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Abstract

:

The application of laser fabrication of fiber-reinforced polymer (FRP) has an irreplaceable advantage. However, the effect of the plasma generated in laser fabrication on the damage process is rarely mentioned. In order to further study the law and mechanism of laser processing, the laser process was measured. CFRP and GFRP materials were damaged by a 1064 nm millisecond pulsed laser. Moreover, the propagation velocity and breakdown time of plasma plume were compared. The results show that GFRP is more vulnerable to breakdown than CFRP under the same conditions. In addition, the variation of plasma plume and material surface temperature with the number of pulses was also studied. The results show that the variation trend is correlated, that is, the singularities occur at the second pulse. Based on the analysis of experimental phenomena, this paper provides guidance for plasma phenomena in laser processing of composite materials.
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1. Introduction


A composite material is usually defined as a combination of two or more different materials that have different physical and chemical properties. Thus, composite materials may possess the superior properties of both components [1,2]. Generally, in the fiber-reinforced polymer (FRP), fiber wrapped by the resin matrix is the main load-bearing component of the material. At the same time, the resin is the load transfer element, which also plays the role of protecting the whole structure [3,4].



The properties of high specific strength and high modulus make fiber-reinforced resin composites useful in many fields, such as military, aviation, and sport equipment [5]. Because this kind of material is composed of fiber and matrix layering, there are several factors that influence the stiffness and strength of the composite material. For example, the direction of the fiber, the weaving method, the layering method, and the number of layers. Theoretically, there are many reinforcements and matrix materials that can be combined in a huge number of ways to produce composite structures that match specific applications of the structure. Fiber-reinforced lamination is composed of multilayer unidirectional or bidirectional fibers located within the matrix. Normally, materials should have similar properties (isotropy) in different directions, that is, they should have the same properties (homogeneity) at any point in the material. This means that the properties of the material are the same regardless of the direction and position of the material. However, when they are glued together and new special structures emerge, the properties are different [6]. Unidirectional fiber-reinforced materials exhibit different properties in the transverse direction of the fibers, while bidirectional materials exhibit different properties in all directions [7,8,9,10,11,12].



In the traditional middle infrared thermal imaging technology, the thermal imager records the mid-infrared radiation emitted by the object itself, which contains the characteristic information of the material; the difference of the mid-infrared radiation ability of material surfaces is caused by the change of the temperature field of the material surface. Usually, in the absence of external thermal excitation, the internal loss of the material will be reduced. Defects could not cause the temperature field change of the material surface, so the passive thermal imaging technology could not detect the defects under the material surface. Different from the traditional passive mid-infrared thermal imaging technology, the thermal wave detection technology uses the active control of light, heat, and other ways to stimulate the defects. The results show that the physical properties of different material surfaces and under the surface will affect the transmission of the heat wave and reflect the change of temperature field on the material surface in some way. By controlling the thermal excitation method and recording the infrared radiation of the material surface, the nonuniformity of the material can be obtained [13,14].



In order to achieve the purpose of detection and flaw detection, the mechanism of laser induced damage of CFPR needs to be further explored. These processes of laser irradiation of fiber-reinforced polymers is very complicated, which is different from that of isotropic material or unistructural material. First, the material is heated by a laser, and the surface of the composite material is heated rapidly. Then, the surface of the resin reaches its decomposition temperature, its chemical bonds break, and decomposition occurs. Then, the material continues to absorb laser energy [15], resulting in combustion or gasification. Finally, the laser disintegrates and ionizes the combustion products to form plasma.



Therefore, in this paper, the experimental content proposed is to measure the temperature and combustion wave changes of FRP materials under laser damage in real time to obtain the process and law of long pulse lasers acting on FRP materials. In addition, the effects of different components, different structures, and different laser parameters on processing are compared, so as to provide technical reference for long pulse laser processing of FRP materials.




