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A considerable collection of VARTM choices for composite manufacturing techniques can be both found in literature as well as in industry. Each manufacturing process provides different benefits that must be carefully considered depending on the final application of the desired composite. Here, we present a performance comparison in terms of process effectiveness related to fibre volume fraction, the magnitude of thickness variation, and void contents of 16 laminated composites manufactured by different variants of VARTM (DBVI, VAP, and CAPRI) as well as HIPRTM. Non-crimp carbon textile reinforcements and five-harness satin woven carbon textile reinforcements with a PRISM® EP2400 resin system as base constituents are used to produce composite panels. After manufacturing 16 composite panels, an evaluation of the pros and cons of the processing vs properties/performance obtained with each of them is discussed.

Introduction

Continuous fibre polymer composites (CFPC) are either consolidated by a pre-impregnated precursor material or directly manufactured by impregnating all the empty regions between the dry fibre reinforcement in its net shape in a closed mould. Based on these two forming concepts, AC is a robust technique for manufacturing high performance composite components. However while time and energy consuming AC still is the main composite manufacturing process for aerospace industry, providing process and material reliability with high fibre volume fraction components from pre-preg materials. While several groups looked into improving autoclave curing in order to reduce cycle times as well as labour cost [START_REF] Maffezzoli | Optimization of parts placement in autoclave processing of composites[END_REF] autoclave curing was never able to become a mass production process due to highly labour-intensive process, high cycle time and high capital cost [START_REF] Setty | Autoclaves for aerospace applications: Issues and challenges[END_REF]. Given the increasing use of CFPC, substituting AC with OoA manufacturing methods, in particular those that deliver autoclave-quality components, will become a major industry driver of composite materials.

OoA processes include Automated Tow and Tape Placement, Oven Based Methods and Liquid

Composite Moulding (LCM). LCM is one of the most relevant Out-of-Autoclave (OoA)

technology families and experience with this technology has shown that it is possible to manufacture autoclave-quality components of complex shapes with high production volumes.

The most popular technique is Resin Transfer Moulding (RTM). RTM has the potential advantages of cost competitiveness, class A finish of the parts, and production rates over autoclave process. In this push towards OoA, RTM has seen significant developments -some coming from the R&D community-that have enabled the manufacturing of complex turbine blades for aeroengines and automotive components such as car doors, roofs and side panels [START_REF] Verma | Challenges in Processing of a Cocured Wing Test Box using Vacuum Enhanced Resin Infusion Technology ( VERITy )[END_REF] [4]. However, the matched metal tooling used in the RTM procedure is expensive, and the tooling design becomes difficult when fabricating large and complex shaped parts such as boat hulls.

Vacuum-Assisted Resin Transfer Moulding (VARTM) has been developed as a variant of the traditional RTM process to reduce the cost and design difficulties associated with large metal tools. In VARTM, the upper side is a flexible mould made from silicon or a polymer film such as nylon, with no need of a two-side rigid mould as in the RTM process.

The disadvantages that VARTM processes share are higher void content and inherent thickness gradient in parts manufactured by the infusion processes compared with RTM processing, limiting the effective structural stress transferring between fibres [START_REF] Bodaghi | Experimental characterization of voids in high fibre volume fraction composites processed by high injection pressure RTM[END_REF][6] [START_REF] Jack | Controled atmospheric pressure resin infusion process[END_REF]. In vacuum infusion processes, behind the resin front relaxation of the vacuum bag occurs, the relaxation increases as the distance from the resin front increases [START_REF] Correia | Analysis of the vacuum infusion moulding process[END_REF]. The excess resin causes the uncontrollable fibre volume fraction, lower mechanical properties and varying laminate thickness. Pressurising the resin feeder above the atmospheric pressure or higher volume inside the bag increase this effect.

Post filling flow such as a resin bleeding is performed to obtain a uniform resin pressure along the impregnated preform. However, obtaining a uniform compaction pressure along the impregnated preform may take up to one order of magnitude longer than the mould filling time, and hence resin gelling prevents further flow [START_REF] Simacek | Experimental validation of post-filling flow in vacuum assisted resin transfer molding processes[END_REF]. Some other studies also suggested applying external compaction pressure such as inflatable bladder [START_REF] Anderson | Fabrication of Composite Laminates by Vacuum-Assisted Resin Transfer Molding Augmented with an Inflatable Bladder[END_REF], permanent magnets [START_REF] Amirkhosravi | Void reduction in VARTM composites by compaction of dry fiber preforms with stationary and moving magnets[END_REF], or pressurized air [START_REF] Yalcinkaya | Fabrication of high quality composite laminates by pressurized and[END_REF] to reduce process-induced void and increase fibre volume fraction.

However, because of the limitations on the size of clamping forces, these suggested variants of VARTM are limited to small to medium-size composite parts.

Double Bag Vacuum Infusion (DBVI) [START_REF] Hou | Evaluation of Double-Vacuum-Bag Process For Composite Fabrication[END_REF], Vacuum Assisted Process (VAP) [START_REF] Filsinger | Method and device for producing fiber-reinforced components using an injection method[END_REF], and Controlled Atmospheric Pressure Resin Infusion (CAPRI) [START_REF] Niggemann | Experimental investigation of the controlled atmospheric pressure resin infusion (CAPRI) process[END_REF] [START_REF] Jack | Controled atmospheric pressure resin infusion process[END_REF] have been also developed and patented in order to improve the process repeatability and to reduce void content and the inherent thickness gradient. The effect of these process variants on the resulting void content of manufactured parts is still relatively unclear. There is little evidence to support the effects of such variants and whether their implementation meet the required criteria of aerospace industry.

Furthermore, there is no comparison among these alternative manufacturing processes. Hence, in-depth understanding of the contribution of the manufacturing variants will be useful in the design of LCM. Our goal is to conduct basic comparative experiments with the variants of VARTM under realistic conditions to identify important material and process parameters and also provide relevant data for verifying the manufacturing processes. We plan to address a comparative cost analysis of the variants of VARTM in future work.

Double Bag Vaccum Infusion (DBVI)

The double bag vacuum infusion (DBVI) was first developed at the Naval Air Warfare Centre in 80s for prepreg curing and previous studies have shown significant void reduction in final cured composite parts compared to single-vacuum-bag; a reduction of void content from 6-7% to 1-3% [START_REF] Hou | Evaluation of Double-Vacuum-Bag Process For Composite Fabrication[END_REF], [START_REF] Hou | Processing and Properties of a Phenolic Composite System[END_REF]- [START_REF] Chong | Out-of-autoclave scarf repair of interlayer toughened carbon fibre composites using double vacuum debulking of patch[END_REF]. The DBVI process is particularly appropriate to release volatiles such as water and solvent during curing of composite parts [START_REF] Khan | Effect of Double Vacuum Bagging ( DVB ) in Quickstep Processing on the Properties of 977-2A Carbon = Epoxy Composites[END_REF], [START_REF] Chong | Out-of-autoclave scarf repair of interlayer toughened carbon fibre composites using double vacuum debulking of patch[END_REF]. This is still an VARTM variant (Figure .2 left side), the debulking process without compaction at vacumm conditions helps promote uniformity on the final thickness of composite parts. This is obtained by applying a second vacuum bag on the top of the lower bagging preform already infused by resin (Figure .1 upper right side). Between these two vacuum bags a breather cloth is placed to prevent the outer bag from collapsing against the interior one (Figure .1 bottom right side). Hou and Jensen [START_REF] Hou | Evaluation of Double-Vacuum-Bag Process For Composite Fabrication[END_REF] proposed the use of DBVI as a promising OoA process for high performance composite parts.

