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Abstract. 
The ever wide use of composite materials in the aeronautical industry has evidenced the need for development of ever more effective nondestructive evaluation methodologies in order to reduce rejected parts and to optimize production costs. Infrared thermography has been recently enclosed amongst the standardized non destructive testing techniques, but its usefulness needs still complete assessment since it can be employed in several different arrangements and for many purposes. In this work, the possibility to detect slag inclusions and porosity is analyzed with both lock-in themography and pulse thermography in the transmission mode. To this end, carbon-fiber-peinforced polymers different specimens are specifically fabricated of several different stacking sequences and with embedded slag inclusions and porosity percentages. As main results, both of the techniques are found definitely able to reveal the presence of the defects above mentioned. Moreover, these techniques could be considered complementary in order to better characterize the nature of the detected defects.


1. Introduction
In the last thirty years a huge employment of carbon-fiber-reinforced polymers (CFRPs) has characterized the production of components in the aerospace industry [1]. Indeed, since their introduction in the civil aviation in the eighties, CFRPs have gained a progressive interest due to their versatility (e.g., perfectly matching the design requirements) as well appreciable low weight and high stiffness with costs saving.
 However, due to the many parameters involved in the CFRP manufacturing process, special care must be devoted to production control [2], in order to reduce rejected parts, and to detect, at the onset stage, buried defects, which may, unpredictably, grow once the structure is under load. Moreover, the intrinsic nonhomogeneities of the components and their properties, which are strictly dependent on the fiber quantity and orientation, make them susceptible to damage if impacted, also at low energy. This is why strong efforts have been paid by the industries to develop ever more effective non destructive testing and evaluation techniques [3]. 
 Great attention was devoted, in the last twenty years, to the use of infrared thermography, (IRT) for non destructive evaluation (NDE) of materials and, recently, it was included amongst the standardized NDE techniques in the aeronautical field [4]. The main advantages of IRT are related to its contactless character and fast rate of inspection of large components. It can be used as complement to, or substitute, of the most common techniques. 
 Infrared thermography for NDE is basically used in the so-called active mode [5], which means that the inspected part is heated (or cooled) with respect to the ambient temperature, by an external source. The presence of an inhomogeneity in the inspected material affects the heat propagation and causes a local surface temperature variation. Halogen lamps are mostly used for heating the inspected parts, but also mechanical loading, such as ultrasound waves, could be applied to induce mechanical friction in materials discontinuities [6]. This causes the generation of heat in the discontinuity, which is revealed by an infrared camera. It has been proven by several authors that infrared thermography is very effective for porosity detection. Amongst the used techniques, the measure of thermal diffusivity, or thermal effusivity, of the material was addressed [7–10]. 
In this work, CFRP coupons with induced porosity, through the curing cycle and buried slag inclusions are inspected with lock-in Thermography (LT) [11] and Pulse thermography (PT), both used in the transmission mode.
2. Fabrication of CFRP Coupons 
A set of coupons was manufactured by hand lay up of prepreg laminas. In order to induce a controlled porosity level, curing in autoclave was performed by applying a temperature-pressure cycle, modified with respect to that suggested by the row material provider. In particular, to generate porosity, just only a partial pressure was used with respect to the prescribed one (7 bar gauge); specifically, a value of 100%, 75%, 50%, 25%, and 0% of the total prescribed pressure was applied during the autoclave curing. For each curing pressure level, four different lamination sequences (see Table 1) were considered in order to study any possible influences the specific fiber alignment may have on the porosity distribution. Therefore, 20 coupons were fabricated (i.e., 4 coupons involving the four different stacking sequences for each curing pressure level).
Table 1: Stacking sequences and number of plies of the coupons.
	

	Coupon 	Stacking sequence	No. plies
	

	P1	[0°] 	24
	P2	[90°]	24
	P3	[(45°/−45°)6
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	24
	P4	[45/0/−45/90/45/0/−45/90//90/−45/0/45/90/−45/0/45
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	32
	




 Moreover, a thin Teflon disk, 20 mm in diameter, was inserted in the middle of the stacking sequence to simulate delamination or inclusion of the bagging film; the thickness of the Teflon disk is of the same order of that of a single pre-preg lamina. As sketched in Figure 1, each coupon is 50 mm large and 100 mm long; the thickness may be evaluated owing to the number of plies. 


	
		
		
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
	


	
		
			
			
			
			
		
	
	
		
		
		
		
		
	
	
		
		
		
		
	

Figure 1: Schematic of the coupon with the Teflon disk embedded.


The presence of entrapped gas in the coupons (i.e., porosity), which increases with decreasing the applied pressure, was assessed through density measurements. More specifically, small samples were cut from each type of coupons and subjected to density measurements through the volumetric method (i.e., using a digital balance and the Archimedes plush). The obtained density values are plotted against the curing pressure in Figure 2. As expected, on the whole, the density increases with the pressure. 


	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
			
				
		
		
			
				
			
		
		
			
				
			
				
		
		
			
				
			
		
	


	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	

Figure 2: Density values versus the curing pressure percentage (used in autoclave).


3. Inspection with Infrared Thermography 
As already stated, the inspection of the manufactured coupons was carried out with LT and PT in the transmission mode; thermal stimulation was performed with a halogen or a flash lamp, respectively. To screen the camera, which is the SC5000 