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Abstract


A shape-controllable laser-engraving treatment (LET) and aramid pulp (AP)-reinforced resin pre-coating (RPC) were used on a titanium (Ti) alloy surface to construct micro-/nano-aramid pulp and epoxy (MAPE) coatings for greater bonding strength with carbon fiber-reinforced polymers (CFRPs). The array pits of regular hexagon on the Ti alloy surface were engraved and vertical spaces between the array pits were created to place the AP-reinforced epoxy for stronger mechanical interlocking. The specimen treated with laser engraving (side length of 0.3 mm) and AP-reinforced RPC yielded the greatest bonding strength of 27.1 MPa, 67.4% higher than the base strength. The failure modes of the Ti-CFRPs composites changed from debonding failure at the Ti/epoxy surface to fiber-damaged failure of the laminated CFRPs panels. The shape-controllable LET and simple AP-reinforced RPC were confirmed as the most feasible and effective combined methods for use on titanium alloy surfaces for manufacturing stronger Ti-CFRPs composites, which exhibited the potential for application in other metal–matrix-bonding composite systems.
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1. Introduction


Carbon fiber-reinforced polymer (CFRP) is widely used in aerospace, industrial equipment, sports equipment, the automotive industry, etc., due to its excellent characteristics, such as its light weight, high strength, high stiffness, fatigue resistance, corrosion resistance, and strong design capability [1,2,3]; it makes up over 50% of the proportion of the aircraft bodies of both the Airbus A350 XWB and Boeing B787. Titanium (Ti) alloy is a high-performance metal material that has high strength, high hardness, corrosion resistance, non-magnetic and good seismic resistance, and is commonly used in aerospace, marine engineering, the automotive industry, and other fields, and plays an important role in modern industrial and scientific and technological development [4,5]. The usage proportion of the above-mentioned two materials ranks in the top three in the modern aircraft industry; they need to be manufactured into heterogeneously hybrid composites [6,7,8]. The high-performance connection of these two substrates is very critical for ensuring the stability of their structural strength and the safety of their practical applications [9]. Traditional mechanical connections, such as bolting or riveting, are prone to stress concentration in the holes and grooves of the connecting parts, leading to fatigue cracks sprouting and expanding, and also making the composite material gain weight [10,11].



Compared to mechanical connections, an adhesive joint is considered a low-cost and light-weight connection method, exhibiting uniform stress distribution and good sealing [12,13]. However, the adhesive bonding properties depend on the wettability, compatibility, and mechanical interlocking force between the adherend and epoxy adhesive bonding [14], especially that of the Ti substrate and epoxy. Since as-received Ti alloys have smooth surfaces with poor wettability to epoxy adhesive [15,16], which is also not prone to producing strong interfacial behavior, debonding-dominated failure is more easily caused under a low external load when connected to an epoxy adhesive because of their smooth surface and poor wettability [15,16]. Therefore, constructing a substrate/epoxy interface with continuous mechanical interlocking is a relatively perfect solution to toughen the adhesive bonding joint based on the penetration theory and mechanical interlocking theory.



In order to create helpful surface conditions, the rough and porous substrate surface should first be prepared, and some useful surface treatments need to be applied. In general, physical and chemical methods, such as sandblasting [17,18], sand grinding [19,20], NaOH etching [21,22], anodizing [23,24], etc., can be used to prefabricate the apertures on the adherend surface, and they have been confirmed to improve mechanical interlocking and, finally, reinforce the bonding strength of hybrid composites [25,26,27].



Although the above-mentioned surface treatments could have a positive effect on the manufacturing of the bonding joints of CFRP composites and Ti alloys, they seem to be less controllable for surface micro-structure prefabrication, such as the shape and dimension, and even exhibit complex processes, such as anodizing and micro-arc oxidation. Laser engraving has the advantages of high precision, high flexibility, controllability, and so on [28,29,30], and it could be conducted by using a laser beam with a high energy density to locally irradiate the substrate surface. When physical or chemical reactions happen on the surface, Ti alloys are melted into liquid Ti by the produced high temperature, and then its rapid solidification in the air will create the designed patterns or structures [31]. Of course, a laser-engraved treatment (LET) of Ti alloy surfaces is likely to modify the properties of the substrate surface to toughen the adhesive joint.



