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ABSTRACT 

This work is concerned with the fabrication of carbon fibre-reinforced epoxy composite panels with reduced flaws 
and defects induced by fabrication process. Sample preparation and mechanical testing of samples are conducted to ensure 
quality for their design and development. Many different methods can be used to fabricate composite samples. Inexpensive 
methods are preferred in academic setting to produce samples having qualities similar to the industrial fabrication 
processes. Fabricated samples are inspected and checked with an inspection report consisting of rejection notice.Despite 
repeatable fabrication process rejection rate of fabricated sample is relatively higher and little literature is available on 
corrective actions taken to reduce the number of repetitive errors and defects in the fabrication process. The present study 
proposed corrective actions to prevent and reduce recurrence rate of flaws and defects detrimental to safety and 
performance of the product by correcting the root cause. Instant problems, gathered quality data, information correlation to 
determine causes, trends, and solutions have been described. Samples preparations method using press-clave is described 
and validity of samples’ quality was checked using visual and ultrasonic C-scan damage detection techniques. On the basis 
of corrective actions the rejection rate reduced up to 50%. This suggests that the corrective measures and techniques 
described are adequate for the assessment of sample quality for both development and fabrication purposes. 
 
Keywords: laminated panels, press-clave, fabrication techniques, ultrasonic C-scan. 
 
INTRODUCTION 

Based on their applications materials have been 
classified into four categories: metals, organic (polymers), 
ceramic, and composites to achieve particular physical, 
mechanical and thermal characteristics. The category of 
composites is commonly defined as a combination of two 
or more distinct materials which retain their own 
distinctive properties to create a new material [1]. The 
basic concepts of composites material along with details of 
earlier works are explained by author at reference [2]. 
Influence of fibre orientations and fibre contents of an 
epoxy resin composites on mechanical prosperities are 
reported in [3]. Composites are the materials whose 
internal structural arrangements can be exploited by giving 
them remarkable strength in the preferred directions [4]. 
The layup of pre-impregnated material by hand is the 
oldest and most common fabrication method for advanced 
composite structures [5] and [6]. The composite 
fabrication studies focused on technologies like hand 
layup with or without pressure and vacuum bag moulding 
process are given in [7]. The volume fractions of fibres are 
impregnated for each layer with required resin amount by 
weight mixed with the proportions of additives (catalysts 
or accelerators) to allow faster curing without application 
of external heat [8]. The resin is manually applied by 
pouring, brushing, or spraying over the reinforcements. 
The roving or mat may also be saturated with resin before 
layup [9]. Entrapped air is removed with squeegees, 
rollers, and brush dabbing for consolidation. Layers of 
fibre reinforcement and resin are placed on top of each 
other in desired orientations added to build up the desired 
thickness. Finally curing occurs at ambient pressure with 

or without external heating [10] followed by curing of the 
polymer resin at the required temperature [11]. A typical 
hand lay-up of a flat composite laminate is shown in  

Figure-1. 
 

 
 

Figure-1. Schematic of a hand layup process. 
 

Impregnated fabrics are dried in an oven at 40 °C 
for 20 minutes to evaporate the solvent (like methyl ethyl 
ketone) and then the layers are stacked and cured in a 
vacuum bag at 180°C for 3 hours [12]. This type of 
fabrication is the most time-consuming and requires 
significant amount of skilled labour. Even though the 
method has been replaced with automated techniques, the 
basic features of the method remain unchanged [13]. There 
are four basic steps in the manufacturing of composite 
parts: wetting, impregnation, layup, consolidation, and 
solidification. The steps involve the six operations: fibre 
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placement along the required orientation; impregnation of 
the fibres with resin; consolidation of the impregnated 
fibres to remove excessive resin, air, and volatiles; cure or 
solidification of the polymer; extraction from mould; and 
finishing operation, such as trimming [14]. Fabricating 
processes differ in the way the operations are performed. 
In some cases the operations may be combined into a 
single step to save time for example, fibre placement, 
impregnation, and consolidation are simultaneously in 
filament winding. While some operations may be 
performed ahead of time, such as the impregnation of a 
prepreg that it is subsequently used in hand layup [15]. 
Such process variations have significant impact on the 
cost, production rate, quality, and performance of the final 
product. Each processing method has inherent advantages 
and limitations that affect the structural and material 
design. A major breakthrough in composite manufacturing 

technology occurred with the development of ‘prepreg 
tape,’ which is a tape consisting of fibres pre-impregnated 
with the polymer resin and partially cured. The fabricator 
no longer has to worry about mixing the resin components 
in the right proportions and combining the resin with the 
fibres in the correct fashion. The prepreg method can be 
considered as an extension of hand lay-up. There have 
been a number of fabrication techniques available and 
novel techniques are emerging to satisfy ever-increasing 
technical requirement and consumptions [12] and [16]. 
The techniques can be divided into the thermo-set based 
composites those that once solidified (cured) they cannot 
be re-melted while the thermoplastic-based composites 
those that re-melt after cure. Commonly used techniques 
are depicted in the flowchart  

Figure-2. 

