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Abstract

:

Featured Application


Fabrication of diamond coated tools with high performance for CFRP machining.




Abstract


The drilling of carbon fiber reinforced plastics (CFRP) is a significant topic for the aircraft industry. However, CFRP are materials which are difficult to cut due to their unique properties. This paper studies tools with excellent cutting performance in machining CFRP. The microcrystalline diamond (MCD), nanocrystalline diamond (NCD), and dual-layer composite MCD/NCD coatings are deposited on Co-cemented tungsten carbide (WC-Co) drills. The morphology of MCD shows pyramidal grains and the NCD and MCD/NCD coatings present cauliflower-like morphology. The cutting performances of coated tools are checked in CFRP drilling tests by the drilling force and tool wear. According to the results, the dual-layer composite MCD/NCD coated tools present the best cutting performance with the lowest drilling force. Meanwhile, the MCD/NCD coated tools display high resistance to wear and adhesive strength.
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1. Introduction


Carbon fiber reinforced plastics (CFRP) are widely used in the aerospace industry with the combination of high hardness, high strength, and being lightweight [1,2]. Drilling is one of the most important operations in the CFRP aerospace structures manufacturing due to the need for component assembly [3]. However, mechanical drilling of CFRP is a difficult and challenging task because of their specific material properties. The main problems encountered in CFRP drilling are rapid tool wear and insufficient hole quality, including inter-layer damage, fiber pullout, and exit burrs. This can be attributed to the abrasive nature of the fiber reinforcement, and the anisotropic and heterogeneous nature of the CFRP structure. During the interaction of tool and workpiece, the abrasive actions of the fiber dulls the cutting edges and the low thermal conductivity of CFRP causes heat accumulation on the tool surface, which aggravates the tool wear. Looking for materials with excellent performance in CFRP drilling is a very important task to improve CFRP machining.



Tool materials (substrate) and type of coatings have become crucial factors in the final tool characteristics for machining CFRP [4,5,6,7]. Chemical vapor deposition (CVD) diamond coatings are famous for their unique characteristics such as high hardness, good wear resistance, low friction coefficient, and high thermal conductivity. The mechanical properties of diamond coated tools depend mainly on the coating structure, such as its thickness and surface morphology. The microcrystalline diamond (MCD) coatings exhibit higher hardness and better adhesion characteristics than that of nanocrystalline diamond (NCD) coatings [8], while the NCD coatings present a lower friction coefficient with a smoother surface. The composite coatings of MCD and NCD exhibit more advantages with the superiority of two coatings simultaneously [9,10,11]. In the case of cutting composite materials, diamond coatings have a positive effect, due to their excellent mechanical and physical properties. However, many studies focused only on the cutting performance of diamond coated tools with single layer coating [12].



In the present work, MCD, NCD, and MCD/NCD coated drills are fabricated by depositing different diamond films on the WC-Co drills. The coating characterizations are examined using scanning electron microscopy (SEM) and Raman spectra. The dry drilling tests are carried out on CFRP in a CNC machine. Comparisons of the drilling performance are made among the three types of diamond coated drills. The drilling force and tool wear are investigated employing dynamometer and SEM.




2. Experimental Details


2.1. Deposition and Characterization


The Co-cemented tungsten carbide (WC-6 wt.% Co) drills (4 mm in diameter) are used as substrates for diamond deposition. The two-step chemical pretreatments are carried out before deposition. Firstly, the WC-Co drills are dipped in the Murakami reagent (KOH + K3Fe(CN)6 + H2O = 1 g:1 g:10 mL) in an ultrasonic vessel for 30 min. The second etching step is performed using acid solution (HCl + H2O2 = 1 mL:4 mL) for 1 min. Subsequently, the drills are abraded using the diamond powders with the size of 5 μm. The deposition of diamond coatings are completed in the hot filament CVD apparatus, in which the tantalum wires are used as hot filaments. The acetone is introduced as a carbon source using the bubbling method as descripted in [13]. During the deposition, the temperatures of hot filaments and the substrate surface are 2200 ± 100 °C and 900 ± 100 °C. And the negative bias voltage has been added with 40 V through the electrode poles. Three types of diamond coatings are deposited on the WC-Co drills using the hot filament CVD (HFCVD) method: (I) MCD, (II) NCD, and (III) MCD/NCD. The deposition time of MCD coatings is 6 h. And the NCD coatings are deposited with argon for the same time as that of the MCD. As for dual-layer composite diamond coatings, the MCD coatings are deposited on the drill surfaces for 4 h, then the NCD coatings are deposited in situ for 2 h by adjusting the deposition parameters. The detailed deposition parameters are all listed in Table 1. The SEM (Zeiss ULTRA55) is adopted to investigate the morphology of as-fabricated diamond films. The Raman spectroscopy (SPEX1403) equipped with a He-Ne laser (λ = 632.8 nm) is used to access the film quality.




