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Abstract
Compression Resin Transfer Moulding (CRTM) is a cost-effective route for manufacturing composite materials. The final part quality is potentially sensitive to changes in the local variations in preform permeability. In particular, local zones with higher permeability provide paths of lower resistance to resin flow, commonly named as race-tracking. Race-tracking can occur at edges, as well as due to the local variations of the fabric architecture induced by missing yarns. In the present paper the sensitivity of the RTM and CRTM processes to race-tracking has been compared. A fibre yarn has been removed to intentionally induce race-tracks, and filling paths are compared. Whereas in conventional RTM the race-tracking effect modifies the flow-pattern generating dry zones, in CRTM the presence of the preferential flow-channel in the preform does not modify the filling of the mould. This is explained by the fact that the permeability at the gap is two orders of magnitude higher than in the preform, so the defect induced permeability variation is far from the values of that of the gap. Consequently, it can be stated that CRTM is less sensitive to preform defects, and that both, the process robustness and part quality reproducibility, are improved when compared to conventional RTM.
1.
Introduction
Fibre reinforced polymer composites have gained substantial interest over the last years, mainly due to their high specific stiffness and strength, high impact energy absorption per unit of weight, noise suppression capabilities and excellent resistance to fatigue [1]. The high operational costs of the manufacturing techniques currently employed have restricted wider industrial use of composites [2]. For that reason, considerable effort has been made in the direction of finding and developing alternative cost-effective and environment-friendly manufacturing processes.
Resin Transfer Moulding (RTM) is a well-established processing method with potential for producing low-cost, high-quality, geometrically complex composite parts [3]. Compression Resin Transfer Moulding (CRTM) has most of advantages of RTM, but with even faster impregnation cycles [4,5]. In CRTM, unlike in conventional RTM, the mould is only partially closed when resin injection begins, so a gap between the fibre surface and the upper-mould wall is generated. Once the required amount of resin is injected into the gap and the gate is closed, the mould platen moves down to close the mould and squeeze the resin into the preform, which also undergoes compaction to achieve the desired volume fraction. Therefore, instead of going through the entire fibre stacking in the planar directions as in RTM, the CRTM process wets the fibrous reinforcement by penetrating in the thickness direction.
RTM process robustness is a challenge for reaching the requirements of aeronautic and automotive industries. A high void content and/or the presence of dry zones lead to low mechanical properties and early failure, resulting in the part to be scrapped or reworked [1]. The main origin of such defects is generally related to the local variation of the preform permeability. In particular, local zones with higher permeability, commonly named as race-tracking, provide preferential flow-paths that drastically alter the filling patterns [6]. Consequently, the resin can reach the vent line before impregnating the entire preform, and will result in dry spot within the part. Race-tracking can occur at edges, corners or other complicated zones of a mould [7], as well as due to the local variations of the fabric architecture [8,9] induced by missing yarns and irregularities in the stitching pattern among others.
Race-tracking in RTM has extensively studied, relating its effects on the characterisation of the permeability [7], adapting simulation models [10] or developing monitoring and control technologies [11,12]. However, there is a lack of knowledge about the effect of race-tracking on CRTM process. The scope of the present paper is to study the sensitivity of CRTM processes to race-tracking. A fibre yarn has been removed to intentionally induce race-tracks, and filling paths are compared with those of conventional RTM by means of filling flow-path and pressure evolution during mould filling.
All textile fabrics show, in general, some degree of non-uniformity, which affects the local permeability. Local variations in fibre spacing and fibre angle, both of which are interdependent, are inherent to any fabric architecture. They may also be induced by the effects of gravity and handling during storage and transport, as well as by cutting, stacking and draping (i.e. localised shear deformation) of fabric layers during preform preparation. In addition, the textile structure may be affected by quality issues such as missing yarns and irregularities in the stitching pattern (the latter specifically in the case of NCFs). [8] ‘Gaps’ between the tows in chain stitched biaxial fabric act in a similar fashion to race-tracks giving zones of high permeability where resin propagates relatively fast compared to flow in the tows.
2.
Experimental methods
2.1. 
Material
The fibre used is a 50k carbon fibre based biaxial non crimp fabric; reference HPT 610 C090 with 610 g/m2 provided by SGL Company. The preform is built by 6 layers and compacted to 4.8 mm, which corresponds to a 50% of a volume faction fibre. The gap used in CRTM is 1 mm. The test fluid used is a commercial silicon oil with a constant viscosity of 0.1 Pa s in room temperature (Siameter 200 PMX), which is Newtonian behaviour. 
2.2 RTM process