2. Materials and Methods


Melar 10, Nd: YAG, a millisecond pulse laser (Beamtech Optronics Co., Ltd, Beijing, China), was set up for the emitting laser. The laser wavelength was 1064 nm, the pulse frequency was 10 Hz, the pulse width was 0.5–3 ms, and the energy was variable from 0.5–10 J. The laser was partially reflected to the energy meter probe after passing the beam splitting mirror to measure the laser energy of the material in real time. At the same time, a KMGA740 high-speed thermometer was used to measure the temperature at the center point of the material surface. Meanwhile, the plasma generated in the experiment was photographed using the shadow method using the Phamton high speed camera (Vision Research, Inc., New York, NY, USA). The reference light was the 532 nm green laser, which propagated from the beam expanding mirror and the focusing lens. The frame frequency of the high-speed camera was 18,000 fps, and the exposure time was 10 s (see Figure 1).



Carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP) were used in the experiment. The gasification temperatures of the two materials are 3500 °C and 1000 °C, respectively. At the same time, the material structure is a multi-layer orthogonal bidirectional and unidirectional structure. The material is black sheet, which is composed of a thin layer of fiber and epoxy resin superimposed and solidified, with a surface size of 50 mm × 50 mm and a thickness of 2 mm.




3. Results and Discussion


3.1. Plasma Plume Analysis


When multiple laser pulses were applied to the composite surface, the material was broken down. A high-speed camera was used to take pictures of the laser action process to obtain the corresponding pulse number of the material breakdown (the frame frequency of the high-speed camera was 18,000 fps, and the exposure time was 10 s) and to analyze the combustion wave morphology. At the same time, the propagation velocity of combustion waves on the front and back surfaces of the materials was measured to obtain the propagation law of combustion waves.



The shadow of ejected vapor does not appear on the back surface of the material, as shown in Figure 2a. However, As can be seen from the morphology, tense ejected material appears on both CFRP and GFRP surfaces, and this part of the material not only exists on the front surface but also appears on the back surface of the material, as shown in Figure 2b. This is because when the 14th pulse acted on CFRP, the plasma and spatter concentration on the back surface was low, which had dissipated after the end of the laser pulse, so no significant shadow was formed.



At the same time, it can be seen in Figure 2a that when the laser irradiated on the material surface with ejected vapor, the plasma expands slowly. When the combustion wave keeps moving outside the ejected vapor, its motion direction changes. This is because the interior structure of the ejected material is complex and uneven. When the laser penetrates the surface of the material, it is no longer the original waveform. At the same time, the process of outward expansion is also affected by the internal components of the ejected material, so the angle is offset.



Figure 3a,b show the combustion wave expansion velocity of CFRP materials during 20 pulses. Under the same laser conditions, the bidirectional material is penetrated at the 12th pulse and unidirectional at the 10th pulse. In the process of laser irradiating, the expansion velocity on the back surface is slow in the initial period and increases in the later period. In the early period of material penetration, only few laser energies can penetrate the plasma inside the keyhole and act on the back surface, thus producing insufficient energy. When the backside material is badly ablated, more laser energy can penetrate the material and act on the plasma on the back surface, so the combustion wave velocity is faster. This process is similar to the situation on the front surface in which the speed first increases and then decreases. This phenomenon conforms to the law of energy conservation. At the same time, by comparing the two different structures, the material of the bidirectional structure was broken down in the 12th pulse, while the unidirectional material was broken down in the 10th pulse. From Figure 3c,d, due to the number of pulses, the bidirectional structure is less likely to be damaged for the CFRP material.



Figure 3c,d show the combustion wave expansion velocity of GFRP materials during 20 pulses. By comparing that to the CFRP materials, the trend is similar. However, bidirectional material is broken at the 5th pulse, while the unidirectional GFRP is broken at the 7th pulse. Under the same laser conditions, the bidirectional structure GFRP material is more easily broken down.



Figure 4 shows the relationship of combustion wave expansion velocity changing with time of FRP materials, and the dots in the figure show the breakdown time of the material. By comparing the action law before breakdown, the plasma expansion velocity of CFRP material decreases with the increase in the number of pulses and only increases when the second or third pulse occurs. However, GFRP material increases with the number of pulses. By comparing the breakdown time of the two materials, GFRP material was broken before CFRP material, regardless of the material structure. In addition, the comparison of the expansion velocity shows that the velocity of CFRP in the early stage is greater than that of GFRP, and that of GFRP in the late stage is greater than that of CFRP.