However, there is no evidence at this point of DBVI use, but this paper considers the use of this variant of VARTM to show whether DBVI is an appropriate choice.

(Figure .1)

Vacuum assisted process (VAP)

The vacuum assisted process (VAP) is a variant of resin infusion, which is developed and patented by EADS Dutschland [START_REF] Filsinger | Method and device for producing fiber-reinforced components using an injection method[END_REF]. The process is like traditional VARTM in everything except a gas-permeable membrane (it is an VARTM variant). The VAP takes the advantage of this gas-permeable membrane to provide both uniform compaction on a textile preform and continuous degassing of an infused resin system.

In VAP process, the membrane is employed below a breather cloth (Figure 2). To reduce the potential of resin bleeding, the vent line is placed between the membrane and the vacuum bag.

This variant of VARTM theoretically leads to lower thickness tolerance and void content in final composite parts than traditional VARTM. Krehl et al. [START_REF] Krehl | Process and Performance Evaluation of the Vacuum-Assisted Process[END_REF] compared composite parts produced by VARTM and VAP processes for a 15-layered woven E-glass preform. Their results showed a reduction of 80% in void content and 77% in thickness tolerance by switching from VRTM to VAP [START_REF] Krehl | Process and Performance Evaluation of the Vacuum-Assisted Process[END_REF]. This new variant of VARTM is now considered as a potential manufacturing process with quality higher than VARTM for large aerospace components.

Airbus Military (Blagnac, France) was already successfully manufactured A400M cargo door by VAP [START_REF] Black | A400M cargo door: Out of the autoclave[END_REF].

Nevertheless, the quality of the cured composite part depends on the degree of compaction, impregnation and cure. The debulking step and additional vacuum applied reduce the through thickness permeability increasing mould filling time and lead length which could provide more challenging processing in particular for low-permeability components [START_REF] Hou | Evaluation of Double-Vacuum-Bag Process For Composite Fabrication[END_REF].

(Figure .2)

1.3.

Controlled atmospheric pressure resin infusion (CAPRI)

Controlled Atmospheric Pressure Resin Infusion (CAPRI) patented by Boeing Aircraft [START_REF] Jack | Controled atmospheric pressure resin infusion process[END_REF] is a version of VARTM. The CAPRI process is aimed at decreasing the tolerance of composite part thickness and increasing fibre volume fraction. Thus, the textile preform is consecutively debulked and bulked before resin infusion to increase fibre volume fraction as a result of thickness reduction. Unlike VARTM process, the CAPRI process employs two vacuum pump on either side of vacuum bag to reduce the pressure gradient in the preform, provide more homogeneous thickness [START_REF] Niggemann | Experimental investigation of the Controlled Atmospheric Pressure Resin (CAPRI) process[END_REF]. One vacuum pump creates full vacuum on the preform and another one creates a partial vacuum on the resin pot. This reduced pressure gradient can lead to longer resin impregnation time compared to the VARTM process. Even the CAPRI process could provide the quality and performance of autoclave composite parts but there have to date only been the study of Niggemann et al. [START_REF] Niggemann | Experimental investigation of the Controlled Atmospheric Pressure Resin (CAPRI) process[END_REF] on the performance of this variant of VARTM. No definitive conclusion was reached about the advantage of using the CAPRI process but rather obvious conclusion that there appears to be possible to increase fibre volume fraction due to the use of 400 debulking cycles. For the current study, each cycle is carried out in ten seconds and hence the CAPRI process for 400 debulking requires one more hour as compared to the other variants of VARTM before filling process. Nevertheless, the work will show that how the CAPRI process could further improve the quality of final composite parts over the other variants of VARTM.

Objectives

This paper aims to combine both void content and laminate thickness distribution assessment and apply them to composite panels produced with the different variants of infusion processes.

The work also aims to identify the best infusion variant based on a comparison of final performances that each of the process offer.

It is useful to compare the quality of produced laminates by the variants of vacuum infusion with those of competing processes: a comparative approach provides a framework within which this understanding contemplates the substitution of RTM parts for vacuum infusion parts.

However, very limited number of studies have compared vacuum infusion and RTM. Beckwith [START_REF] Beckwith | Resin Infusion Technology: Part 3 -A detailed overview of RTM and VIP infusion processing technologies[END_REF] highlighted what processing variables are important in RTM and vacuum infusion (VI), and discussed the similarities and differences of VI and RTM. However, this study did not explain how the variants of VI can improve the quality of composite laminates compared to RTM. Aruniit et al. [START_REF] Aruniit | Comparative study of the VARTM, VAP and MTI vacuum infusion processes[END_REF] compared three variants of vacuum infusion: the Vacuum Assisted Resin Transfer Moulding (VARTM), the Membrane Tube Infusion (MTI), and the Vacuum Assisted Process (VAP). However, no comparison has been made between RTM and the variants of vacuum infusion and it is not clear how much good even the best infusion process could improve the quality of composite parts over RTM process.

For this purpose, sixteen (16) CFRP composite panels are manufactured by different processes (Figure .3): (1) VAP (four samples), (2) DBVI (four samples), (3) CAPRI (four samples), and (4) HIPRTM (four samples).

(Figure .3)

Experimental details

Table .1 illustrates the combination of the process parameters including fabric architecture (woven, no-crimp), number of plies [START_REF] Alms | Mechanical properties of composite structures fabricated with the vacuum induced preform relaxation process[END_REF][START_REF] Anderson | Fabrication of Composite Laminates by Vacuum-Assisted Resin Transfer Molding Augmented with an Inflatable Bladder[END_REF], and pressure gradient (0.6, 0.95 bar) between the vent and the inlet (resin front) or injection pressure for HIPRTM (5, 20 bar) for the collection of the necessary data. Each of these design combinations is evaluated through void content, thickness and fibre volume fraction of carbon fibre reinforced thermoset resin matrix composite laminates.

(Table .1)

Materials

A stain woven carbon fabric and a non-crimp carbon fabric plus a PRISM® EP2400 resin system are used depending on the manufacturing conditions performed for each of the cases given in Table .1 in these comparative manufacturing trials.

