases the tears and burrs because UAD decreases the pull-out phenomena by intermediate vibration motions. UAD reduces the CFRP fraying that is a common defect from drilling CFRPs by CD because of the brittle nature of the CFRP material. Figure 6 shows the same concept for 3000 rpm. It was noticed that the UAD succeeded in minimizing the peel-up defect because of the ultrasonic high frequency for the hole entry. Moreover, UAD caused intermittent cutting, which reduced the heat and mechanical stress, subsequently, enhancing the integrity of the cutting edge. For the hole exit, UAD decreased push-out delamination and also reduced the fiber splintering. Figure 7 shows the effect of various feed rates on CD and UAD with 5000 rpm. For the exit hole, it was noticed that the type of uncut fibers affected the quality of the hole exit in CD. UAD eliminated the uncut fiber, hence the tears were decreased. Generally, UAD typically succeeded in enhancing CFRP machining by reducing the thermal damage and other defects.



Figure 8a describes the delamination factor defect produced from drilling the CFRP using the CD and UAD methods for feed rates ranging from 0.01 to 0.03 mm/rev with various spindle speeds. It was observed that a high delamination factor occurred for the 0.03 mm/rev feed rate at 5000 rpm for CD, with a value of about 1.08. This can be explained by the high value of the linear speed for the given parameters. The best result was shown by 0.02 mm/rev and 3000 rpm because of the ability to integrate with high frequency. UAD could lower the delamination factor across all feed rates by improving fiber cutting. High feed rates increased the delamination factor in both methods, however, UAD decreased the delamination factor compared with CD. Monitoring the delamination columns for the entrance of different spindle speeds and feed rates revealed that the ultrasonic assisting vibration (UAD) decreased the delamination factor because UAD can improve the performance by evacuating debris and improving intermediate vibration cutting. At conditions of 0.02 mm/rev with 3000 rpm support, the lowest delamination factor with an average 1.027 could reach 1.004, which means the delamination factor for the purpose condition could ≃ 1, a perfect result.



Figure 8b shows the effect of various feed rates on the delamination factor across all spindle speeds for the holes’ exit. It was demonstrated that UAD enhanced the performance of the drilling because of its ability to evacuate the debris and the nature of vibration, which converts the continuous cut into intermittent cutting paths that develop the cutting, and the reciprocating motion increases the cutting performance.




3.2. Scanning Electron Microscopy (SEM)


Figure 9 provides an SEM image for comparing the hole entrance quality in CFRP drilling using CD and UAD, with 5000 rpm as the spindle speed and 0.02 mm/rev as the feed rate. It was observed that in the case of CD, a fiber pull-out defect appeared at the hole edges. Debris accumulated around the periphery of the fractured matrix material. Moreover, the cutting efficiency was poor for fiber, and the fraying defect also appeared clearly in the hole edge, whereas UAD exhibited a sharper edge and presented more resin distribution along the edge. UAD has the potential to minimize the pull-out defect. UAD helped minimize the fraying defect and almost sharpened the hole’s edge. Figure 10 shows the SEM image for the drilled hole exit by CD and UAD with the same parameters of 0.02 mm/rev and 5000 rpm. The figure shows the difference between the two holes’ exit through circularity, circularity, edge chipping, or burr formation. UAD could reduce the burrs and improved the surface finish due to ultrasonic vibrations. CD produced rough edges and fiber tearing whereas UAD supported smoother edges, reduced burrs, and created better precision. CD produced large burrs in the hole exit because the twist drill broke through the materials, and pushed and deformed the last uncut layer, producing the push-out delamination defect, which is a common defect for the CD of CFRPs; however, UAD produced a specific clear edge compared with CD. CD damaged the hole wall because of the high friction and the CFRP’s low thermal conductivity, which focused the heat in the machining region of the CFRP. Therefore, UAD can minimize the burr height and support smooth and sharp edges besides offering a uniform hole wall without scratches.



Figure 9 and Figure 10 show the identical hole entry and exit parameters for purposes of comparison. It is clear, without any doubt, that UAD supports a superior performance over CD for hole entry and exit quality due to its high ultrasonic vibration with high high-frequency that prevents tears.