3.2. Temperature Analysis


In the experiment, the surface area of material was measured. Under the action of the multi-pulse laser, the material is injected with laser energy, so that the temperature of the material rises until decomposition, gasification, and even ionization. When the pulse laser fluence is 392 J/cm2, a single pulse can gasify and ionize the FRP material, resulting in an ablative zone. Therefore, plasma is sensitive to laser conditions; because of the generation time of the plasma difference in the two materials the plasma is sometimes beneficial to heat conduction, but sometimes it can be the opposite due to the plasma shielding effect.



In laser processing of composite materials, a multi-pulse laser is often used to irradiate them to improve the processing efficiency by utilizing the accumulation effect of temperature and plasma. Therefore, in the research of multi-pulse laser processing, the residual temperature of the material surface after each pulse ends while the next pulse arrives is considered to represent the temperature accumulation effect of the material, so as to analyze the temperature during the processing of the material.



Figure 5 shows the curve of the residual temperature of CFRP and GFRP during 20 laser pulses. The overall trend is that the residual temperature increases with the number of pulses, and the accumulative trend is obvious. However, at the same laser fluence, the residual temperature of GFRP material is higher than that of CFRP, and the temperature of GFRP decreases in the second pulse, while that of CFRP continues to rise.



From the figure, the residual temperature of the two materials is quite different. The CFRP materials fall in temperature below the gasification temperature (3500 °C), which is higher than the plasma temperature (104 °C). This shows that when the next pulse arrives, plasma dissipated toward an inverse direction of laser propagation. Thus, the plasma density is low, which cannot form the plasma shielding effect of the laser. On the contrary, the residual temperature of GFRP material is much higher than that of the material gasification point (1000 °C), so the measured temperature should be a mixture of material decomposition and plasma. This is because when compared to carbon fiber, glass fiber is mainly composed of SiO2, which is usually amorphous and has a higher melting point and damage threshold. Thus, GFRPs are more likely to produce a higher concentration of the mixture than CFRPs, while the mixture shields the incident laser. After that, laser energy irradiated on the composite material surface decreases, and the cumulative effect becomes weak in a short period of time. However, when the subsequent pulsed laser continues to irradiate, the mixture in front of the material surface is ignited by the laser, and the combustion wave propagates in the opposite direction, which weakens the shielding effect. Thus, the laser energy can re-pass through the mixture and act on the surface of the material, thus intensifying the effect and promoting the temperature accumulation.




3.3. Correlation Analysis


Based on the analysis of plasma plume and temperature, these two dependent variables both appear as singularities with the increase in the number of pulses. However, the difference is that for CFRP, the residual temperature curve is relatively smooth and there is no singularity. This is because the damage mechanism of the two materials is different when they are damaged by laser. Comparing the material properties of carbon fiber and glass fiber, we can see that the damage mechanism of carbon fiber and glass fiber is quite different.



The epoxy resin attached to the surface of the fiber has a higher laser transmittance than the fiber, so the laser directly acts on the fiber through the epoxy resin on the surface of the material [8]. Carbon fiber is an opaque medium, while glass fiber is a translucent medium. This difference results in the different transmittance of the material to the laser, that is, the transmittance of glass fiber is much higher than that of carbon fiber.



The electronic drift in CFPR and GFPR is disordered. The main reason for the difference between the two curves is lattice–lattice coupling. It is well known that the lattice of carbon in CFPR is periodic, while that of SiO2 in GFPR is aperiodic. Therefore, the thermal conductivity of the two materials is different under the same laser conditions.



Comparing the two kinds of fibers, the thermal conductivity of carbon fiber is 60 W/m·K, while that of glass fiber is only 1.09 W/m·K. According to the above two parameters, the speed of CFRP rising to the gasification point is much higher than that of GFRP during the heating process of laser activated material. However, the gasification point of the two is different. As we discussed above, glass fiber is mainly composed of SiO2, which is usually amorphous, it has no fixed melting point; when the same energy laser acts on the surface of the material and causes the material to heat up, the glass fiber is more likely to heat up to its gasification temperature and ionize. Glass fiber or other forms tend to form stable melts within a large range, and also change their viscosity gradually before they reach a liquid state. Carbon fiber tends to oxidize in air and pyrolysis in Ar atmospheres. In fact, the absorption of pure glass at 1064 nm is relatively low [16,17]. The plasma temperature produced by ionization is much higher than that of the surface temperature of the material. Meanwhile, based on the thermal conductivity factor, the cooling rate of CFRP materials is also faster. Therefore, at the end of each pulse, the residual temperature of CFRP is much lower than GFRP.