Woven fabric

The Thornel®T650, which is a continuous, high strength 5-harness satin woven carbon fabric 

Tackifier

The use of dry fabrics for preform manufacturing at fibre volume fractions over 50% tends to fray on the edges of individual layers during cutting and draping steps. This may form fibre-free zones in the mould, resulting in race tracking channels [START_REF] Estrada | Experimental characterization of the influence of tackifier Material on preform permeability[END_REF]. Hence, in order to reduce springback and slippage between layers on the one hand and enhance preforming with net-shaped thickness on the other hand, the fabrics are consisted of a coating of Cytec Cycom® 7720 binder (Figure .6).

(Figure.6)

Resin system

PRISM®EP2400 [START_REF] Industries | PRISM TM EP2400 RESIN SYSTEM[END_REF] is a one-part toughened injectable epoxy resin systmes, specifically developed to fulfill the requirements of the aerospace and space industries in resin infusion processing types. It is injected at temperatures between 80°C up to 120°C [START_REF] Industries | PRISM TM EP2400 RESIN SYSTEM[END_REF]. Viscosity of the brown translucid paste at room temperature decreases quickly by increasing the resin temperature (Table .2).

(Table .2)

For the PRISM® EP2400 impregnated preforms, a specific cure cycle was applied as shown in Figure .7. In this cure cycle until the first step (injection), fast ramp-up to 90ºC does not influence the curing of laminates since resin has not yet been injected into the preforms. Before resin injection, Labordus and Soderlund [START_REF] Labordus | Avoiding voids by creating bubbles, degassing of resin for the vacuum injection process[END_REF] suggested to degas the resin in order to reduce the probability of void occurrence due to the nucleation of dissolved gasses in resin [START_REF] Afendi | Bubble free resin for infusion process[END_REF]. Therefore, the epoxy resin is degassed by vacuum for 40 minutes at 90ºC, corresponding to the viscosity of 0.36 Pa.s. Prior to injection, the mould was heated up to 90ºC. Once the resin reaches the vent (at 90ºC), the curing cycle is initiated by heating the laminate to 180ºC with ramp rate of 2ºC/min, with a dwell time at this temperature for 120 min before cooling it down to 60ºC with a ramp rate of 5ºC/min.

(Figure.7)

Mould

The rectangular mould (0.2 m ×0.6 m), made entirely of F10 stainless steel, was opened and closed by hydraulic press (for the case of HIPRTM) with 18 cartridge heaters distributed around the bottom and top moulds. One inlet port with a 12mm hole and a vent port were situated under the bottom mould (Figure.8). Five PX3AG1BH sensors [START_REF] Honeywell | Heavy Duty Pressure Transducers[END_REF] are mounted inside the mould and connected to an Analog Digital Convertor (ADC) data logger to measure pressure and temperature, and can detect a possible change of trend in the pressure curve.

The mould was kept at 90°C during the resin injection and at 180°C during curing reaction with a temperature controller connected to a thermocouple. It should be noted that the thickness of the composite was defined by a frame placed between the upper and bottom sections of the mould; it could therefore be modified in further experiments. The thickness of mould cavity was 2.06 and 3.42 mm for six and ten-layered carbon-fibre satin woven preform and 2.18 and 3.63 mm for six and ten-layered carbon-fibre non-crimp preform, respectively.

(Figure.8)
Prior to the textile reinforcement layup the surfaces of the mould were cleaned with the Frekote PM mould cleaner and then coated with the HP7 mould release agent.

Thickness, void content and fibre volume fraction analysis

In the experimental plan, we considered the possibility that void content [START_REF] Patel | Modeling of void formation and removal in liquid composite molding. Part II: Model development and implementation[END_REF] and the thickness distribution [START_REF] Andersson | To Measure Thickness Variations in the Vacuum Infusion Process[END_REF][32] are a function of the flow front distance from the inlet.

(Figure .9)

The true void content is quite difficult to measure regardless of the measurement techniques such as optical image analysis [START_REF] Bodaghi | Experimental characterization of voids in high fibre volume fraction composites processed by high injection pressure RTM[END_REF] and resin burn-off [START_REF] Amirkhosravi | Composites : Part A Improving laminate quality in wet lay-up / vacuum bag processes by magnet assisted composite manufacturing ( MACM )[END_REF]. For the current study, void content determination, where relative comparisons are sufficient and high precision is not an issue, the burn-off technique is used as it is practical to implement.The void content, fibre volume fraction and resin content of cured composite panels are determined based on the resin burn-off technique as described in ASTM D 2584 [START_REF] American | Standard Test Method for Ignition Loss of Cured Reinforced Resins 1[END_REF]. When considering burn-off method for carbon fibre reinforced polymer composites, the polymeric matrix fully degrades over temperature range of 200-400⁰C, whereas the carbon reinforcement degrades at temperatures between 400-1000⁰C, depending on the fibre precursor and heat treatment [START_REF] Grund | Determination of fiber volume fraction of carbon fiber-reinforced polymer using thermogravimetric methods[END_REF][36] [START_REF] Tranchard | Journal of Analytical and Applied Pyrolysis Kinetic analysis of the thermal decomposition of a carbon fi bre-reinforced epoxy resin laminate[END_REF]. To quantify the specific fibre weight loss, the thermogravimetric measurements (TG) of carbon fabric composite was performed from room temperature to 1000

⁰C at a heating rate of 5⁰C/min under nitrogen and air atmospheres. TG and the differential Scanning Calorimetry (DSC) curves were superimposed to analyse the plots. In nitrogen atmosphere, Figure .10a shows that only one main peak on the DSC plot is observed corresponding to the decomposition of the resin and the decomposition of an organic-based sizing compound on the carbon fibre over the temperature range of 300-500⁰C. Under air atmosphere (Figure.10b), it was observed that the resin completely decomposed over the temperature range of 300-500⁰C. Indeed, the thermogravimetric measurements in both nitrogen and air caused a very small mass loss of 0.2% over the given temperature range. Meanwhile the strong exothermic reactions due to carbon oxidation are observed at 905.35⁰C. Hence, we concluded that the carbon fibre should be stable over the temperature range of 300-450⁰C, and that the carbon would be removed at 900⁰C. Hence, in the resin burn-off experiments, the fibre mass loss fraction is having negligible effects on the void content measurements.

(Figure .10)

The void content analysis is done in three zones: the consolidated panels were equally cut along the injection direction (violet regions in Figure .9). The 10 mm × 60 mm composite samples were placed in a silica gel desiccator and allowed them to dry completely. Subsequently, weight of the dry samples (W) were taken. The dry epoxy matrix of cured samples contained in a crucible is burned in a furnace at 450 ºC. After burning the matrix, the ash are weighed, and subsequently the fibre and resin fractions as well as void contents are determined. The procedure was repeated at each position of the plate three times and hence a total of 432 samples from 16 produced laminates were tested. 

Fibre volume fraction

From the weights of the fibres (Wf) and matrix (Wm) and their known physical densities (ρf and ρm), the fibre content of the sample (Vf) is determined by Eq.1.

= ( 1 
)
where it is assumed that there is no void in the composite sample.