 

 
 

Figure-2. Flowchart of composite manufacturing and materials relationship [12]. 
 

Manufacturing processes for components made 
from thermo-set composites usually require the optimal 
achievement of two physical properties. The first is the 
fibre volume fraction which determines the composites 
strength [17]. The second property is the void content 
found within the matrix resin. During the layup process 
the presence of voids is inevitable [18]. A high void 
content indicates that the resin has not thoroughly 
embedded the fibres, resulting in the deterioration of 
properties [19]. . In order to make comparative studies, 
every effort must be made to ensure that any factors 
influencing the measured properties are considered and 
corrected for, where possible. Optimum properties can be 
achieved if the fabrication defects are detected easily and 
efficiently [20]. Many different kinds of fabrication 
defects are possible, but in practice the fabricators are 
concerned with a limited range of faults, namely incorrect 
fibre volume fraction, poor fibre impregnation and high 

void content [21] and [22]. A laminate with a high void 
content results in a weaker interface strength due to 
inadequate adhesion, resulting in the reduction of 
composite strengths and moduli [23]. Mutual abrasion of 
fibres results in fibre damage, fracture, matrix crack 
initiation and growth due to void coalescence. Voids 
reduce inter-laminar shear strength, compressive strength 
and fatigue resistance. Also, high temperature durability 
can be impaired, together with certain electrical properties, 
and water absorption increases. It has been suggested [26] 
that inter-laminar strength is very sensitive to 1% voids, 
while above 5% voids it is the compressive strength that is 
most affected. However an increase in impact strength, has 
been observed [27], is probably dependent on void 
geometry [28]. A low void content maximizes the 
composites mechanical strengths, and ensures strength 
consistency [26]. The extent to which voids affect the 
mechanical and other properties is a function of void 
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content, void distribution and void shape [29]. Visual and 
ultrasonic inspections are not performed on structural 
composites due to common limitations of the lack of 
standard that can be used to distinguish between critical 
and noncritical defects [11] and [30]. 

The literature search revealed that correlations of 
fabrication flaws and defects with quality of sample 
products were scarcely investigated. Processing anomalies 
such as voids (small cavities in the resin), delaminations 
(unbounded areas between layers), longitudinal cracks 
(lack of bonding between fibre and matrix), and porosity 
occur during fabrication were investigated in the present 
study. Poor tooling, insufficient ply consolidation, low 
pressure, loss of vacuum during the cure cycle, and post-
cure process defects were correlated to the causes.  

The present study proposed presence of some of 
the common fabrication induced flaws and defects with 
corrective actionsto improve manufacturing quality and 
reduce rejection rate of faulty samples. 
 
Materials required for laminate fabrication 
 
Fibre reinforcements 

Fibres are the principal constituents in a fibre-
reinforced composite material. They occupy the largest 
volume fraction in a composite laminate and share the 
major portion of the load acting on a composite structure. 
Proper selection of the fibre type, fibre volume fraction, 
fibre length, and fibre orientation is very important, since 
it influences performance and manufacturing cost. Carbon 
fibres with the filament diameter of most types is about 5-
7μm commercially available in different forms as shown 
below Figure-3.   
 

 
 

Figure-3. Carbon fibres. 
 
Matrix resin  

The role of the matrix is to support the fibres and 
bond them together in the composite material. It transfers 
any applied loads to the fibres, keeps the fibres in their 
position and in chosen orientation. The matrix also gives 
the composite environmental resistance and used to 
determine maximum service temperature of a prepreg. 
Maximum service temperature is one of the key selection 
criteria for choosing the best prepreg matrix. Matrix 
materials could be formulated to be flame retardant, non-
burning, or self-extinguishing. Two most common resins 
are polyesters and epoxies. Epoxy parts are used mainly 
for dimensionally stable, high-strength applications, while 
polyesters are used in high-volume, less critical 
applications. The Epoxies generally out-perform most of 
the other resin types in terms of mechanical properties and 

resistance to environmental degradation, which leads to 
their almost exclusive use in aircraft components. The 
epoxy is a highly reactive functional group and can be 
cross-linked to form a network structure in the presence of 
curing agents or hardeners. The properties of cured epoxy 
products depend on the type and quantity of hardener and 
degree of cross-linking. Nature and quantity of additives 
allow the properties of the cured epoxies to be tailored to 
achieve specific performance characteristics. Commonly 
used uni- and by directional woven fabrics are shown in  

Figure-4.  
 

 
a)                             b) 

 

Figure-4. Types of a) woven fabric I and 
b) woven fabric II. 