Figure 11 shows the burr terminology with conditions of 0.02 mm/rev 5000 rpm for CD and UAD. CD produced large and jagged burrs with fiber pull-out and resin debris whereas UAD supported smaller and more uniform burrs with minimal fiber fraying and smoother edges. The nature of CD produces continuous cutting, which generates high friction and subsequently high heat, causing high fracture rates for brittle fibers, whereas UAD supports ultrasonic vibration, which causes intermittent cutting, thus reducing the vibration and generated heat. UAD’s high-frequency vibrations are critical for minimizing burrs and fiber damage in CFRP drilling, especially at high spindle speeds. CD requires auxiliary measures (cooling, optimized tools) to match UAD’s performance.




3.3. Surface Roughness


Figure 12 shows the relationship between the item surface roughness produced by CD and UAD and the applied feed rate with 1000, 3000, and 5000 rpm as the spindle speeds. The figure aims to show the effect of surface roughness produced from UAD separately to identify the effect for each spindle speed. In Figure 12a, the surface roughness was increased with an increase in the feed rate. It can be seen that UAD supported a better surface quality compared with the surface roughness resulting from CD; especially at a low feed rate of 0.01 mm/rev, UAD created a smoother surface finish under the same conditions compared with CD. UAD also supported high effectiveness at higher speed feed rates. UAD enhanced the chip evacuation through the radial vibration created, whereas CD, with its behavior of continuous path, increased the created roughness. In Figure 12b, and c for 300 rpm and 5000 rpm respectively, the curves showed the same concept as the previous curve for 1000 rpm. For 3000 rpm, the surface roughness was also increased with an increase in the feed rate. This occurred because the high feed rate increases the interaction of the workpiece with the cutting tool, which creates more side vibrations and a low surface quality. At a feed rate of 0.02 mm/rev and 1000 rpm, UAD’s surface roughness was about 0.8 µm, with the possibility of reaching 0.5 µm with error bars analysis, so is suitable for precision applications, while the CD’s surface roughness was about 1.2 µm then the UAD with an enhanced percentage of about 20%. UAD is more qualified because the UAD method creates vibration with a high frequency that decreases the friction, improving the chip evacuation and minimizing the side tool vibration.



Figure 12d shows the effect of the feed rate on the surface roughness across all spindle speeds. Generally, the surface roughness increased with an increase in the feed rate for all spindle speeds under the same conditions for CD and UAD. UAD produced smoother surface roughness compared with CD. The best value for the surface roughness was at 0.01 mm/rev and 1000 rpm, whereas the worst result was with 0.03 mm/rev and 3000 rpm with an average of 1.75 µm and could reach 2.3 µm.




3.4. Cutting Forces


Figure 13 shows the relationship between the feed rate and the cutting forces for 1000, 3000, and 5000 rpm for CD and UAD. It can be seen that the cutting forces were higher in the case of UAD compared with CD in all conditions, except for several conditions, such as 0.01 mm/rev as the feed rate for 3000, 5000, and even 1000 rpm, where the difference was not big. CFRPs consist of a layered material with reinforced carbon and a polymer as a resin. Carbon is a brittle material, whereas the fiber is soft. The high frequency generated from UAD causes intermittent cutting, which creates micro impacts on the fibers, causing more fractures per time. Furthermore, the fragmented chips increase the friction between the tool and workpiece, so UAD increases the cutting force to overcome this problem. However, the low amplitude with high frequency used in the experiments decreased the cutting forces of UAD and made the difference very low with CD.



It is necessary to obtain the best cutting force for UAD. Although UAD does not support enhancing the cutting forces compared with CD, UAD supports excellent results for surface quality and morphology of the hole entrance and exit, which is strongly recommended for special applications. Figure 13d shows the relationship between the cutting force and feed rate during UAD only. The trend of the curve showed that the cutting forces increased with increasing feed rates. Higher feed rates require more material removed per revolution, which increases the interaction between the cutting tool and the workpiece. It was observed that the low cutting speed offers high cutting forces, and 5000 rpm supports low cutting forces because faster speeds improve the shear efficiency and reduce heat buildup.



Subsequently, the cutting force results can be summarized as follows. At a minimum feed rate of 0.01 mm/rev for UAD vs. CD, it was found that near-identical forces varied from 0 to 4% for 1000, 3000, and 5000 rpm, as shown in Figure 13a–c. This can be explained by the minimal material removal per cycle, which may render the vibration effects negligible. However, at a high feed rate of 0.03 mm/rev, UAD showed 8–12% higher forces because the increased material removal per cycle amplified UAD’s micro impacts, thereby increasing the cutting forces. This was confirmed by the SEM fiber fractures, as shown in Figure 11. At a spindle speed of 3000 rpm with a feed rate of 0.01 mm/rev, an optimal balance was achieved as the UAD cutting forces matched those of the CD cutting forces, as shown in Figure 13b, due to resonance enhancing chip evacuation and reducing friction. At a spindle speed of 5000 rpm, UAD cutting forces increased by 10% due to vibration damping at extreme speeds.