2.2. Drilling Tests


The CFRP specimen adopted in this study is T700 fabricated by carbon/epoxy with a total thickness of 2.6 mm, whose stacking sequence is [45°/90°/135°/0°/135°/90°/45°]s and the fiber volume fraction is 60 ± 5%. Three diamond coated drills, namely the MCD, NCD, and MCD/NCD coated drills, with identical diameters of 4 mm, rake angle of 25°, clearance angle of 11°, and point angle of 140°, are used in the drilling tests. The drilling operations are carried out on a VMC850 CNC machining center. Two different parameters with spindle speed 4000 rpm, feed rate 0.004 mm/r (condition I) and 6000 rpm, 0.008 mm/r (condition II) are selected in the drilling tests. During the drilling tests, the cutting force signatures are recorded and measured using dynamometer Kistler 9272. The SEM and tool microscope are used to examine the worn tool morphology of cutting edges for all the drills and the hole exit.





3. Results and Discussion


3.1. Coating Characterization


The morphologies of the tool surfaces and cutting edges of diamond coated drills are all shown in Figure 1, Figure 2 and Figure 3. In Figure 1, the MCD coatings display diamond crystallites with a pyramidal shape, while the NCD and MCD/NCD coatings present a cauliflower-like morphology, as exhibited in Figure 2 and Figure 3.



The cross-sectional morphologies display columnar growth patterns for MCD coatings as shown in Figure 4a. The NCD coatings have the continuous structure of the nano-scale particles in Figure 4b. There is an obvious transition line between MCD and NCD coatings in Figure 4c. The thickness of diamond coatings can be evaluated from cross-sectional morphologies. The average thickness is about 6 μm for MCD, 6.1 μm for NCD, and 5.9 μm for MCD/NCD coatings, respectively. Figure 5 shows the Raman spectrum of all the diamond coatings. A distinct sharp peak around 1335 cm−1 is visible for MCD coating. The peak deviates from the value of natural diamond (1332 cm−1), indicating the residual stress in the diamond coatings. Accordingly, the Raman spectrum of NCD coating shows a broadened peak at 1325 cm−1 and the MCD/NCD coating shows a broadened peak at 1329 cm−1, which indicates the sp3 Raman peak [14]. The broad bands at 1580 cm−1 and 1560 cm−1 are observed in NCD and MCD/NCD coatings, corresponding to the G-band that is associated to sp2 bonds of C atoms in the grain boundaries [15,16,17].




3.2. Drilling Force Characterization


The variation curves of thrust force in drilling CFRP are roughly divided into four stages [7,18]. To better depict the force generation, the calculated force values are extracted from the signal in the steady stage during drilling tests. The drilling thrust force as a function of hole number is shown in Figure 6 and Figure 7. The results show that the drill force increased with the hole number for all the tools, due to the tool wear. In Figure 6, at the initial stage of drilling tests, the values are 25 N for MCD, 18 N for NCD, and 16 N for MCD/NCD coated drills, respectively. The MCD coated drill encountered more severe friction than that of NCD and MCD/NCD coated tools, because the surfaces of NCD coatings are smoother than MCD. The forces increase with more holes drilled for all the tools due to tool wear. As to Figure 7, with the given drilling parameter n = 6000 rpm, the force values are lower than that of the MCD and NCD coated tools with a parameter of n = 4000 rpm. It suggests that the higher spindle speed brings lower force for the fresh drill. In contrast, at the end of drilling tests, with lower spindle speed and feed rate, the average force is lower attributed to the increasing feed rate leading to an increase in uncut chip thickness for the worn tool. It is obvious that the MCD/NCD coated tools exhibit the lowest force value during the drilling tests, suggesting that the dual-layer composite diamond coated tools display the most excellent performance in drilling tests. For the MCD/NCD coated tool, the force value is the lowest among all the drilling conditions. Exceptionally, the force values present similar results at the 21th hole under condition II. That may be caused by the worn surface of MCD film which becomes smooth before film delamination. It can be observed that, under the given drilling parameters n = 4000 rpm and f = 0.004 mm/r, the MCD/NCD coated tools exhibit the most excellent performance.




3.3. Tool Wear and Hole Quality


Figure 8, Figure 9 and Figure 10 show the worn cutting edges of the three type diamond coated tools at the end of the drilling tests. It suggests that all the diamond coated tools encounter abrasive wear. The worn surface area is becoming smaller from MCD to NCD/MCD surfaces. In Figure 8, the WC-Co substrates are obvious because of the film delamination. It is noted that the delamination area of MCD coated tools with condition I is smaller than that of condition II, due to the intense impact between tool and workpiece in higher speed spindle on the rough surface of MCD. As to NCD coated tools shown in Figure 9, the delamination is more severe under condition I than under condition II, which suggests the opposite phenomenon in contrast to MCD coated tools. This is attributed to smoother surfaces enduring less friction under high spindle speed. The MCD/NCD coated tools present a similar situation to NCD coated tools, but with a smaller worn area and less film delamination in Figure 10, suggesting the best performance during the CFRP drilling test. In the MCD structure, the film cracks tend to propagate through the columnar particles, leading to a decrease in toughness and adhesion. As to NCD coating, the continuous structure would relieve the crack propagation, but the hardness of NCD is lower than that of MCD. The advantages are integrated in the composite MCD/NCD structure, which leads to the high hardness and prevents crack propagation.