With the knowledge of laminate thicknesses (h), the number of layers and the areal weight of the textile reinforcements (ρA), the fibre volume fraction, Vf, is also calculated as follows:

= (2)
where ρ is the material density. (Table .3)

Void content

To determine void content, the apparent density of the sample (ρc) is measured by Eq.2

=

(3) where V is the occupied volume of the composite sample and W= Wf+ Wm . The apparent density of the composite samples was determined using the liquid displacement method based on the Archimedes principle. By this method, the volume of each sample was estimated by the mass of the volume that is displaced when the sample is submerged in liquid. Hence, the textile composite samples suspended in the distilled water were weighted while completely immersed in liquid using a balance with a precision of 0.0001g. Special care was taken to avoid the presence of air bubbles.

Considering Eq.3 for the different volume fractions:

+ + = 1 (4)
where Vf, Vm and Vv are the volume fractions of fibre, matrix and voids, respectively. From Eq.3 and Eq.4, an expression (Eq.5) for void content is derived.

= 1 - = ( 5 
)
where ρt is theoretical density.

Error propagation of burn-off method

A principal difficulty in the resin burn-off method is that the measurement accuracy may be influenced by the five sources of experimental error: (1) the density measurement of composite samples, (2) the weight measurement of composite samples, (3) the weight measurement of fibre, (4) fibre density, and (5) resin density. These error sources in the measured values contain systematic and random errors, and hence generate the systematic and random errors in the experimental results. Hence the experimental error propagation of the measurement to trace the significance of the various error sources to the final error in Vv was accounted. Consider the second order Taylor expansion, around variables (x) for Vv (x) [START_REF] Ghiorse | A comparison of void measurement methods for carbon/epoxy composites[END_REF]:

= + + ! " + ! " + # (6) where, = 1 Coefficient of composite density = $% + & '( - % + & ' ) Coefficient of composite weight = $- % 1 - 1 & % + & ' ) Coefficient of fibre weight = $ % + & ' )
Coefficient of fibre density

= $ % + & ' )
Coefficient of resin density Table .4 listed the coefficients in descending order. It is observed that all five coefficients are less than one, and hence they all contribute to diminish the impact of their respective error terms. The five squared coefficients (Table .4) were multiplied by the square of their respective errors. From Eq.6, after all void content measurement errors are averaged, a measurement error of about ±0.42% was obtained.

(Table .4)

The density measurement of composite samples is by far the highest coefficient value, followed by fibre and resin density values (approximately 4 and 5 times less), and the composite and fibre weight values, (approximately 8 and 20 times less). This error propagation reveals that the precise measurement of the composite density is critical to extract meaningful void volume fraction data. The other four coefficients are not as sensitive to error propagation through the calculation of void volume fraction as the coefficient of composite density.

The error in the fibre weight is insignificant compared to the magnitude of error caused by the density measurement and the other three error sources. In addition, the error propagation coefficient for the fibre weight is the smallest of the five coefficients; the error in the density measurement of composite is more than the other four error by a wide margin. In fact, the other four coefficients combined is smaller than the coefficient of the density measurement. The composite density measurements and fibre weight measurement are suspected to be the two major causes of lost precision. The manufactures values for fibre and resin density should be reasonably acceptable, while they may not be reproducible from sample to sample. This is not a reasonable assumption for the composite density measurement and fibre weight measurement which are subject to experimental variation. The error in the composite weight measurement may not be a big influence on the accuracy of the final void content.

Results and discussion

A total of 16 composite panels were manufactured: 12 laminates manufactured by the variants of the vacuum infusion and four laminates manufactured by HIPRTM. For the woven fabric, CAPRI and DVBI resulted in relatively high fibre volume fraction (58-60% on average) whereas VAP yielded composite laminates with average Vf of 53%. Unlike CAPRI and DVBI, in VAP there is no resin bleeding because the vent is positioned on the top of the membrane and is not in the direct connect with the preform. During infusion process at constant pressure, the flow rate continuously decreases until the part is fully impregnated by the resin. Interestingly, as long as the resin inlet is opened, the resin continues to infuse into the part at a lower but constant flow rate, and hence the total amount of resin fraction in the cured laminate increases. Therefore, this continuous resin infusion in VAP process led to a thicker part and lower fibre volume fraction compared to CAPRI and DBVI. To achieve composite parts with higher Vf by VAP method, the resin arrival at the vent has to be detected or a required amount of resin for infusion to fully impregnate the preform has to be calculated [START_REF] Krehl | Process and Performance Evaluation of the Vacuum-Assisted Process[END_REF].

Fibre volume fraction

It is should be also noted that nesting and compression processes significantly contribute to the final fibre volume fraction of the manufactured laminates. For the woven fabric it is observed that cyclic compaction before infusion in CAPRI and applying the second bag after infusion in DVBI result in higher fibre volume fraction compared to VAP process. This reflects that CAPRI and DVBI provides better nesting compared to VAP process. Consequently, proper compaction of the satin woven fabrics leads to deformation in thickness direction, causing them to nest with each other and therefore it helps to obtain higher Vf .

Unlike the satin-woven preform, Vf of non-crimp laminates manufactured by the variants of vacuum infusion were not higher than 55% on average. In principal, the stitching of non-crimp fabric should facilitate nesting [START_REF] Lomov | Nesting in textile laminates: geometrical modelling of the laminate[END_REF]. However, Hammani [START_REF] Hammami | Effect of reinforcement structure on compaction behavior in the vacuum infusion process[END_REF] Figure .13 also shows the final fibre volume fraction of laminates manufactured by HIPRTM using 2.06 mm and 3.42 mm mould gaps for the carbon-fibre satin woven preform and 2.18 and 3.63 mould gaps for the carbon-fibre non-crimp preform. As it can be observed, at each mould gap and fabric architecture, the laminates showed equivalent fibre volume fraction in the range of 60% to 62%. During compression inside the mould in the HIRTM process, the compaction forces which compresses the fibre stacks might occur nesting and crimp as well as distortion of the cross-section shape of the fibre tows larger than the variants of vacuum infusion process due to a single sided ridged mould.

Thickness

Table.5 summarises statistical characterisations of thickness for 12 laminates produced by three variants of vacuum infusion. CAPRI process manufactured woven laminates with the smallest average thickness, while the largest variation in thickness is woven laminates manufactured by DBVI. VAP maintains a constant level of preform compaction during infusion since a uniform vacuum is applied across the entire panel via membrane [START_REF] Krehl | Process and Performance Evaluation of the Vacuum-Assisted Process[END_REF]. The higher variability of thickness in DBVI can be attributed to the non-uniform distribution of perforated sheet in between the two bags, leading to a non-uniform pressure distribution over the entire laminate [START_REF] Khan | Effect of Double Vacuum Bagging ( DVB ) in Quickstep Processing on the Properties of 977-2A Carbon = Epoxy Composites[END_REF]. Unlike the satin-woven laminates, Table .5 shows that the average thickness of non-crimp laminates vary less from one variant of the vacuum infusion to another, while the variation in non-crimp laminate thicknesses is two to ten times larger than satin-woven laminates. VAP produced the non-crimp laminates with the smallest variation but still about three times larger than the satinwoven laminates. The large variation in thickness of non-crimp laminates can be attributed to the veil. The fibres themselves can be considered as not compressible in the range of pressure used in composite manufacturing. When the compaction load is applied, the thermoplastic veil is deformed and a certain part of the deformation change positions due to viscoelastic effects, and hence the veil causes a significant unevenness in the thickness of laminates. If the compaction load is released and then applied again in a second, third etc. cycle (CAPRI), then the compressibility of the veil is drastically decreased. Therefore one can expect a significant hysteresis for all compression cycles, leading to a large variation in veil thickness [START_REF] Lomov | Compressibility of carbon fabrics with needleless electrospun PAN nanofibrous interleaves[END_REF].

