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Abstract
Carbon fibre composites are used in primary structures of current generation commercial aircraft, such as the Boeing 787 and Airbus A350. Throughout the service life of such an aircraft, it is inevitable that structural repair or modifications involving an out-of-autoclave repair process will be required. During these out-of-autoclave repair processes, usually performed at localized maintenance, repair and operations (MRO) companies around the world, the uncured prepreg patch can be exposed to environmental conditions in the hangar or outside. This paper examines the effect of moisture absorption on the prepreg material following a double vacuum debulking process, and prior to curing out-of-autoclave. Porosity contents up to 13.2% can be seen in a worst case scenario, compared to a void-free repair without moisture exposure. However, it was also shown that an exposure of 30 mins at 32°C and 95% relative humidity is enough to cause a failure of the repair process, as quantified by ultrasonic C-scan. The short term exposure is also severe enough to cause a reduction of almost 20% in flexural strength. The results highlight the importance of maintaining a temperature- and humidity-controlled environment for aerospace repair.
1.
Introduction
Incorporating carbon fibre composite materials into primary aircraft structures results in lightweight design advantages required to meet increasingly strict environmental regulations on emissions and cost saving by fuel efficiency [1]. However, the repair process for composite primary structures is a significantly different and challenging venture for maintenance and repair companies, given the critical nature of these components and working knowledge available for composite materials. This is especially true for repairs taking place in high humidity regions such as Singapore [2]. 
Double vacuum debulking (DVD) is a process that was first demonstrated in the 1980’s as a procedure to reduce porosity and improve the mechanical properties of composites manufactured out-of-autoclave [3]. The DVD process has since been introduced as a mandatory patch preparation method for the repair of aerospace primary structures such as the Boeing 787 fuselage. The DVD process consists of a B-staging step under double vacuum to create a vacuum environment without significant compaction forces to remove the volatiles and porosity contributing elements. DVD is typically conducted in a temperature and humidity controlled environment, away from the aircraft. The patch is then brought to the aircraft and is set up for curing under standard vacuum bagging after the DVD process has been completed. This creates a window of 15 mins up to potentially several hours in which the patch can reabsorb moisture from the environment prior to curing.
The study of moisture uptake on repair quality has been studied extensively [4, 5], however the majority of the published work is focused on moisture present in the parent structure. As this can have significant negative effects in a composite repair scenario, such as porosity, weak interfaces, plasticization, swelling and degradation [5], composite parent structures need to be dried extensively before repair. In contrast, moisture uptake from uncured prepreg materials was shown to be up to 1% [6] in typical atmospheric conditions. The absorbed moisture resulted in a porosity content of up to 2.7% when an out-of-autoclave manufacturing method was used. However, the effect on the mechanical properties are not shown and the DVD process was not used in this work.
In this paper, the quality of an out-of-autoclave soft patch scarf repair with DVD process and  short-term moisture exposure was investigated to mimic realistic repair conditions. The effects of absorbed moisture on porosity content and the resulting mechanical laminate and repair properties were evaluated.
2.
Material and methods
An aerospace grade carbon fibre/epoxy system formulated for autoclave processing (Toray T830/3900-2D in 6K plain weave woven form) was used for the both parent and repair patch. The film adhesive was (Henkel PL7000) co-cured with the patch. Both parent and repair utilized an 8-ply quasi-isotropic [(-45,+45)/(90,0)/(+45,-45)/(0,90)]s layup. The autoclave panels used for repair quality evaluation were machined to a scarf angle of 2°. The out-of-autoclave composite repair patches were cured at 177°C for 150 minutes with a heat blanket controlled by a Wichitech HB-2 hotbonder with four thermocouples. The DVD set up and cure cycle are shown in Figure 1.
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Figure 1. (a) Double vacuum debulking set up and (b) cure cycle

Once the DVD chamber has been sealed, the vacuum level in the upper chamber is increased to within 1 inHg of the lower bag, and the temperature is raised to 103°C for 60 mins. After the DVD process, the patch is transferred to the scarfed panel and cured at 177°C for 150 mins using a standard vacuum bagging layup.