Resin pre-coating (RPC) is well known as an effective technique that could reduce micro-scale pore defects and enhance mechanical interlocking by pre-guiding high-viscosity epoxy resin (without a hardener) into a porous structure, and it has the potential to improve the wettability between the substrate and the epoxy adhesive (with a hardener) [32,33]. If the reinforcing fibers are introduced into the RPC solution to prepare the upgraded RPC solution, this could contribute to constructing fiber bridging between the substrate and the adhesive layer, which could prevent the generation and propagation of micro-cracks in the epoxy adhesive and at the bonding interface of the substrate/epoxy [34,35]. In our previous studies, this RPC technique was applied to the introduction of carbon nanotubes into an anodized and micro-arc-oxidized aluminum surface to toughen the aluminum/epoxy interface [36,37]. Aramid pulp is a synthetic micro-/nano-aramid fiber with a low relative density and light weight, having the special hierarchical structure of fiber trunk and ends. Micro-/nano-aramid pulp (MAP) is usually laid in the interlayer of laminated composites to reinforce their strength and toughness. Those composites toughened by aramid fibers have shown no significant change in volume or weight [38,39]. Therefore, it may be a good idea to try to guide MAP into the adhesive layer or the Ti/epoxy interface via RPC, which could contribute to constructing MAP–epoxy coatings on laser-engraved Ti substrate surfaces for stronger adhesive bonding with CFRP panels.



In this study, an LET with hexagonal patterns and RPC (upgraded RPC) are adopted to form the MAP–epoxy coatings, fiber bridging at the Ti/epoxy interface is constructed to reinforce the mechanical interlocking, and a stronger adhesive bonding joint is manufactured. Single-lap shear tests of the Ti-CFRP composites a carried out to measure the bonding strength, and the failure modes are analyzed by observing the damaged interlayer appearances. The important surface properties, such as the surface morphology and composition, roughness, and wettability before and after the LET, are characterized.




2. Materials and Methods


2.1. Preparation of Composite Materials


The main raw materials used to prepare Ti-CFRP composites are CFRP panels, titanium alloy, aramid fibers, epoxy resin, hardener, and acetone. Their relevant parameters are listed in Table 1 in detail.



The Ti alloy (manufactured into 101.6 mm × 25.4 mm × 3.0 mm) was immersed in acetone solution and ultrasonically cleaned for 10 min. A DL6391 handheld electric grinder was used to grind the CFRP panels (manufactured into 101.6 mm × 25.4 mm × 3.0 mm). The ground CFRP panels were ultrasonically cleaned in acetone solution for 10 min to remove residual dust particles from the surface.



The Ti alloys were laser-engraved with the following parameters: velocity of 100 mm/s, power of 24 W, and frequency of 30 kHz. Hexagonal patterns with different side lengths (0.15, 0.3, 0.45, 0.6, and 0.75 mm) were created on Ti substrate surfaces. The laser-engraved Ti specimens were immersed in common RPC solution that was prepared by evenly mixing 90 wt% acetone + 10 wt% epoxy resin (without hardener) and upgraded RPC solution composed of 88 wt% acetone + 10 wt% epoxy resin (without hardener) + 2 wt% MAP for 10 s, respectively. They were then taken out, and the common epoxy coating and MAP–epoxy coating were prepared on laser-engraved Ti substrate surface as the acetone evaporated completely. Ground CFRP panels were also treated by common RPC solution. Common RPC solution (or upgraded RPC solution) was prepared by mixing epoxy resin (without hardener) and acetone (and MAP) and then stirring the mixture for 10 min to form an even solution, and finally letting the solution stand for 10 min to obtain more homogeneous solution.



The epoxy adhesive was obtained via evenly mixing 50 vol% epoxy resin and 50 vol% hardener, which was used to bond the resin-pre-coated Ti alloy and CFRP to form Ti-CFRP composite. All parameters, including the thickness of the bonding area, referred to ASTM D5868, as displayed in Figure 1. After 12 h of initial curing, all specimens were placed in a 60 °C drying oven for 72 h to complete the final cure. In total, 11 groups of specimens were prepared according to different surface treatments listed in Table 2.