(Table . 

Statistics of thickness variation

A useful characteristic trait of the manufacturing methods carried out in it is that stabilized manufacturing methods display a logical statistical behaviour of thickness variation over the laminates. This means that thickness results from a manufactured laminate normally fall within certain specifiable limits. If the thickness distribution are evenly distributed around the expected value, a normal distribution can be used to describe the thickness variation over the laminate. This is can be a case for a stable manufacturing method.

The descriptive statistics of thickness distributions for the laminates manufactured by the three When non-crimp fabric were used, the fibre sliding may occur because the coefficient friction of non-crimp fabric is considerably less than the coefficient of friction of the satin-woven fabrics.

The higher coefficient of friction of the satin-woven fabrics is caused by the waviness of the fibrous reinforcement, increasing the area of contact among the plies. Similar to the satin-woven fabric, these sporadic deviations is reduced as the number of layers increases (Fig. 18 thickness decreasing towards the centre of the laminate. This thickness distribution is attributed to racetracking. Racetracking strongly influences the pressure gradients during the filling as less pressure is required to move resin through the channels and flow-fronts shape accordingly.

Thus, the pressure distributions vary and so will the temporary thickness. Once second bag is applied, the final state of thickness is not in the equilibrium between reinforcement stress and the compacting pressure and this point should cause of significant change in thickness, and hence a proper time at which reinforcement stress and the compacting pressure is reaching equilibrium is needed to get eliminate this.

( [55] indicated that CAPRI, DVBI and VAP yielded laminates with void content as low as 0.2%.

Although the current study looks into the different materials, this disagreement is attributed to differences between manufacturing conditions. First, Gurit Prime 20 used in [START_REF] Van Oosterom | An objective comparison of common vacuum assisted resin infusion processes[END_REF] may be better degassed than the PRISM®EP2400 used for this study. Second, the infusion process with the Gurit Prime 20 was performed at a room temperature while the PRISM®EP2400 was infused at temperatures between 80°C and up to 120°C. Hence, the additional heat may cuase the air bubbles to grow and subsequently to expand as their internal pressure increases with temperature. Furthermore, Oosterom et al. [START_REF] Van Oosterom | An objective comparison of common vacuum assisted resin infusion processes[END_REF] carried out the post filling process for all infused laminates, and that may be effective in decreasing void content [START_REF] Yalcinkaya | Effect of external pressure and resin flushing on reduction of process-induced voids and enhancement of laminate quality in heated-VARTM[END_REF]. Meanwhile, this additional step was not performed for the current study.

The bar chart shown in Figure .24 also compares the void content data for the laminates manufactured by HIPRTM with the variants of the vacuum infusion. It can be seen that HIPRTM can possibly manufacture composite laminates with the relatively low void content for the different experiment scenarios. However, while the number of layer increased, the void content slightly increased. This may be connected to rearrangement of layers relative to each other, or nesting under compaction [START_REF] Robitaille | Compaction of textile reinforcements for composites manufacturing. III: Reorganization of the fiber network[END_REF]. When the number of layers increases, the nested laminate thickness per layer tends to move the same average value [39][58]. It is further evident that when the number of layers increases, the nesting is more significant in the weft direction than the warp. The crimping in all the structures is carried by the warp tows. The warp ends are subject to a high compaction force and hence heavily crimped [START_REF] Chen | Experimental studies on the structure and mechanical properties of multi-layer and angle-interlock woven structures[END_REF]. As a result of this, permeability in the weft direction will be higher than the permeability in warp direction. It suggests a strong effect of out-of-plane flow on void formation and void flow; faster flow in the weft direction and clustering of voids in the bias-direction layers. The resin flow through the textile reinforcement is highly influenced by internal geometry variation of tow channels [START_REF] Bodaghi | On the variability of permeability induced by reinforcement distortions and dual scale fl ow in liquid composite moulding : A review[END_REF].

Such meso-scale variability from ideal tow channels forms fingering or saturation lead-lag flow as a result of an imbalance between capillary and viscous pressures during the impregnation process. This lead-lag in flow front is highly influenced by the flow rates. If the resin flow due to viscous pressure in channels between tows is faster than capillary pressure inside fibre tows, air bubble is formed inside the tows (intra-tow voids). On the other hand, the occurrence of air bubbles in the channel between tows is due to the faster flow inside the tow than the flow in the channels (inter-tow voids) [60][61]. In that sense, void formation may be occurred in through thickness layers due to the difference in flow rates, and migrating voids from the neighbouring layers immediately become entrapped by the out-of-plane flow [START_REF] Sisodia | High-resolution computed tomography in resin infused woven carbon fibre composites with voids[END_REF]. Void content can be therefore considered as dependent factor in the different layers.

(Figure .24)

On the other hand, for the case of variants of the vacuum infusion, it can be seen that the void content decreases as the magnitude of compaction pressure increases regardless of number of layers. Because the compaction of the fabric can significantly contribute to rearrangement of layers relative to each other, and hence led to a more uniform resin flow compared to the resin flow observed in lower pressure gradient [START_REF] Amirkhosravi | Void reduction in VARTM composites by compaction of dry fiber preforms with stationary and moving magnets[END_REF]. Applying a pressure gradient of 0.95 bar is effective in reducing the void content from 2-4% to 1-3% for woven fabric laminates and from 3-6% to 3-1% for non-crimp fabric laminates. The observed influence from vacuum can be described by the ideal gas law with some assumptions including spherical void shape without change and established force equilibrium determined by the pressure difference across the bubble interface and the interfacial tension [START_REF] Lundstrom | Void Formation in RTM[END_REF]. The reduction in void content due to increased pressure gradient (vacuum level) from 0.6 bar to 0.95 bar is a result of compression of voids.

When the pressure is increased to 0.96 bar from 0.6 bar, the saturation solubility of the gas into the resin increases during impregnation according to Henry's law. Thus, the amount of dissolved gas in the resin increases, and the bubble size decreases to a critical bubble size as a result of a pressure balance according to both Ideal Gas Law and Henry's law [64][65].