 
Equipment and tools required forlaminate preparation 
 
Mould preparation 

Common to all manufacturing methods is the use 
of a die, mould, or mandrel. They provide the structural 
shape for the composite material, and are typically an 
inverse, or female, replica of the desired structural shape. 
The design of the mould is a critical and expensive 
process. It is essential that the mould is able to withstand 
temperature changes without softening, distorting or 
deteriorating and is compatible with epoxy resin. For such 
qualities, the standard polyester moulds are not suitable for 
use in making prepreg carbon fibre laminate. Instead, the 
simplest and most useful male and female 
flatmouldingplates (polished aluminum alloy) shown in  

Figure-5(a) were selected. A simple hand layup 
can be made over a male tool or in an open female cavity 
with equal ease. The choice of mould depends on which 
surface is more critical in appearance, for instance, a 
female mould is used if outer surface is critical. 
Conversely, a male mould is used if the inner surface is 
critical. If a high quality surface finish is desired, a layer 
of catalyzed resin is sprayed onto the mould and allowed 
to partially cure. This resin layer is called a gel coatand 
forms a protective surface layer through which fibrous 
reinforcements do not penetrate. Gel coat resins can be 
specially formulated for flexibility, blister resistance, 
stains resistance. The side of the composite away from the 
tool is generally rough but can be made smoother by 
wiping with cellophane or other suitable releasing film 
such as polyvinyl alcohol. They need to be cleaned with 
Acetone (liquid) to remove any dust or dirt that might 
have stuck to their surfaces before used  

Figure-5(b). The weighing machine used for 
physical measurement as shown in  

Figure-5(c) and calibrated in grams. 
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    a)                                                   b)                                  c) 

 

Figure-5. a) Aluminum alloy mould, b) Release agent, c) Weigh measuring machine, d) Silver foils. 
 
Prepregcutting for stacking layers 

The raw materials consist of unidirectional 
carbon fibresheets were stored in a deep-freezer in the 
Composite Laboratory of the University as demonstrated 
in the picture Figure-6(a) below. Deep freezer where 

prepreg is kept at temperature less than -18oC being its 
shelf - life. The prepreg was removed from the freezer 
Figure-6(b) and left open at room temperature as shown in 
Figure-6(c). 

 

 
                               a)                                                               b)                                                                 c) 
 

Figure-6. a) Deep-freezer, b) Taking out sheets of prepreg, c) Roll of prepreg. 
 

The operation of cutting prepreg, into desired size 
and fibre orientation. Cutting tools for cutting the prepreg 
in layers sizes and orientations, utility knife, scissor and 
electric knife Figure-7(a). The cut sheets of prepreg are 

placed on the working table Figure-7(b). A template was 
created for the specific laminates made it much simpler to 
fabricate the same parts again with different thickness 
Figure-7(c). 

 

 
                                    a)                                                      b)                                                                c) 
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Figure-7. a) Cutting tools, b) Cut sheets of prepreg, and c) Cutting template. 
Observation: During cutting it was observed that 

the material became harder after some time resisting 
cutting. Therefore we have to speed up the cutting because 
we realized that the materials had started curing under 
long room temperature. 
 
Layup and preparation of laminated samples 

Carbon fabric layers of size 320mm x 320mm 
were taken from fabric role. Plies were trimmed from the 
prepreg roll into the desired shape, size, and orientation. 
Before laying up the prepreg, the backup release film was 
peeled off from each ply  

Figure-8(a), and cut according to the cutting 
template.  Construction of prepreg consisted of the fibre 
volume fraction: 53.3% and density: 1.77g/cm3 while resin 
volume fraction: 37% and density: 1.219g/cm3 by weight. 
A gel coat was then applied to the mould for a smooth 
surface, followed by a resin and the layup of cut layers. 
The resin (LY556) and Hardener (HT972) were mixed in 
the 100:27 ratio by weight was heated to 80°C and 10% 
methyl ethyl ketone was added to get the required 
viscosity  

Figure-8(b). Manufacturing steps were followed 
in successive fashion in order to obtain a high-quality 

composite laminate after final processing. First the mould 
was cleaned with acetone and wax was applied for easy 
removal of the cured laminate  

Figure-8(c). Then layers were placed on the 
mould surface covered with a Teflon-coated glass fabric 
separator (used for preventing sticking in the mould) on 
which the prepreg plies were laid up in the desired angle 
and stack sequence.  