2.2.1 Experimental setup
A transparent mould has been designed to analyse the flow pattern and the pressure. The mould consists of an upper and a lower transparent PMMA plate; an intermediate metallic framework plate is introduced between them, which allows defining the thickness of the gap and the preform and it works as a preform stripper. The injection analysis is carried out for a rectangular sample (150 × 250 mm) with a central injection point, which generates a circular flow path. The injection point is connected to the electric injection system (2100cc Series RTM RADIUS Injection System) which controls the resin injection with a constant flow rate and de pressure. The pressure distribution inside the mould is registered by the pressure transducers (PX61V-0500AV) located from the inlet point to vent point (Figure 1) at distances of 30 and 90 mm. Finally, the vent points are at the mid-points of the shortest sides at the bottom plate. The mould is placed in a high base to see the bottom view. A mirror is placed on the bottom of the table to record the top and bottom view flow patterns at the same time. In all cases the final thickness is the same. 
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Figure 1. Experimental test setup.
2.2.2 Parameters
The parameters related to the resin and injection conditions are fixed. The injection flow rate is 100  cm3/min and is has been injected at room temperature. In order to measure the sensitivity of the RTM and CRTM processes, a defect has been induced. A fibre yarn has been removed intentionally in order to induce race-tracks, and filling paths and pressure distribution are compared. The parameters considered in the present study are reported in Table 1. These defects are induced as a missing yarn and free edge race-tracking (Figure 2).
Table 1. Experimental parameters.
	Specimen Type
	Missing yarn
	Free edge

	
	
	

	RTM
	
	

	RTM-M
	x
	

	RTM-MF
	x
	x

	CRTM
	
	

	CRTM-M
	x
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Figure 2. Cross sectional view of the sample.
3. Results and discussion
3.1. 
Filling path RTM
In order to analyse the effect of the RTM defect of the four scenarios defined in Table 1, the test is divided in three stages. The first stage is considered when the flow-front arrives to the S1 sensor (t1). The second stage refers to the moment when the flow-front arrives to the missing yarn (tm). And the last stage is when 90 % of the resin is injected (t2). 

The filling and dry zones for the selected stages for the RTM scenario are shown in Figure 3. It must be mentioned that the flow pattern, up to tm, is the same for RTM, RTM-M and RTM-MF, that is why the results for reference RTM only are shown (Figure 3a and b). Regarding the filling path from tm to the 90% stage (Figure 3c), the flow-front follows a simetric path, as it is supported by the dry zones within the red lines.
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	a)
	b)
	c)


Figure 3. RTM flow paths; a) at t1, b) at the missing yard position tm and c) at t2.
The presence of a missing yarn modifies the flow pattern, as can be seen in Figure 4. The dry zones when 90% of the resin is injected are different, being larger at the side where a yarn is missing (Figure 4a). Additionaly, it can be also observed that the dry zone at the missing yarn side is larger than in reference RTM case (Figure 3c). The effect of the missing yarn is even more pronunciated when race-tracking yields in the free-edges (Figure 4b). The connection of the the missing yarn channel with the race-tracking at the free edge allows a preferential flow path towards the vent point. Consequently, a significant quantity of resin goes directly to the vent instead of impregnating the preform, and could generates dry spot in the final part.
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	a)
	b)