Discussion

Table .7 presents the fibre volume fraction, void content, and the thickness variation of the laminates manufactured by VAP, CAPRI, DBVI, and HIPRTM. In order to achieve maximum mechanical performance, the desired fibre volume fraction (Vf %) of a fibre reinforced polymer composite is 60% [START_REF] Abraham | A comparison of physical properties of glass fibre epoxy composites produced by wet lay-up with autoclave consolidation and resin transfer moulding[END_REF][67] [START_REF] Li | Pressure Window Analysis for Thin Laminated Composites in Autoclave Process[END_REF]. By HIPRTM, it is possible to manufacture the nearly aerospace grade laminates with Vf % of 60%. The DVBI and CAPRI nearly manufacture the desired Vf by the satin woven reinforcements. The VAP laminates had 6-10% lower fibre volume fraction compared to the HIPRTM laminates regardless of the fabric architectures. These results highlight the overall importance of well compression and nesting of the fabrics in the thickness direction. Although a post-fill pressure on the vacuum bag led to the higher fibre volume fraction, unexpectedly laminates manufactured by the DVBI yielded the highest void content (Table .5). Air entrapment between the layers, adsorbed moisture by the resin, and volatiles expelled during the curing step are mostly main causes of void formation. A potential pathway for the evacuation of air is out-of-plane through the thickness of the impregnated laminate [START_REF] Hu | In situ monitoring and analysis of void evolution in unidirectional prepreg[END_REF].

However, applying the second bag will reduce the through-thickness permeability and hence can preclude the through thickness air transport. Therefore, the use of post-fill compaction pressure may help to reduce the laminate thickness but this pressure has to be applied at the proper time to facilitate the void transport for high-quality composite parts.

The quality and repeatability of these competitive processes also can be evaluated by the thickness variation. The stain-woven laminates manufactured by the VAP had the smallest thickness gradient due to a constant level of preform compaction during infusion with the presence of semi-permeable membrane. Contrary to the expectations, the stain-woven laminates manufactured by the HIPRTM had the biggest thickness gradient. Higher thickness gradient for the non-crimp laminates than the satin-woven laminates can be attributed to the presence of the veil. The veil in non-crimp laminates decreases the compressibility of the laminates, increasing the thickness of laminates manufactured by the variants of the vacuum infusion for a given pressure.

Table .7

Conclusions

The current research examined the available methods of composites manufacturing including VAP, DBVI, CAPRI, and HIPRTM, and compared their potential for manufacturing composite laminates. This study also combined the effect of fabric architectures (satin woven and noncrimp), number of layers (6 and 10), and injection pressures to identify how theses process variables can contribute to the final quality of manufactured laminates. The quality is quite simply related to the void content, fibre volume fraction, and the thickness gradient.

It is shown ( Overall, the possibility of achieving a composite laminate with low void content highly depends on how the variants of the vacuum infusion can effectively provide compaction force. As the compressibility of non-crimp fabric is not as easy as satin woven fabric, the non-crimp fabric laminates contain higher void than the woven fabric laminates regardless of the manufacturing variants. A key finding of this study is that two major parameters contributing to the laminate thickness gradient, fibre volume fraction, and void content are the external pressure and the time of post-filling pressure.

(Table .8)
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(Figure. 4 )

 4 with an aerial weight of 370g/m 2 is used for manufacturing of eight laminates. (Figure.4) 2.1.2. Non-crimp fabric ±45 0 pan-based carbon bidirectional non-crimp fabric (Figure.5) manufactured by Toho Tenax Company for aerospace applications is used for the manufacturing of eight laminates. The areal weight of the non-crimp carbon fabric is 392 gm -2 . (Figure.5)

(Figure. 11 ) 2 . 3 . 1 .

 11231 ThicknessEach laminate was divided into an 8×7 grid as shown in Figure.9 (black regions). An average thickness obtained after the measurement of thickness at five points of each square by a deepthroat Vernier micrometer (Figure.12) with an accuracy of ±0.02 mm, resulting to 56 thickness data for each laminate.(Figure.12)

Figure. 13

 13 Figure.13 shows fibre volume fraction (Vf) values for the six (6) and ten (10) layers of carbonfibre satin woven and non-crimp laminates manufactured by the variants of vacuum infusion.

  observed a minor nesting (a two percent change of the thickness) for ± 45 stitched non-crimp fabric. Because, the non-crimp fabric where two layers of fabric have a large relative sliding, present a weak bond. Stitches allow a high shear deformation under the drag forces compared to the interweaving network and also enable sliding of layers against each other[START_REF] Bodaghi | Experimental parametric study of flow-induced fibre washout during high injection pressure resin transfer moulding[END_REF]. Therefore, inner fibre friction and the layers sliding are mainly responsible for lower Vf. The compressibility of fabrics and the consequent fibre volume fraction of laminates are also affected by the veil which is a thin layer of thermoplastic material on the back of non-crimp fabric. All veils show a distinct 'sticking' behaviour. Lomov and Molnár[START_REF] Lomov | Compressibility of carbon fabrics with needleless electrospun PAN nanofibrous interleaves[END_REF] observed that the compressibility of the veil is drastically decrease after the first compression. Hence, the veil is a barrier for the compressibility and a well-defined conditions by temperature is necessary to compact the veil. Overall, one can produce high quality laminates if one can correlate the process variables with the geometric characteristics of fabrics.(Figure.[START_REF] Hou | Evaluation of Double-Vacuum-Bag Process For Composite Fabrication[END_REF] 

(Figure. 15 )(Figure. 16 )

 1516 Figs.15 to 18 (top). For woven-satin laminates, DVBI appears to have larger variability than VAP and CAPRI (Figs.15 and 16 (top)). The median (the black line in Fig.15(top)) of the thickness of laminate manufactured by DVBI is slightly smaller than its mean, and hence the thickness data is skewed to the right, deviating from a normal distribution. Meanwhile the medians (the black line in Fig.15 (top)) and means (the red line in Fig.15 (top)) of the thickness of laminates manufactured by VAP and CAPRI overlap, and hence the thickness data follows a normal distribution. The skewness in thickness data of the DVBI laminate can be attributed to the sliding between layers (nesting) and the waviness of the fibre yarn paths. The fabric compressibility increases when the fabric is lubricated with the resin[START_REF] Bickerton | The viscoelastic compression behavior of liquid composite molding preforms[END_REF][45][START_REF] Gutiérrez | High-frequency vibrations on the compaction of dry fibrous reinforcements[END_REF][47][START_REF] Renaud | Creep compaction behavior of 3D carbon interlock fabrics with lubrication and temperature[END_REF]. J.Lawrence et al.[START_REF] Lawrence | The compaction behavior of fibrous preform materials during the VARTM infusion[END_REF] identified that the preform lubrication reduced friction between layers and helps to reduce the preform thickness. In DVBI process, as the layers are lubricated by the resin, the friction between fibres is reduced, and hence the lubricant facilitates layer sliding during applying second bag. This layer sliding or nesting can be correspond to the significant spatial variability in the thickness at different location over a laminate[START_REF] Bodaghi | On the variability of mesoscale permeability of a 2/2 twill carbon fabric induced by variability of the internal geometry[END_REF] [START_REF] Hoes | Study of nesting induced scatter of permeability values in layered reinforcement fabrics[END_REF]. However, it is observed that this deviation from normality is reduced as the number of layers increases (Fig.15 (top)). Because as the number of layers increases, the friction between the layers increase which prevented the occurrence of nesting[START_REF] Pearce | The compressibility of a reinforcement fabric[END_REF]. (Figure.15) (Figure.16) In the case of non-crimp carbon laminates, the results show that, the medians (the black line in Figs. 17 and 18 (top)) and means (the red line in Figs. 17 and 18 (top)) of the thickness of noncrimp laminates not only manufactured by DVBI but also manufactured by VAP and CAPRI are not the same, and hence the thickness data of non-crimp laminates deviate from normality.