Figure-8(d). The first layer of resinwas mixed 
before application with methyl-ethyl-ketone peroxide 
hardener at a ratio of 1% (the amount of prepared resin 
was 2-3 times higher than the weight of used reinforcing 
material). Then the second layer of reinforcing (dry) 
material was placed on top of the first one. The metallic 
hand roller was used to facilitate a uniform resin 
distribution among the layers/fibres and to remove the air 
bubbles from the composition. For each sample, 
layers/fabrics were impregnated and dried in an oven at 
40°C for 20 minutes to evaporate the methyl ethyl ketone 
solvent and then the layers were stacked. The application 
process of layers was repeated until the desired structures 
of the rectangular flat panels 8-, 16, and 24-Ply at angles 
450/00/-450/90° had reached.  

 

 
                               a)                                            b)                                       c)                                        d) 
 

Figure-8. a) Removal of the protective silicon paper prior to lay-up, b) Applying resin, c) Spraying mould 
with release agent, and d) Layingup plies. 

 
Observation: The white for the carbon are the 

protective silicon paper, protecting the prepreg sheet 
against foreign inclusions, this are not removed until the 
material are ready for layup. 
 
De-bulkingof layup 

De-bulking was performed in order to achieve 
appropriate compaction and to remove any air that has 
been trapped between plies during lay down. The air 
trapped within a laminate can cause wrinkles and porosity 
during cure. Slight compaction pressure was applied to the 
prepreg to adhere to the Teflon-coated glass fabric or to 
the preceding ply in the layup. The de-bulking procedure 
was performed under vacuum and heatingfor every two 
plies of prepreg with of 500-900g/m2. A layer of non-
porous release fabric over the prepreg lay-up was applied 
with 340g/m2 breather on top of the non-porous release 
film. Multiple vacuum connectors were used so that no 
point was more than .5m from a vacuum source of at least 

625mm Hg applied for at least 15 minutes. The vacuum 
rate did not cause prepreg to shift and the final de-bulk 
took 30 minutes.  
Bagging system and procedure 

Reusable vacuum bagging systems for (a replica 
to autoclave) curing of composite laminates provides the 
means of removing trapped air and escaping volatiles 
(through venting) and consistent resin flow throughout the 
laminate. Typically, a prepreg contains 40wt% of resin. If 
this prepreg is allowed to cure without any resin loss, the 
cured laminate would contain 50 vol% of fibres. Since 
nearly 10 wt% of resin flows out during the moulding 
process, the actual fibre content in the cured laminate is 60 
vol% which is considered an industry standard for 
aerospace applications. The excess resin flowing out from 
the prepreg removes the entrapped air and residual 
solvents, which in turn reduces the void content in the 
laminate, typically 34 wt%, and allow only 1-2 wt% resin 
loss. The specified instructions regarding the use of peel 
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plies, bleeder materials, breather materials, and bagging 
materials were followed. The laminate placed on top of 
mould  

Figure-9(a) was wrapped into silver foils. The 
foils is silvery in colour was used for wrapping the mould 
after closing with the top plate of the mould to prevent 
leakages of the resin. Then laminate and mould were 
packed in an insulated plastic bag  

Figure-9(b). The bag must be heat resistant, 
flexible, non-volatile, and resistant to tearing.  

Figure-9(c). The complete layup was covered 
with another sheet of Teflon-coated glass fabric separator, 
a caul plate, and then a thin heat-resistant vacuum bag, 
which was closed around its periphery by a sealant  

Figure-9(d). Bleeder and breather plies are 
porous, high-temperature fabrics which are used to absorb 

excess resin during processing. The excess resin is trapped 
and absorbed by the porous bleeder plies and conduct 
vacuum path into the laminate.  

An edge bleeder (strip) was used to connect to the 
vacuum ports. It was placed so that it overlays the breather 
material surrounding the laminate and extends out to a 
convenient location for the placement of the vacuum port. 
Breather plies are used to provide a vacuum pathway into 
the composite laminate, and they also act as a conduit for 
the removal of volatiles during cure. They must remain 
porous at high temperatures and pressures. Most bleeder 
materials can also be used as breather plies. The bagging 
film is sealed around the edge of the lay-up by sealant 
tape, and the film is drawn down onto the composite 
laminate by pulling a vacuum under the bag. 