Hole quality in CFRP drilling consists of output parameters including surface integrity, hole diameter, delamination, and exit burrs of drilled holes. Delamination is classified as exit hole damage which is very critical in structural durability of the composite structures. In this study, hole quality of machined CFRP specimens is evaluated with delamination damage. The delamination factor (Fd) adopted in this study is a factor defined as the ratio of the maximum diameter (Dmax) of the delamination area to the hole nominal diameter (Dnom), as illustrated in Fd = Dmax/Dnom. The morphologies of the 50th hole exit under n = 4000 rpm are shown in Figure 11. The values of Fd for the holes drilled by MCD, NCD, and MCD/NCD coated tools are 1.14, 1.09 and 1.03. It indicates that the composite coating coated tool could achieve high quality.





4. Conclusions


Three types of structure, namely MCD, NCD, and MCD/NCD coatings were deposited on WC-Co tools. The diamond films were characterized by SEM and Raman spectra, and the MCD particles showed a pyramidal shape, while the NCD and MCD/NCD coatings display a cauliflower-like morphology. The Raman spectra of NCD and MCD/NCD coatings suggest nano diamond features. The CFRP drilling experiments with MCD, NCD, and MCD/NCD coated tools show that the average force of MCD/NCD coated tools is lower than that of other diamond coated tools. Meanwhile, the MCD/NCD coated tools display excellent cutting performance in resistance to wear and adhesive strength. The results confirm the preferable properties of MCD/NCD coatings deposited on tools for CFRP machining. In the MCD/NCD depositing process, the MCD surfaces are filled with nano particles, which could compensate for the defects by producing a smoother surface. During the drilling tests, the composite coating structure could prevent crack propagation caused by continuous nano particles while having the high hardness of MCD.
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Figure 1. Morphology of microcrystalline diamond (MCD) coated tool. (a) Tool surface; (b) cutting edge. 
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Figure 2. Morphology of nanocrystalline diamond (NCD) coated tool. (a) Tool surface; (b) cutting edge. 






Figure 2. Morphology of nanocrystalline diamond (NCD) coated tool. (a) Tool surface; (b) cutting edge.



[image: Applsci 08 01642 g002]







[image: Applsci 08 01642 g003 550] 





Figure 3. Morphology of MCD/NCD coated tool. (a) Tool surface; (b) cutting edge. 
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Figure 4. Cross-sectional morphology of diamond coated tools. (a) MCD; (b) NCD; (c) MCD/NCD. 
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Figure 5. Raman spectrum of diamond coatings. (a) MCD; (b) NCD; (c) MCD/NCD. 
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Figure 6. Force value versus the number of drilled holes under condition I. 
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Figure 7. Force value versus the number of drilled holes under condition II. 
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Figure 8. Worn morphology of cutting edge for MCD coated tools. (a) n = 4000 rpm, f = 0.004 mm/r; (b) n = 6000 rpm, f = 0.008 mm/r. 
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Figure 9. Worn morphology of cutting edge for NCD coated tools. (a) n = 4000 rpm, f = 0.004 mm/r; (b) n = 6000 rpm, f = 0.008 mm/r. 
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Figure 10. Worn morphology of cutting edge for MCD/NCD coated tools. (a) n = 4000 rpm, f = 0.004 mm/r; (b) n = 6000 rpm, f = 0.008 mm/r. 
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Figure 11. Morphologies of hole exit. (a) MCD (b) NCD (c) MCD/NCD. 
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Table 1. Detailed deposition parameters.






Table 1. Detailed deposition parameters.





	
Deposition Parameters

	
MCD

	
NCD

	
MCD/NCD






	
Acetone/H2/Ar flow [sccm]

	
80/200/0

	
80/200/200

	
80/200/0

	
80/200/200




	
Pressure [Pa]

	
4000

	
1300

	
4000

	
1300




	
Filament temperature [°C]

	
2200 ± 100

	
2200 ± 100

	
2200 ± 100

	
2200 ± 100




	
Substrate temperature [°C]

	
900 ± 100

	
900 ± 100

	
900 ± 100

	
900 ± 100




	
Bias voltage/current [V/A]

	
40/4

	
0/0

	
40/4

	
0/0




	
Duration [h]

	
6

	
6

	
4

	
2












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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