Moisture uptake of the uncured prepreg was performed in a humidity chamber (HCP 108, Memmert). Conditions of 32˚C and 95% relative humidity (RH) and 55˚C and 95% RH were used as typical conditions and worst-case scenarios, respectively. Moisture uptake measurements were conducted using specimens of 50 mm x 50 mm squares, which were first pre-cured with DVD to remove residual volatiles. The prepreg plies were then immediately placed into the humidity chamber as single plies. 
Composite laminates were manufactured with an adhesive layer at the bottom as this configuration is more representative of a repair scenario [7]. Specimens preconditioned with, and without moisture exposure before curing were tested in four point bend and short beam shear, in accordance with ASTM D7264 and D2344 respectively. Repair specimens were manufactured with a scarf angle of 2˚ and an initial damage was introduced by drilling a 25 mm diameter hole.
3.
Results

3.1. Moisture uptake

An initial solvent content of 0.15 wt% was measured by thermogravimetric analysis (TGA) in the as-received prepreg. This agrees well with the 0.21 wt% loss in mass following the DVD process, where the additional 0.06 wt% mass loss is due to resin bleed out that does not occur in the TGA. When DVD is not used, the prepreg material can absorb up to 0.3 wt% of moisture from the atmosphere, as shown in Fig. 2a. When prepreg is pretreated with DVD, the rate of moisture uptake is higher and the maximum moisture absorption increases to 0.7 wt%. This corresponds to an increase in actual volatiles present in the prepreg for out-of-autoclave curing when DVD is used, which may cause a higher porosity content after curing.
The moisture uptake in the adhesive is significantly higher and has a higher rate than the prepreg, as shown in Fig. 2b. However, the film adhesive does not have a suitable DVD cycle to remove the volatiles and this result demonstrates that the film adhesive should also be kept under vacuum or away from humid environments during the repair process.
The moisture uptake profiles show a good fit to a Fickian diffusion model [8], as shown in Fig. 2. This shows that the thin, uncured specimens are able to quickly absorb moisture at these conditions to reach equilibrium very rapidly.
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Figure 2. Moisture uptake of uncured materials at 32°C and 95% RH.
3.2. Porosity analysis
The ultrasonic C-scan non-destructive testing method is commonly used in the aerospace industry to identify delaminations and defects. Fig. 3 shows the results of the ultrasonic C-scan, which indicates regions of porosity in scarf repaired laminates. Regions where the attenuation is equivalent to porosity above 4% is highlighted as orange. The DVD repaired carbon fibre laminates shown in Fig. 3a show no porosity. However, the patch that was exposed to only 30 mins of typical atmospheric conditions exhibit extensive porosity as shown in Fig. 3b, which would not pass typical aerospace quality control. Further moisture exposure, as shown in Fig. 3c, up to 8 hrs show more extensive porosity.
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	(a) DVD only
	(b) DVD followed by moisture exposure of 32°C, 95% RH for 30 mins


	(c) DVD followed by moisture exposure of 55°C, 85% RH for 8 hrs


Figure 3. Ultrasonic C-scan images showing porosity in scarf repaired laminates.
More detail can be elicudated from cross-section images such as the size and location of the porosities, as shown in Fig. 4. The DVD pretreated laminates were virtually void-free and porosities could not be idenfitied from the polished cross-section images, as shown in Fig. 4a. When a moisture exposure of 32°C, 95% RH for 30 mins was applied after DVD, the void content was measured to be 0.24 ± 0.10%. The discrepancy between the C-scan and cross-section porosities could be due to volatile flow paths. Moisture in the prepreg would be released at 100°C and thus be able to flow through the adhesive layer in a laminate. However in a repair scenario as shown in Fig. 3b, the presence of the parent material restricts the flow of the volatiles thereby increasing the porosity content. As shown in the polished cross-section in Fig. 4b, the porosities are generally small in size and located at the interlayer area as well as within the plies. A moisture exposure of 55°C, 85% RH for 8 hrs represents a worst case scenario that would be highly unlikely in real-world situations. The high moisture exposure treated laminate shows a significant increase in porosity to 4.83 ± 1.11%. While the average porosity may not appear to be high, it is clear from Fig. 4c that the voids are mainly large voids between plies. Smaller porosities are also observed to be between fibres. 
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	(a) DVD only
	(b) DVD followed by moisture exposure of 32°C, 95% RH for 30 mins
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	(c) DVD followed by moisture exposure of 55°C, 85% RH for 8 hrs


Figure 4. Optical microscopy images of carbon fibre laminates with 1 layer of adhesive.
Fig. 5 shows the cross-section optical microscopy images of the repaired carbon fibre specimens. Similarly to the 1D repairs, the DVD pretreated repair is void-free (~0%), where no porosities can be measured. The repair patch that has been exposed to severe moisture conditions shows average porosity levels of 4.99 ± 2.96%, with some regions as high as 13.2% in the centre of the laminate. The results also show the similarities in porosity content between the carbon fibre laminates with a single layer of adhesive and the repair specimens.
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	(a) DVD only
	(b) DVD followed by moisture exposure of 55°C, 85% for 8 hrs


Figure 5. Cross-section optical microscopy images of repaired carbon fibre laminates.
3.3. Mechanical properties

The laminate properties are shown in Table 1. The flexural modulus does not change with the different moisture conditions as it is predominantly a fibre dominated property, where porosity in the matrix has little influence. However, the flexural strength shows a significant decrease of approximately 20% due to the moisture exposure. This could be caused by plasticizing effects due to the absorbed moisture in the resin. Both the short and extreme exposure moisture conditions have similar flexural strengths. The short beam shear test results show no change in interlaminar shear strength with the short term humidity exposure of 30 mins. The low apparent porosity content from the exposure has little effect on the interlaminar properties. The high porosity content from the more extreme humidity exposure has a significant effect on the interlaminar shear strength, causing a reduction of 8%.
Table 1. Flexural and interlaminar shear properties of laminates with and without moisture conditioning.