 

 
                             a)                                         b)         c)                                         d) 
 

Figure-9. a) Mould, b)Layup wrap in silver foils, c) Plastic bag for laminate packing, and 
d) Mould and laminate wrapped in the bag. 

 
After the layup operation was completed, 

avacuum port was installed through the bag and the 
contents were evacuated and checked for leaks  

Figure-10(a). If any leakage flaws were detected, 
they were repaired before processing. The leak test calls 
for application of a vacuum to some specified level of Hg 
followed by a 30-60 minutes hold. During the hold, bag 
was disconnected from the vacuum source and the 
pressure level within the bag was monitored. Since bag 
was sealed well was no leak, then the vacuum level was 
not change for the 30-60 minutes, the composite laminate 
was processed after satisfactory vacuum test. Sample was 
wrapped and sealed with breathable fabric and heat 
resistant plastic. A vacuum line is then attached to the 

mould for evacuation of volatile gases during the cure 
process  

Figure-10(b). Without the vacuum bagging these 
gases would be trapped and could cause void contents of 
greater than 5% in the cure laminate. The maximum cure 
temperature is usually prescribed by the prepreg 
manufacturer for the particular resin-catalyst system used 
in the prepreg and is determined from the time-
temperature-viscosity characteristics of the resin–catalyst 
system. The entire assembly was placed inside the heating 
chamber of the pressure oven  

Figure-10(c) where a combination of external 
pressure, vacuum, and heat were applied to consolidate 
and densify separate plies into a solid laminate.  
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                                a)                                                         b)                                                           c) 
 

Figure-10. a) Sample sealed, b) Vacuum line is attached to the sample, and c) Sample being placed in the chamber. 
 
Cure monitoring systems 

A monitoring system is required to observe and 
review all processing parameters throughout the cure cycle 
to ensure good quality which meets the desired structural 
performance and environmental durability. Thermocouple 
wires were used to monitor and record the temperature and 
pressure of representative test panels. The thermocouple 
junctions were also placed at the laminate mid-plane and 
near the edge of the laminate to continuously record time, 
temperature and vacuum during the cure process. 
Additional thermocouples were placed outside the bag 
only if it demonstrated that there was negligible 
temperature difference between the inside and outside of 
the bag. The lagging thermocouple was used to control the 

curing cycle in all the steps. The major instruments used 
are the pressure gauge to ensure that the recommended 
pressure for the materials had met, pyrometer which have 
upper and lower limit temperature gauge to allow for the 
variation plus or minus 10. The upper gauge of the 
pyrometer  

Figure-11(a) is always set at exactly the specified 
curing temperature degrees while the lower one set at less 
10 degree each time of the temperature changes. The 
laboratory pressure gauge was calibrated in MPa therefore 
the pressure to be used must be converted to meet the 
gauges’ calibration  

Figure-11(b). 

 

 
                                      a)                                                                                                      b) 
 

Figure-11. a) Pyrometer, b) Pressure gauge with on/off button. 
 
Methodology for curing samples  

The prepared laminates can be cured by different 
processes: 
No vacuum and pressure 
With vacuum 

With vacuum, pressure, and temperature 
The corresponding curie cycles: vacuum, 

pressure, and temperature application steps are generally 
given as cure cycles prescribed by the manufacturers.  
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Curing with vacuum, pressure and temperature 

The oven heating chamber was closed with 
laminate inside, the pressure set at between 0.785MPa and 
10MPa and the temperature meters set at 60oC top and 
50oC bottom and the oven switched on. Pressure changes: 
0.49-0.785MPa remained constant for all sample made for 
this experiment. The curing temperature: 50-60, 110-120, 
and 170-180oC. The temperature ranges was also remained 
constant for respective duration. Curing time: four hours 
and cooking time was two hours. The pressure-clave used 
for curing in this study is the replicate an autoclave. The 
plies were left inside the oven with temperature set at 50-
60oC for 1hr. The dwelling at a temperature lower than the 
curing temperature is important for two reasons: 
  
a) It allows the layup to achieve a uniform temperature 

throughout the thickness and  

b) It provides time for the resin to achieve a low 
viscosity. 