  shown that the thickness distribution over the laminate manufactured by the vacuum infusion is dependent on the distance from the inlet[START_REF] Andersson | International Journal of Numerical Methods for Heat & Fluid Flow Numerical model for vacuum infusion manufacturing of polymer composites Article information[END_REF][32][START_REF] Hutchinson | A cost and performance comparison of LRTM and VI for the manufacture of large scale wind turbine blades[END_REF]. In order to visualize the thickness dependency on position, it is helpful to represent the spatial distribution of thickness.The rate of thickness reduction is greater as the flow progresses from the inlet: at the inlet where the local fluid pressure is higher, the compaction pressure on the reinforcement is reduced and hence increases the thickness. Thickness values at 56 locations are plotted in a "heat plot" (Figs.19 and 20), where the value of each colour is corresponding to the thickness of one specific sample in a given location of laminates. Figs.[START_REF] Chong | Out-of-autoclave scarf repair of interlayer toughened carbon fibre composites using double vacuum debulking of patch[END_REF] and 20 shows that the thickness values for the laminates composed of six[START_REF] Alms | Mechanical properties of composite structures fabricated with the vacuum induced preform relaxation process[END_REF] and ten[START_REF] Anderson | Fabrication of Composite Laminates by Vacuum-Assisted Resin Transfer Molding Augmented with an Inflatable Bladder[END_REF] layers of non-crimp fabrics manufactured by CAPRI, DBVI and VAP follows a similar trend. The highest part thickness in the ten-layer noncrimp laminate manufactured by DVBI (Figure.20) can be seen along the edges with local

Figure. 19 )(Figure. 20 )Figure. 23

 192023 Figure.23 shows cross-section images of the samples manufactured by different composite processing. Due to the resolution limit of the available optical microscopy, only the images of macro-voids (between tows) were taken. The micrographs show that voids are majorly located between tows for both woven reinforcements (Figure.23a) and non-crimp reinforcements (Figure.23b). Voids entrapped between layers were also detected with smaller size compared to those of between tows.
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 123456789 Figure 1: Setup of DBVI process. On the left side: closed vacuum bag, on the upper right side: second vacuum bag with breather and respective connection, on the bottom right side: placement of the consumables (peel ply and flow mesh) and filling channel Figure.2: Setup of VAP process. On the left side: closed vacuum bag, on the upper right side: VAP membrane, on the bottom right side: Distribution medium Figure. 3: Flow diagram for manufacturing processes and parameters Figure.4: A photograph of 5-harness satin woven carbon fabric Figure.5: A photograph of non-crimp carbon fabric Figure.6: A photograph of Cytec Cycom® 7720 binder as tackifiers on tow (70×) Figure.7: PRISM EP2400 Resin processing protocol Figure.8: Tooling for high injection pressure resin transfer moulding: A. Bottom Mould, B. Mould assembly Figure.9: Sample positions in the composite laminates made by alternative liquid composite moulding processes for void content analysis (violet zone), fibre volume fraction and thickness (black zones).

Figure. 10 :

 10 Figure.10: One-stage TGA of a composite sample under (a) nitrogen atmosphere and (b) air atmosphere.

Figure. 11 :Figure. 12 :Figure. 13 :

 111213 Figure.11: Muffle used for burning of composite samples Figure.12: Setup and equipment used to measure thicknesses Figure.13: Average fibre volume fraction for different manufacturing process with different process variables.

Figure. 14 :Figure. 15 :

 1415 Figure.14: Final laminate thickness distribution for the woven laminate (Run II) produced by HIPRTM Figure.15: The descriptive statistics of the thickness distribution for the six-layered satin-woven laminates manufactured under the experiment scenario of Run I. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.

Figure. 16 :

 16 Figure.16: The descriptive statistics of the thickness distribution for the ten-layered satinwoven laminates manufactured under the experiment scenario of Run II. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.

Figure. 17 :

 17 Figure.17: The descriptive statistics of the thickness distribution for the six-layered non-crimp laminates manufactured under the experiment scenario of Run III. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.

Figure. 18 :Figure. 19 :

 1819 Figure.18: The descriptive statistics of the thickness distribution for the ten-layered non-crimp laminates manufactured under the experiment scenario of Run IV. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers

Figure. 20 :

 20 Figure.20: The ten-layer non-crimp laminate thickness distributions manufactured by VAP, DBVI and CAPRI.

Figure. 21 :Figure. 22 :

 2122 Figure.21: The six-layer satin-woven laminate thickness distributions manufactured by VAP, DBVI and CAPRI Figure.22: The ten-layer satin-woven laminate thickness distributions manufactured by VAP, DBVI and CAPRI.
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 2324 Figure.23: Cross-section images of the laminates manufactured under experiment conditions of (a) Run I for woven reinforcements, and (b) Run IV for non-crimp reinforcements Figure.24: The comparison of average void content between the variants of vacuum infusion and HIPRTM
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 129 Figure.1: Setup of DBVI process. On the left side: closed vacuum bag, on the upper right side: second vacuum bag with breather and respective connection, on the bottom right side: placement of the consumables (peel ply and flow mesh) and filling channel

Figure. 11 :Figure. 12 :Figure. 13 :

 111213 Figure.11: Muffle used for burning of composite samples

Figure. 14 :Figure. 15 :

 1415 Figure.14: Final laminate thickness distribution for the woven laminate (Run II) produced by HIPRTM

Figure. 16 :

 16 Figure.16: The descriptive statistics of the thickness distribution for the ten-layered satin-woven laminates manufactured under the experiment scenario of Run II. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.

Figure. 17 :

 17 Figure.17: The descriptive statistics of the thickness distribution for the six-layered non-crimp laminates manufactured under the experiment scenario of Run III. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.