	Moisture condition
	Exposure time

(mins)
	Average porosity

(%)
	Flexural modulus

(MPa)
	Flexural strength

(MPa)
	Interlaminar shear strength (MPa)

	None
	-
	0.0
	41 ± 1
	806 ± 51
	66 ± 2

	32˚C, 95%RH
	30 mins
	0.24 ± 0.10
	39 ± 1
	656 ± 7
	66 ± 1

	55˚C, 85%RH
	8 hrs
	4.83 ± 1.11
	41 ± 1
	630 ± 14
	61 ± 3


4.
Conclusions
The effect of prebond moisture on the prepreg patch was investigated for carbon fibre composite scarf repairs.
The study emulates conditions that would be present in existing out-of-autoclave repair processes that are currently in use by the aerospace industry. The double vacuum debulking (DVD) process when conducted correctly with minimal exposure to high humidity conditions, produces repair specimens and laminates that are nominally void-free. However, the debulked prepreg material can absorb an additional 0.7 wt% of moisture over time when exposed to humid conditions.
A mild exposure condition of 32°C and 95% relative humidity for 30 mins, which is a likely scenario in typical repairs, show excessive porosity when ultrasonic C-scan was used. Closer examination by cross-section microscopy show average porosity contents of only 0.24 ± 0.10%. This could be due to volatile flow restrictions in a repair scenario which increases the porosity content by limiting the volatiles from escaping. The flexural strength was also found to decrease by 19% after exposure of only 30 mins. A more extreme condition of 52°C and 85% relative humidity for 8 hrs was applied to examine the worst case scenario. The average porosity increased to 4.99 ± 2.96%, with some localized regions being as high as 13.2%. The high porosity in this case caused the interlaminar shear strength to decrease by up to 8%.
The work presented in this paper demonstrates the importance of a humidity controlled environment for composite repairs, especially in regions where the temperature and humidity are typically higher. Future work will be carried out on repair strength tests, although the plasticizing effect may cause the materials to be more ductile and thus show little to no change in static strength. However, such high porosity contents are elements of concern in fatigue and long term use.
References
[1] 
K. Lu. The future of metals. Science, 328(5976):319–20, 2010
[2]
Climate of Singapore. Meteorological Service Singapore. Available from: http://www.weather.gov.sg/climate-climate-of-singapore [Accessed 10th April 2018]

[3] 
L.B. Buckley, R.E. Trabocco and E.L. Rosenzweig. Non-autoclave processing for composite material repair, Report No. NADC-83084-60, Naval Air Warfare Center, Warminster, PA, 1983.

[4]
J.E. Robson, F.L. Matthews and A.J. Kinloch. The bonded repair of fibre composites: Effect com of composite moisture content. Composites Science and Technology, 52(2):235-246 1994.
[5]
K.B. Katnam, L.F.M. Da Silva and T.M. Young. Bonded repair of composite aircraft structures: A review of scientific challenges and opportunities. Progress in Aerospace Sciences, 61:26-42, 2013.

[6]
L.K. Grunenfelder and S.R. Nutt. Void formation in composite prepregs–Effect of dissolved moisture. Composites Science and Technology, 70(16):2304-2309, 2010.
[7]
H.M. Chong, S.L. Liu, A.S. Subramanian, S.P. Ng, S.W. Tay, S.Q. Wang and S. Feih. Out-of-autoclave scarf repair of interlayer toughened carbon fibre composites using double vacuum debulking of patch. Composites Part A: Applied Science and Manufacturing, 107:224-234, 2018.
[8]
W.K. Loh, A.D. Crocombe, M.A. Wahab and I.A. Ashcroft. Modelling anomalous moisture uptake, swelling and thermal characteristics of a rubber toughened epoxy adhesive. International Journal of Adhesion and Adhesives, 25(1):1-12, 2005.
Patch





Adhesive





Patch





Adhesive





Adhesive





Patch





Parent





Patch





Adhesive





Parent





Patch





Adhesive








H. M. Chong, S. P. Ng, E. Kok, S. Daynes and S. Feih