2.2. Performance Characterizations of Ti-CFRP Composites


Surface and cross-sectional morphologies of laser-engraved titanium alloys were examined using metallographic microscopy (WMJ-9590 metallographic microscope, Shanghai Wu Mor Optical Instrument Co., Ltd., Shanghai, China). A scanning electron microscope (SEM, Zeiss Ultra 55, Carl Zeiss GmbH, Jena, Germany) was used to observe the micro-morphology of the treated titanium alloy surface. The elemental components in the selected areas were analyzed using equipped EDX (Oxford Xplore30, Oxford GmbH, Abingdon, UK).



The 3D surface roughness was measured using an optical 3D surface profilometer (Chotest Technology Inc., Shenzhen, China). Measurements were taken along the x and y directions over an area of 5.51 × 7.34 mm2. Three-dimensional images of the material surface were processed and analyzed to obtain area roughness parameters. The contact angles between the Ti alloy surface and ultrapure water were measured using the drop method with Krüss DSA30 droplet shape analyzer (Krüss GmbH, Göttingen, Germany) at room temperature. The drop size was 2.5 μL and 3 measurements were taken per surface.



The single-lap shear strength of the Ti-CFRP composites was measured using a WANCE ETM105D universal testing machine (Shenzhen WANCE Testing Machine Co., Ltd., Shenzhen, China) at room temperature based on ASTM D5868 [40]. Five specimens were tested in each group, and the displacement control speed was 1 mm/min. The test was stopped after a sudden drop in the loading force.





3. Results and Discussion


3.1. Micro-Structure and Surface Morphology Analysis


The SEM photographs of the Ti alloy with various lengths of regular hexagons are shown in Figure 2. The relatively smooth surface of the as-received Ti alloy surface can be observed in Figure 2a,b. It is obvious that array pits are on the laser-engraved Ti alloy surface in Figure 2c,d; they seem to be a circular array instead of a regular hexagon, which is attributed to the shorter side lengths and unclear regular hexagonal boundary. With the side lengths increasing, the shapes of the regular hexagons can clearly be observed, and these regular hexagons have the corresponding side length as the design in Figure 2e–l. In the laser-engraved units, smooth surfaces were etched onto many vertical holes; those regions that were not engraved still show the original surface micro-structure. It was guessed that the oxidation reaction occurred in this region because the mass fraction of the O element was higher, up to 34.42 wt% compared to the 16.86 wt% for the untreated region marked by red; the mass ratio of the Ti was reduced by 14 wt% compared to the base mass according to the results in Figure 3 and Table 3. This suggested that titanium oxides were likely formed during the LET. In summary, the created array pits and plane-alternating structure might have provided more vertical spaces to form a MAP–epoxy coating, and they were able to construct quasi-Z-directional fiber bridging to further adhesive bonding.



The frontal and cross-sectional morphologies of the Ti alloy after the laser-engraving treatment are shown in Figure 4. The frontal morphology of the Ti alloy surface highly corresponds to the micro-structure pictures in Figure 2. The cross-sectional views of the laser-engraved surface seem to significantly display a continuous toothed structure. Those grooves were etched along the boundary of the regular hexagons, and the depth of the grooves was distributed from 50 to 100 µm, which allowed the epoxy adhesive to penetrate and also complete the insertion to several tens of micrometers. In general, the created array pits on the Ti alloy surface via the LET method were conducive for preparing the MAP–epoxy coating and fiber bridging.