At exactly one hour’s the temperature was 
changed to 110-120oC and leaving the material for one 

hour again. At exactly one hour with temperature at and 
pressure constant, the temperature was again increased to 
170-180oC and left for two hours. The reason for the 
variation in temperature setting between the top and 
bottom meter was to take care of any error(s) that may 
likely occurred due instrument or setting. The Figure-12 
shows a typical two-stage cure cycle for a carbon fibre–
epoxy prepreg[30]. The first stage in this cure cycling 
consists of increasing the temperature at a controlled rate 
from 300C up to 1300C and dwelling at this temperature 
for nearly 60 min when the minimum resin viscosity was 
reached. In the second stage the cure temperature and 
pressure were maintained for 2 h or more until a 
predetermined level of cure had occurred. The vacuum 
was applied to remove air and volatiles, while the pressure 
was required to consolidate individual layers into a 
laminate. As the prepreg was heated in the clave-press, the 
resin viscosity in the prepreg plies first decreased, 
attaining a minimum, and then increased rapidly (gels) as 
the curing (cross-linking) reaction began and proceeded 
toward completion. Recommended heat up rate and cure 
pressure and temperature were followed. All the prepared 
samples were cured at 180°C for 3 hours. At the end of the 
cure cycle, the temperature was slowly reduced while the 
laminate was still under pressure. 

 

 
 

Figure-12. Typical two-stage cure for a carbon fibre-reinforced panel. 
 

After the last two hours of waiting for the 
laminate to cure, the oven was turned off with the cured 

laminate and oven left to cool together for two hours after 
which the laminate were  ready to be removed Figure-13. 
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Figure-13. The schematic diagram of the curing cycle. 
 
Removal of the cured laminates 

After the cure cycle, the mould was taken out 
from the oven and left together for 10mins before the 
moulds was finally opened and the laminate was separated 
from the mould. The bag and films were carefully 
removed from the laminate to avoid lift up from the master 
surface. Before removal of the bag from the cured part 
Figure-14(a), the bag was examined for evidence of 

ballooning, charring, rupture, resin contact, tearing or 
other condition that would indicate bag failure during the 
cure cycle. The laminates were cut into industry standard 
samples using circular cutter as shown in Figure-14(b). 
Cut samples are shown in 

Figure-14(c) and un-wrapped empty mould is 
shown in Figure-14(d).  

 

 
 

Figure-14. a) Cured laminate being removed, b) Circular cutter, c) Cut-samples, and d) Un-wrapped mould. 
 
Post-fabrication damage diagnostics 
 
Visual inspections 

Inspection of the cured sample is an essential 
ingredient of the fabrication process. All cured sample 
were visually inspected after cool down and removal of 
the vacuum bag. Both visual and non-destructive methods 
of inspection were used to ensure that any defects in the 
cured samples are detected. Some samples were scrapped 
because the vacuum failures during processing, causing 

excessive voids, inadequate resin flow, or incomplete 
consolidation. It was then typically subjected to a rigorous 
ultrasonic inspection. Through-transmission ultrasonic 
equipment was used for post-fabrication inspection. The 
equipment has limitations for inspecting samples with 
tight bend radii, corners, and section components. In such 
cases Pulse Echo ultrasonic equipment with a small hand-
held head for the transducer could be used to detect 
anomalies within the bend-radii and sections. Samples 
fabricated in this study were planar rectangular hence 
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post-fabrication ultrasonic methods were employed to 
detect the inclusion anomalies.  
 
Ultrasonic techniques 

The ultrasonic uses high frequency sound waves 
typically in the range between 0.5 and 15 MHz to conduct 
examinations and make measurements for flaw detection 
and material characterization etc. The advantage of 
ultrasonic is that it causes no damage to the sample and 
can be used a number of times on the same sample with a 
variety of techniques. The ultrasonic testing is based on 
the capture and quantification of either the reflected waves 
(pulse-echo) or the transmitted waves (through-
transmission). The pulse echo systems are more useful 
since they require one-sided access to the inspected object. 
Three scan modes can be implemented in ultrasonic 
scanning. They are referred to as A-scan, B-scan and C-
scan. A-scan produces single point information concerning 
the object quality. The signal amplitude and its location 
relative to those of the signals corresponding to the upper 
and lower surfaces of the object gives an indication of the 
severity and the through-thickness location of the damage. 
The B-scan is a linear collection of A- scans that are 
equivalent to scanning a slice through the sample. The 
third is ultrasonic C-scan that has been proved to be the 
most popular and useful of all scanning modes. The 

ultrasonic C-scan technique is frequently used by 
aerospace industry to detect damage, extent of impact 
damage size, and inspection of such underlying damages. 
The technique is useful in showing the changes and 
damage pattern within the samples. The technique 
produces a planar indication of the type and extent of 
damage that’s why it is applied to detect and monitor the 
void and delamination distribution and their extent/size, 
nature, and progression. The equipment consisted of a 
Meccasonics immersion system with an ultrasonic tank of 
two axis controllers, an ultrasonic probe, flaw detection 
hardware and integrated software, a digital oscilloscope 
and a personal computer. The equipment schematic can be 
seen in  

Figure-15. An ultrasonic beam passes through a 
known good laminate and can be calibrated for the amount 
of attenuation that the sample thickness gives. Various 
attenuations of damage mechanisms including void, matrix 
cracking, and de-lamination predictions are by far the most 
popular via C-scan techniques. The technique uses two 
transducers: an emitter and a receiver, the receiver was 
placed on the opposite side of the component and facing 
the transmitting probe. The technique is also referred to as 
the 'obscuration' technique because it measures total 
attenuation within the material caused by features that 
'obscure' the beam. 