Figure 4. RTM flow paths at instant t2. a) RTM-M b) RTM-MF.
3.2. 
Filling path CRTM
In CRTM the flow pattern varies comparing to RTM. In RTM a difference between 0º and 90º permeability is appreciated, creating a spherical flow pattern. However, in CRTM the flow has a circular flow pattern (Figure 5a). Whereas in conventional RTM the race-tracking effect modifies the flow-pattern generating dry zones, in CRTM the presence of the preferential flow-channel in the preform does not modify the filling of the mould (Figure 5b). This is explained by the fact that the permeability at the gap is two orders of magnitude higher than in the preform, so the defect induced permeability variation is far from the values of the gap. Consequently, it can be stated that CRTM is less sensitive to preform defects, and that both, the process robustness and part quality reproducibility, are improved when compared to conventional RTM.
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Figure 5. Flow paths for the whole injection process for the reference CRTM (a) and for the t2 instant for the CRTM-M.
3.3. 
Pressure 

In order to quantify the effect of the defects, the pressure transductor have been used. Figure 6 shows S1 and S2 pressure sensor values during the injection for RTM, RTM-M and RTM-MF. RTM (sensor 1) and RTM (sensor 2) represent RTM reference process where a typical pressure tendency is described. Once the flow reaches to the S1 sensor (instant t1), the pressure starts to increase with the approximately same slope until the injection is finished. In the instant tm, when the flow reaches the missing yarn, no difference is appreciated in sensor S1. The same tendency is observed in S2 sensor, since the pressure value start increasing when the flow-front reaches its position. The maximum pressure registered in S1 and S2 sensor are 3 and 1.5 bar, respectively.
The pressure evolution changes once the flow-front reaches the missing yarn (tm), and the way it changes depends on the scenario. RTM-M (Sensor1) and RTM-M (Sensor 2) represent missing yarn effect. In these cases, a little plateau is appreciated justified by the high permeability of the missing yarn. However, the slope starts incresing quickly. In spite of having the missing yarn, the maximum pressure registered by S1 and S2 sensor are 3 and 1.5 bar, respectively, which are the same as in the reference RTM. So, it can be concluded that the missing yarn does not changed the final pressure field.

The pressure evolution for RTM-MF (Sensor1) and RTM-MF (Sensor 2) presents the same tendency as in the previous cases, but as the missing yarn zone and free edge zone are connected, the resin flow through this preferential path, reducing the pressure values until 0.5 and 1.3 bar, respectively.

Regarding CRTM pressure values, even when a yarn is missing, the pressure evolution doesn’t change. In CRTM the presence of the preferential flow-channel in the preform does not modify the filling of the mould. This is explained by the fact that the permeability at the gap is two orders of magnitude higher than in the preform, so the defect induced permeability variation is far from the values of that of the gap. Consequently, it can be stated that CRTM is less sensitive to preform defects, and that both, the process robustness and part quality reproducibility, are improved when compared to conventional RTM.
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Figure 6. Pressure sensor values during RTM scenarios.
In order to justify the effect of the defect, race-tracking strength has been compared. Race-tracking strength [7] is defined as a 
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 that is the ratio between permeability along the gap (missing yarn or free edge race-tracking) and bulk permeability in race-tracking direction. Those values are reported in table 2. CRTM ratios are one order of magnitude higher than RTM scenarios so in CRTM the flow through the gap instead of impregnating the preform. Although the CRTM-M ratio is higher than CRTM ratio, there is not such difference and the filling pattern does not vary as much as in RTM. 
Table 2. Ratio values.

	
	Scenario
	hg (mm)
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	RTM
	RTM ref.
	-
	1

	
	RTM-M
	0.35
	204

	CRTM
	CRTM
	1
	1666

	
	CRTM-M
	1.35
	3037


4.
Conclusions
In the present paper the sensitivity of the RTM and CRTM processes to race-tracking has been compared. The main conclusions are that in conventional RTM the preform defects modifies the flow-pattern generating dry zones. The presence of a defect creates a preferencial flow channel that makes the pressure gradient inside the mould lower. Consequently,the velocity of the resin flow front is decreased. However in CRTM, the presence of the preferential flow-channel in the preform does not modify the filling of the mould. This is explained by the fact that the permeability at the gap is two orders of magnitude higher than in the preform, so the defect induced permeability variation is far from the values of that of the gap. Consequently, it can be stated that CRTM is less sensitive to preform defects, and that both, the process robustness and part quality reproducibility, are improved when compared to conventional RTM. 
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