The three-dimensional profiles of the laser-engraved specimens were used to quantitatively analyze the surface morphology and roughness, and their surface height profiles are shown in Figure 5, and their detailed parameters are included in Table 4. Ra is the arithmetic mean surface roughness and Rz is the maximum roughness degree. The continuous peak–valley structure can be clearly observed on the laser-engraved Ti alloys in Figure 5(b2–f2), and their roughness values are greater compared to the untreated Ti alloys. The increased specific surface area might be easier to wet, and this could be confirmed by the contact angle results in Figure 6. Only the acetone-cleaned specimen has a large contact angle of 62.21° ± 0.26°. The contact angles of the Ti alloy after the LET with various side lengths are significantly close to 0°, which is because of the fact that the droplets were dropped onto the pits of the laser-engraved Ti alloy during the testing process and quickly entered into the engraved grooves. This illustrates that it was very likely to form an MAP–epoxy coating in the grooves, and it was much easier to subsequently construct the fiber bridging when the MAP had already been successfully introduced into those vestibules.




3.2. Bonding Strength of Ti-CFRP Composites


The representative load–displacement curves for the single-lap shear test are exhibited in Figure 7a; the load variations were recorded and reflected during the loading process. The non-linear regions of the curves’ front end are due to the initial gap between the fixture elements, and then the load increased linearly because of the elastic deformation of the specimens. These linear regions are followed by non-linear regions with decreasing slopes due to the plastic deformation of the adhesive and local interface debonding. The specimens were considered to reach structural failure when a quick drop in the load occurred.



The bonding strength of the Ti-CFRP composites are displayed in Figure 7b, and the specimens with the LET have stronger adhesive joints. The bonding strength of the specimen with only acetone cleaning was 16.44 MPa (the base strength), commonly lower than that of the laser-engraved specimens with both the common RPC and upgraded RPC treatments. This indicates that the LET and RPC treatment on the Ti alloy surface enabled the improvement of the bonding strength of the Ti-CFRP adhesive joints. In particular, the bonding strength of the specimen with an engraved side length of 0.3 mm and MAP-reinforced RPC was up to 27.1 MPa, which is 64.7% higher than the base strength. It was also found that the specimens treated with the MAP-reinforced RPC almost yielded a greater bonding strength than that of the common RPC, except for the specimen with an engraved side length of 0.75 mm, which might be attributed to the greater engraved area that caused lesser amounts of distributed grooves, limiting the unit area of the introduced MAP. It needs to be stressed that the MAP was guided into the grooves to construct the fiber bridging and played the key role in strengthening the mechanical interlocking for higher fracture resistance under a tensile load; the increased MAP fiber bridging contributed to the high-performance development of the adhesive joint. It was more difficult to construct more MAP fiber bridging on the surfaces with lesser amounts of distributed grooves; this also explained why the greater engraving unit contributed to a poor reinforcement effect in both the RPC and RPC with MAP.




3.3. Failure Modes and Reinforcing Mechanism of Ti-CFRP Composites


The failure mode improvement was valid evidence with which to evaluate whether the adhesive joints were reinforced, and the damaged appearances of the Ti and CFRP surfaces are shown in Figure 8. It was well-known that the homogenous material had the better wettability and compatibility; the epoxy adhesive exhibited better wetting with the CFRP manufactured with epoxy resin, causing a stronger CFRP/epoxy interface than the Ti/epoxy interface. This explained why adhesive debonding happened to the Ti substrate instead of the CFRP panel, as presented in Figure 8a; if no surface modification was applied to both substrate surfaces, the adhesive debonding failure also explained why the control group obtained the lowest bonding strength. As the surface conditions of the Ti substrates were modified by the LET with various side lengths and the epoxy coatings or MAP–epoxy coatings were formed, the adhesive debonding of the Ti substrate was eliminated. The residual cases of epoxy adhesive and fractured carbon fiber on the Ti substrate seemed to be important evidence for a better surface or interface condition and greater bonding strength. For the specimens with an engraving unit of 0.15 mm and 0.75 mm, although they did not exhibit completed adhesive debonding failure, there were just less epoxy residues on the Ti substrate surface in Figure 8b,f,j,k, and even the peeled-off traces of the array pits can be observed in Figure 8f,k. The obvious fiber-damage and even the delamination characteristic of CFRP can be seen in Figure 8h; this illustrates that the Ti/epoxy interface was effectively improved and it was even stronger than the CFRP/epoxy interface and the in-plane bonding strength of the laminated CFRP, and this also explains why it could yield the greatest the bonding strength.