 

 
 

Figure-15. Schematic of the ultrasonic equipment. 
 

All the fabricated samples underwent C-scan 
ultrasonic analysis to document non-apparent internal 
damage. Samples were cleaned to remove any dirt or 
residue and placed in a holder slightly raised from the 
glass bed. Single laminate was placed above a glass plate 
immersed in a water bath at a time and process was 
repeated. The limits of the scan were entered into the 
software and the zero point indicated. On microscopically 
homogenous materials (i.e. non composites) it is 

commonly used in the frequency range 20 KHz to 20 
MHz. The transducer swept backwards and forwards 
across the component, receiving and analysing the signal 
reflected from different surfaces of the damaged sample 
and glass plate. The software gave complete positional 
control, axis speed and resolution allowing for little 
intervention.  
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DISCUSSIONS AND RESULTS   
 
Fabrication defects and flaws induced delaminations 
and voids 

Assessment of the fabrication induced damage of 
a sample requires knowledge of overall void and 
delamination size, distribution, and location. The samples 
were cut in such a way that there was a uniform 
void/delamination content within the gauge length. It can 
be seen that the surface background level varies with the 
change in the scanned pictures that relate to void and 

delamination content and their distribution. From 75 
different samples examined, performance of the 26 
samples fell below in mechanical tests (tensile, 
compression, and flexural) and had to be scrapped. In 
those cases, the void content measurement was found to be 
higher. Three samples were selected to show from the 
every samples of stacking sequence: 8-, 16-, and 24-Ply 
laminates in  
 

Figure-16.  

 

 
 

 

Figure-16. a) 8-Ply, b) 16-Ply, and c) 24-Ply laminates. 
 

According to Mallick [30], 0.1% error in any of 
the parameters measured leads to an error of 2.5% in void 
content. In practice, errors can easily be made in excess of 
0.1%. However errors associated with sample size and 
edge effects can also be reduced by increasing the size of 
the samples. Accuracy with void content 5% cannot be 
attained with any of the available mechanical testing 
methods. However variations in degree of resin cure may 
have some effect but so long as the degree of cure is not 
grossly below. Samples were inspected and checked with 
an inspection report consisting of over 30% rejection 
notice. As repeatable fabrication process depends on a 
number of key characteristics and parameters. Hence, 
corrective actions were taken to reduce the number of 
repetitive errors and defects in the fabrication process. 

Description of the following instant problems and gathered 
quality data provide useful information to determine 
causes, trends, and long term solutions. The purpose of the 
corrective action process is to prevent and reduce the rate 
of recurrence of a defect, damage, and failure detrimental 
to safety and performance of the product by correcting the 
root cause. 
 
Corrective measures for fabrication flaws and defects 
Insufficient cleanliness, aging prepreg, poorly installed 
equipment 

In case the surface and working area is not 
sufficiently cleaned with an approved solvent, it 
contaminates and dust or other object may affect quality of 
the fabricated samples. Fresh prepreg material is essential 

a) 

b) 

c) 
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for consistent and high quality cured laminates. As they 
have a limited freezer storage lives (often less than six 
months) as well as limited allowable out-time (often less 
than ten days) when the material has been removed from 
the freezer but before it has been cured. If the material 
exceeds its storage life or out-time, the matrix 
intermolecular cross-linking may not fully occur during 
cure, yielding a cured component that won’t meet strength 
requirements. Porosity and delaminations are often the 
result of using old material. Old material may feel board to 
the touch, and can be difficult to manipulate during layup, 
ply consolidation and forming operations. The material 
must also be kept free of debris and fluids during 
processing to prevent strength degradation through 
contamination. Prepreg and adhesives that have exceeded 
their allowable out-time or are old and have expired must 
not be used. 