Figure. 18 :

 18 Figure.18: The descriptive statistics of the thickness distribution for the ten-layered non-crimp laminates manufactured under the experiment scenario of Run IV. Below: Histograms of thickness values. Laminate manufactured by VAP in orange bins, manufactured by DVBI in green bins, and manufactured by CAPRI in violet bins. Top: The boxplots of the thickness data with whiskers.
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 19 Figure.19: The six-layer non-crimp laminate thickness distributions manufactured by VAP, DBVI and

Figure. 20 :

 20 Figure.20: The ten-layer non-crimp laminate thickness distributions manufactured by VAP, DBVI and
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 21222324 Figure.21: The six-layer satin-woven laminate thickness distributions manufactured by VAP, DBVI and CAPRI

  

  

Table . 3

 . shows that the local fibre volume fraction calculated from the local thickness and from weight loss are in agreement. Further, the average Coefficient of Variation, CV, of Vf (1.88%) calculated from weight loss is comparable with CV, of Vf (1.75%) calculated from local thickness. These comparable values of Vf measured by weight loss were obtained by a wellcharacterised material procedure.

  from Table.6, at each mould gap, the thickness distributions over the satinwoven laminates are nearly as variable as the satin-woven laminates produced by variants of vacuum infusion (Table.5). The thickness distributions of non-crimp laminates produced by

	HIPRTM, on the other hand, are less variable than the non-crimp laminates produced by the
	variants of vacuum infusion. The highest laminate thickness is observed near the inlet
	(Figure.13), where higher injection pressure enables faster resin flow, and subsequently the
	preform may be displaced or washout due to excessively high injection pressure [43]. Resin
	injected under high pressure into a mould cavity exerts flow-induced deformation of the
	preform which is termed as "fibre washout". Our recently published paper [41] visualized and
	quantified the in-plane induced deformations occurring during the one dimensional HIPRTM
	process. This contribution examined how the flow-induced fibre washout formation locally
	changed fibre volume fraction and the permeability of preform.
	(Table.5)
	(Figure.14)

5)

Table.

[START_REF] Alms | Mechanical properties of composite structures fabricated with the vacuum induced preform relaxation process[END_REF] 

shows the statistical characterisations of thickness for four laminates produced by HIPRTM. The average values of the thicknesses correspond closely to the cavity height. As it can be observed

  Table.8) that HIPRTM can manufacture composite laminates with low void content (<2%) and high fibre volume fraction (60%) thanks to high compaction forces. But still the variation of thickness is relatively high due to mould deflection causing the problem of fibre wash-out and dry spot. Therefore, the effectiveness of HIPRTM to produce a high quality laminate requires addressing these challenges. Of the variants of vacuum infusion, the VAP laminates showed the lowest void content but also low fibre volume fraction (54 %). It is possible to obtain satin-woven laminates with relatively high fibre volume fraction (60 %) by CAPRI and DVBI. However, none of the current variants (VAP, CAPRI, and DVBI) can manufacture the non-crimp laminates with high fibre volume fraction and low void content.
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 . : Various LCM process-their advantages and challenges with VAP, DBVI, CAPRI, and HIPRTM

Table . 1

 . : Parameter design and levels Table.2: Viscosity values of thermosetting PRISM® EP2400 one-part toughened epoxy resin versus temperatures

	Treatment			Factorial effects		
	name	Temperature (ºC)			Resin-Viscosity (Pa.s)		
		Fabric architecture	Number of layers Average	Injection pressure for Standard deviation Pressure gradient for
					HIPRTM (bar)	infusion (bar)
		30		94.29		2.22	
	Run I	Satin-weave 80	6	0.55	5	0.04	0.6
	Run II	Satin-weave 90	10	0.36	20	0.00	0.95
	Run III	Non-crimp 100	6	0.30	20	0.00	0.95
		110		0.22		0.05	
	Run IV	Non-crimp	10		5		0.6
		150		0.16		0.00	

Table . 3

 . : Comparison of burn-off technique and thickness measurement versus average fibre volume fractions, Vf . µ is average fibre volume fraction, and σ is the standard deviation Table.5: Statistical information of laminate thicknesses for the variants of vacuum infusion Table.6: Statistical information of laminate thicknesses produced by HIPRTM

				Table.4: Squared error propagation coefficients			
	Process variants		Error source VAP Process variants		Coefficient squared DBVI HIPRTM			CAPRI
	Manufacturing method Experiments RunI Composite density (g/cm 3 ) 2 RunII RunIII RunIV RunI Experiments	RunII RunI	Vf(%) 0.39 RunIII RunII	RunIV RunIII	RunI RunIV	RunII	RunIII	RunIV
	Average thickness (mm)	weight loss Fibre density(g/cm 3 ) 2 2.234 3.894 2.4 4.165 CV (%)=σ/µ 2.177 3.454 Average thickness (mm) 2.06	local part thickness 0.11 2.4 3.99 2.032 3.28 2.091 3.53	CV (%)=σ/µ 3.396 2.4	4.01
	VAP Standard deviation (s) (%)	µ±σ 56.15±0.37 Resin density(g/cm 3 ) 2 1.31 Run I 2.38 5.7 5.9 Standard deviation (s) (%)	0.65 3.3	3.51 3.1	55.83±0.32 7.63 0.08 11.31 3.8 4 4.7	1.9	1.9	0.57 10	9
	CV(%)=m/s×100	0.6	Composite weight (g) 2 0.6 2.4 1.4 CV(%)=m/s×100	1.5	1 1.5	0.056 3.2 1.1	1.9	2.8	1.3	0.9	0.56	4.1	2.2
	Maximum (Pa)	Run II 2.265 Fibre weight(g) 2 55.4±1.04 3.96 2.49 (Pa)	4.3	1.87 2.271	3.517 2.15	53.38±0.33 0.019 2.565 4.13 3.38 2.18 3.64 2.077	3.432	0.61 2.6	4.17
	Minimum (Pb)	Run III 2.208	52.79±1.39 3.841 2.3 (Pb)	4.02	2.127	3.376 2	54.76±1.63 2.228 3.67 3.21 2.02 3.47 1.994	3.352	2.97 2.2	3.82
	2.63 2.22 0.47 Maximum variance (%)= (m-Pb) ×( Pa-m) ×100 Run IV 53.89±1.2 Maximum variance (%)= (m-Pb) ×( Pa-m) ×100 0.08 0.35 0.89 1.9	0.49 0.49	52.88±0.79 2.8 4.4 0.7 0.63 0.61 0.17	0.16	1.49	4	2.9
	DVBI	Run I		56.55±0.38		0.67		57.3±0.85			1.48
		Run II		58.73±0.74		1.26		60.19±0.61			1.01
		Run III		56.01±1.36		2.42		55.07±1.7			3.08
		Run IV		56.4±1.37		2.42		55.13±1.6			2.90
	CAPRI	Run I		62.96±0.9		1.42		61.38±0.58			0.94
		Run II		60.86±1.11		1.82		61.21±0.34			0.55
		Run III		54.16±0.98		1.8		54.97±2.3			4.18
		Run IV		53.52±0.98		1.83		54.88±1.3			2.36
	HIPRTM	Run I		60.35±1.82		3.01		60.28±0.9			1.49
		Run II		63.81±0.48		0.75		63.22±0.72			1.13
		Run III		61.06±1.6		2.62		63.21±1.2			1.89
		Run IV		62.25±0.93	1.49		62.23±0.83			1.33

Tabel.7: Final quality of manufactured laminates related to fibre volume fraction (Vf (%)), Thickness gradient (%), and Void content (%)