The generation and propagation of micro-cracks easily occurred in the weaker adhesive bonding regions, including the epoxy adhesive layers and the Ti/epoxy bonding interface of the Ti-CFRP composites. Forming an epoxy coating or MAP–epoxy coating and constructing quasi-Z-directional fiber bridging, as shown in Figure 9, can avoid the undesirable adhesive failure under a low external force. Peak–valley array pits are prepared by the LET method on the Ti substrate, which change the smooth surface conditions and create the vertical spaces for placing the epoxy resin or MAP-reinforced epoxy. The high-viscosity epoxy is guided into the engraved grooves via the RPC technique to reduce the root voids, and the MAP is further directed into the grooves via an upgraded RPC technique. The combined treatments contribute to constructing fiber bridging for stronger mechanical interlocking; this interface behavior enables the prevention of the generation and propagation of micro-cracks along the epoxy adhesive layer and the Ti/epoxy interface. Therefore, the bonding strength is reinforced and a stronger adhesive bonding joint is manufactured.





4. Conclusions


Stronger adhesive bonding joints of Ti alloys and CFRP panels were manufactured by a laser-engraving treatment (LET) and resin pre-coating (RPC). Regular hexagons with various side length were created on the Ti substrates by the LET, and epoxy coatings and MAP–epoxy coatings were also prepared via the RPC technique, causing the bonding strength of the Ti-CFRP composites to be strengthened. The important conclusions are proposed as follows:




	
The Ti substrates treated with an engraved side length of 0.3 mm and MAP-reinforced RPC exhibited better surface conditions for adhesive bonding, yielding the best bonding strength of 27.1 MPa, which is 64.7% higher than the base strength.



	
The smaller dimensions of the engraving unit contributed to creating more grooves in the unit area and was prone to constructing fiber bridging at the Ti/epoxy interface for stronger mechanical interlocking, causing a good failure mode transition from the debonding failure of the Ti/epoxy interface to the fiber-damaged failure of the CFRP panel.



	
The simple and controllable treatment combination of the LET and RPC were very effective for the high-strength bonding joint manufacturing of the Ti-CFRP composite, and they are also applicable to other metal substrates to prepare heterogeneous bonded composites in industry.
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Figure 1. Schematic diagram of the preparation process of Ti-CFRP composites. 
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Figure 2. SEM images of Ti alloy surface treated by LET with various side lengths: (a,b), acetone cleaning and no LET; (c,d), side lengths of 0.15 mm; (e,f), side lengths of 0.3 mm; (g,h), side lengths of 0.45 mm; (i,j), side lengths of 0.6 mm; and (k,l), side lengths of 0.75 mm. 
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Figure 3. EDX spectra of (a) laser-engraved regions and (c) unengraved regions on (b) representative Ti alloy surface with side lengths of 0.75 mm; principal element distributions of (a): (d) C; (e) O; (f) Al; (g) Ti; (h) V; (i) Fe. 
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Figure 4. Frontal and cross-sectional optical microscope images of laser-engraved specimens of different sizes: (a,b), side lengths of 0.15 mm; (c,d), side lengths of 0.3 mm; (e,f), side lengths of 0.45 mm; (g,h), side lengths of 0.6 mm; and (i,j), side lengths of 0.75 mm. 
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Figure 5. Three-dimensional surface profiles of Ti alloy surfaces with various engraving units: (a1–a3) acetone cleaning and no LET; (b1–b3) side lengths of 0.15 mm; (c1–c3) side lengths of 0.3 mm; (d1–d3) side lengths of 0.45 mm; (e1–e3) side lengths of 0.6 mm; and (f1–f3) side lengths of 0.75 mm. 
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Figure 6. Static contact angles for different laser-engraving treatments and acetone-cleaned specimens: (a) acetone cleaning; (b) side lengths of 0.15 mm; (c) side lengths of 0.3 mm; (d) side lengths of 0.45 mm; (e) side lengths of 0.6 mm; and (f) side lengths of 0.75 mm. 
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Figure 7. (a) Representative load–displacement curves of Ti-CFRP composites; (b) average bonding strength of Ti-CFRP composites. 
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Figure 8. Pictures of the appearance of Ti alloy and CFRP panel surfaces after failure of Ti-CFRP composites with different surface conditions: (a) only acetone cleaning; (b,c), side length of 0.15 mm, RPC and RPC + MAP; (d,e), side length of 0.3 mm, RPC and RPC + MAP; (f,g), side length of 0.45 mm, RPC and RPC + MAP; (h,i), side length of 0.6 mm, RPC and RPC + MAP; and (j,k), side length of 0.75 mm, RPC and RPC + MAP. 
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Figure 9. Reinforcing mechanisms of the combined treatments to reinforce Ti-CFRP adhesive joints: (a) only acetone cleaning; (b) laser engraving and common RPC; and (c) laser engraving and MAP-upgraded RPC. 
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Table 1. Main raw materials and their relevant properties.
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	Materials
	Special Features
	Origins