The plasma and temperature changes of the two materials were compared. There are singularity effects on temperature and plasma plume of GFRP materials. At the second pulse, the plume has a higher velocity and a lower temperature. Both defy the overall trend. When the laser acts on the material, the fiber acts as the main medium for heat exchange. Its temperature is first raised, and then the heat is transferred to the surrounding epoxy resin through heat conduction. Therefore, at the first pulse, although the temperature of the fiber first rises, it does not reach the gasification point, but the surrounding epoxy resin has decomposed and ionized. Under the continuous action of the laser, the fiber is vaporized and decomposed along with the epoxy, resulting in a flocculent mixture that floats on the surface of the material, which is dense and difficult to disperse. When the second pulse acts on the material, the mixture on the surface first receives the laser energy for secondary decomposition and ionization, which accelerates the propagation speed of the plasma plume. At the same time, due to the shielding of this part of the mixture, the material table can receive less laser energy, so there is an obvious cooling phenomenon. After that, when the subsequent pulses arrive, the shield on the surface of the material is thin because the previously thick mixture has largely decomposed and ionized. While there is still a case for absorbing subsequent lasers, most laser pulses can penetrate the shield and hit the material. Therefore, when the laser distribution of the two parts reaches a relatively balanced state, the subsequent variation trend of plasma plume and temperature tends to be monotonous.





4. Conclusions


In this paper, the temperature and combustion wave changes in FRP materials processed by a long pulse infrared laser are studied.



Under the multi-pulse conditions, the residual temperature of the material increased with the increase in the number of pulses for the two materials. In addition, the morphology of the plasma combustion wave was also analyzed when the material was broken down, and the phenomenon of the ejected vapor shadow and the deviation of the combustion wave propagation direction was found. However, the residual temperature of GFRP material was higher than that of CFRP under the same laser fluence. Moreover, the residual temperature of CFRP continued to rise, but the temperature of GFRP dropped in the second pulse due to the shielding effect. Finally, under the same laser conditions, CFRP material of a bidirectional structure was less likely to be damaged by the pulse train laser, while GFRP material of a bidirectional structure was more likely to be broken down. Due to the different structure of the materials, when the multi-pulse laser irradiates the surface of the carbon fiber material, the glass fiber material was decomposed before the carbon fiber material. As a result, when the laser parameters are precisely controlled, multi-pulse laser can process FRP materials more effectively due to the temperature accumulation effect and the formation of plasma.
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Figure 1. Experimental set-up. 
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Figure 2. Combustion wave morphology (a) unidirectional CFRP, τp = 1 ms, N = 20, n = 14 th, d = 2 mm, F = 392 J/cm2. (b) Unidirectional GFRP, τp = 1 ms, N = 20, n = 13th, d = 2 mm, F = 392 J/cm2. 
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Figure 3. Combustion wave expansion velocity changing with time (τp = 1 ms, N = 20, d = 2 mm, F = 392 J/cm2). (a) Bidirectional CFRP; (b) Unidirectional CFRP; (c) Bidirectional GFRP; (d) Unidirectional GFRP. 






Figure 3. Combustion wave expansion velocity changing with time (τp = 1 ms, N = 20, d = 2 mm, F = 392 J/cm2). (a) Bidirectional CFRP; (b) Unidirectional CFRP; (c) Bidirectional GFRP; (d) Unidirectional GFRP.



[image: Crystals 11 00545 g003a][image: Crystals 11 00545 g003b]







[image: Crystals 11 00545 g004 550] 





Figure 4. Combustion wave expansion velocity changing with time (τp = 1 ms, N = 20, d = 2 mm, F = 392 J/cm2), (a) Unidirectional; (b) Bidirectional. 
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Figure 5. Residual temperature changing with time when laser damaged FRP materials (τp = 1 ms, N = 20, d = 2 mm, F = 392 J/cm2). 
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