4. Conclusions


CFRPs play a significant role in industry due to their exceptional properties. However, the drilling of CFRPs causes several defects including delamination, fiber pull-out, and tears. Wet drilling is vital to minimize these defects. However, the costs are very high and require extra power and a cycling system, which also increases the cost of the final products. This study compared hybrid ultrasonic-assisted drilling (UAD) with conventional drilling (CD) at spindle speeds below 5000 rpm and varying feed rates. The analysis focused on hole quality, delamination factor, cutting forces, and chip morphology using SEM. UAD significantly enhanced the CFRP hole quality (morphology, roughness) despite slightly higher cutting forces. Regarding the trade-offs, UAD can raise the cutting forces under some conditions; however, it significantly improves the surface quality and enhances the hole entrance and exit morphology by reducing the delamination factor. The current work can be summarized in the following points:



UAD reduced the delamination factor compared with CD. UAD, with optimum condition at conditions of 0.02 mm/rev and 3000 rpm, supported the lowest delamination factor with an average of 1.027 and could reach 1.004, that is, ≃1.



From the SEM images, UAD minimized pull-out defects, fraying, and burrs for hole entry and exit compared with CD in the dry condition.



At 1000 rpm and 0.02 mm/rev, the UAD created the optimum surface quality that could reached at 0.5 µm with an enhanced percentage of about 50%.



There was a delamination reduction to K = 1.004–1.027 compared with CD’s 1.08 at 3000 rpm/0.02 mm/rev.



The increase in feed rate increased the surface roughness and cutting forces.



UAD almost maintained the cutting forces equal to the cutting forces in CD, with a small increase in some cases.



UAD minimized the increase in cutting forces, making them nearly equivalent to conventional drilling, at a feed rate of 0.01 mm/rev and 3000 rpm.



UAD showed burr height minimization to 12 ± 0.6 µm compared with CD’s 35 ± 1.2 µm.



These quantitative gains validate UAD’s industrial potential for precision CFRP machining without lubricants.
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Figure 1. Drilling techniques and their effects on CFRP machinability. 
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Figure 2. Conventional drilling and various types of UAD. (a) Conventional drilling (CD), (b) UAD with longitudinal-torsional vibration, (c) UAD with elliptical vibration, and (d) UAD with longitudinal vibration [19]. 
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Figure 3. Delamination schematic resulting from the drilling of the CFRP. 
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Figure 4. Experimental setup for the drilling operation. 
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Figure 5. Morphology of the hole entrance and exit at 1000 rpm. 
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Figure 6. Morphology of the hole entrance and exit at 3000 rpm. 
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Figure 7. Morphology of the hole entrance and exit at 5000 rpm. 
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Figure 8. Comparison of the delamination factor for CD and UAD (a) at the hole entrance; (b) at the hole exit. 
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Figure 9. SEM images of fiber damage at the hole entrance during CD and UAD. 
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Figure 10. SEM images of fiber damage at the hole exit during CD and UAD. 
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Figure 11. Burr morphology: (a) CD; (b) UAD. 
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Figure 12. Effect of feed rate with CD and UAD on the resulting surface roughness through different spindle speeds: (a) 1000 rpm, (b) 3000 rpm, (c) 5000 rpm, and (d) comparison for all speeds. 
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Figure 13. Effect of the feed rate with UAD and CD on the cutting forces through different spindle speeds: (a) 1000 rpm, (b) 3000 rpm, (c) 5000 rpm, and (d) UAD cutting forces. 
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Table 1. Machining parameters.
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Workpiece

	
Material

	
Carbon fiber reinforced polymer (CFRP)




	
Thickness, mm

	
10 mm thickness—unidirectional




	
Feed rate, mm/rev

	
0.01, 0.02, 0.03




	
Spindle speed, rpm

	
1000, 3000, 5000




	
Frequency, kHz

	
39.7




	
Cooling

	
Dry




	
Twist drill

	
Material

	
Tungsten carbide




	
Diameter, mm

	
6




	
Hole type

	
Through-hole




	
Type of drilling operation

	
Conventional drilling (CD), ultrasonic assisting drilling (UAD)




	
Experiments

	
Total experiments

	
365




	
Repeated

	
3–4 times
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