	Titanium alloys
	Ti-6Al-4V (3 mm in thickness, 25.4 mm in width, 101.6 mm

in length)
	Wuxi Shengtai Technology Co, Ltd., Wuxi, China



	CFRP panel
	T300, 3 K twill weave, cross-ply [0/90] 10s carbon fiber plates
	Carbonwiz Technology Co., Ltd., Shenzhen, China



	Hardener
	Triethylenetetramine hardener
	Huntsman Advanced Chemical Materials Co., Ltd., Guangzhou, China



	Epoxy resin
	Bisphenol A epichlorohydrin epoxy resin
	Huntsman Advanced Chemical Materials Co., Ltd., Guangzhou, China



	Acetone
	AR, boiling point 56 °C, toxic
	Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China



	Aramid pulp
	Micro-/nano-fibers
	DuPont Co., Ltd., Wilmington, NC, USA










 





Table 2. Designed Ti-CFRP composites with different surface treatment conditions.
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	Specimens
	Ti Alloys Treatments
	CFRP Treatments





	A-C
	Acetone cleaning
	Grinding + RPC



	L0.15-RPC a
	Laser engraving + RPC
	Grinding + RPC



	L0.15-RPC (with MAP) b
	Laser engraving + RPC (with MAP)
	Grinding + RPC



	L0.3-RPC
	Laser engraving + RPC
	Grinding + RPC



	L0.3-RPC (with MAP)
	Laser engraving + RPC (with MAP)
	Grinding + RPC



	L0.45-RPC
	Laser engraving + RPC
	Grinding + RPC



	L0.45-RPC (with MAP)
	Laser engraving + RPC (with MAP)
	Grinding + RPC



	L0.6-RPC
	Laser engraving + RPC
	Grinding + RPC



	L0.6-RPC (with MAP)
	Laser engraving + RPC (with MAP)
	Grinding + RPC



	L0.75-RPC
	Laser engraving + RPC
	Grinding + RPC



	L0.75-RPC (with MAP)
	Laser engraving + RPC (with MAP)
	Grinding + RPC







a L0.15-RPC: the specimen was laser-engraved with a laser-engraving unit of 0.15 mm and RPC was then applied. b L0.15-RPC (with MAP): the specimen was laser-engraved with a laser-engraving unit of 0.15 mm and RPC with MAP was then applied.













 





Table 3. Mass ratio of major elements comparison on Ti alloy surface without surface treatment and with representative LET (side lengths of 0.75 mm).
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	Elements
	C
	O
	Al
	Ti
	V
	Fe





	Mass ratio before LET/wt%
	7.81
	16.86
	4.76
	65.44
	4.18
	0.94



	Mass ratio after LET/wt%
	7.69
	34.42
	3.22
	50.99
	3.11
	0.57










 





Table 4. Main surface roughness parameters of Ti alloy surfaces with various engraving units.
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	Treatments
	Ra/µm
	Rz/µm





	A-C
	36.0
	157.1



	L0.15
	56.6
	230.1



	L0.3
	63.8
	283.7



	L0.42
	64.2
	327.3



	L0.6
	37.7
	150.7



	L0.75
	53.9
	238.8
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