Layup mandrels must be designed to produce 
samples that match the designed contour. If the mould 
tooling produces laminates that exceed contour allowable, 
then the laminate will require excessive cutting, 
preloading during assembly etc which will compromise its 
performance. If prepreg laminations are pre-cut and 
grouped into kits for future layup and cure, the poly-film 
backing and packing must not be removed until each ply is 
ready to be placed in the layup mould. Kits must be stored 
in sealed, moisture-proof containers until ready for lay-up. 
Upon removal from storage, the prepreg materials must be 
allowed to warm to room temperature inside the sealed 
moisture-proof bag for at least 3 hours or until visible 
moisture has vanished from the outside of the bag. Using 
method of automatic ply lay down in order to speed up the 
process can also eliminate human errors. Tape material 
can easily be laid down by machines, whereas fabric is 
more difficult, and in a majority of cases they are laid 
down by hand.  
 
Inclusions, mould, insufficient consideration, de-bulk, 
andbagging  

These can occur when insufficient care is taken 
during ply layup. Foreign objects have been discovered 
post-cure inspection such as backing paper, release film 
and even personal items. Inclusions are physical defects 
that reduce the load carrying capacity of a part. Inclusions 
are often attributed to a lack diligence by the layup or to 
lack of attention by the in-process. Post-fabrication 
methods must be employed to discover the majority of 
inclusion anomalies. Defects such as edge damages, dents, 
delaminations and fastener hole damage can result after 
cure, during part handling, machining and assembly, and 
care must be taken during handling. It is essential that the 
protective coating (e.g. conductive coating if present, paint 
enamel and primer) is removed using a prescribed method 
such as abrading or sanding. The coatings should be 
completely removed over an area that will more than 
encompass the repair. All fluids must be removed from the 
component using vacuum and heat. Failure to remove all 
moisture and fluids from the repair region of the 
component may cause a patch bond-line failure. Residual 
moisture or fluids can seep into the patch bond-line during 

the cure heating cycle, destroying the chemistry of the 
resin matrix, or the moisture can vaporize under the 
elevated cure temperatures to blow the patch off the 
component. 

The materials require ply consolidation prior to 
the cure cycle. This is due in part to the matrix viscosity, 
and depending on the number of plies in a layup, several 
compaction cycles may be necessary. In thecases of 
sufficient ply consolidation or compaction prior to cure 
can lead to quality products. Large quantities of air are 
inevitably trapped between each prepreg layer and can be 
removed by covering the prepreg with a release film, a 
breather layer and applying a vacuum bag. The vacuum 
should be applied for 10-15 minutes at room temperature. 
The first ply attached to the mould face is generally 
consolidated and this can be repeated after every 3 or 5 
layers depending on the prepreg thickness and sample 
shape. Consolidation can be carried out overnight or 
during a natural break in the layup process. Slight heating 
to 30-40 °C will give a faster consolidation and is essential 
for large thick components to remove volatiles and air. It 
is essential that the correct measured amounts of the resin 
be mixed correctly to reach the desired state of cure. 

Composite materials require de-bulking every 5 
or 6 plies to remove any air that has been trapped between 
plies during lay down. Air trapped within a laminate can 
cause wrinkles and porosity during cure. The de-bulking 
procedure is typically performed under vacuum and for 
some materials may for some require heating. A method 
called double vacuum de-bulk has been developed to 
obviate the need for a de-bulk cycle every 6 plies. The 
method has been used to successfully remove entrapped 
air from laminates of more than 40 plies prior to the cure 
cycle. Use of reusable vacuum bagging systems for 
autoclave type curing provides the means of removing 
trapped air and escaping volatiles (through venting) and 
encouraging consistent rein flow throughout the laminate. 
The bag must be vacuum tight to ensure proper ply 
consolidation during cure in order to ensure a well 
consolidated part without porosity. 
 
Incorrect vacuum-pressure control and temperature 
tolerance  

If the cure process is not monitored closely, wide 
variations in thermocouple readings, incorrect heat-up 
rates and cure temperature, and loss of vacuum may result. 
If there is a lower or higher than an acceptable 
thermocouple reading then an unevenly cured product may 
result. Laminated substructure heat sinks can affect 
thermocouple readings, and it is important to be cognizant 
of the substructure and thermocouples must be placed 
accordingly. The ramifications of vacuum loss; incorrect 
heat-up rates and/or lower than acceptable cure 
temperatures may produce laminate with insufficient 
temperature or moisture resistance. If the cure temperature 
is too high, then the resin may be burned. The oven/press-
clave, component and tooling, must all reach and remain 
above the minimum cure temperature throughout the cure 
cycle. Thermocouples used to monitor the temperature 
must be placed carefully to ensure accurate information is 
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received for the whole system and to operate at the cure 
temperature ±5 °C. The most important thing is that the 
oven is safe and reliable and that it can reach and maintain 
the required temperature. It is standard practice to have a 
hole through the side or back of the oven through which a 
vacuum hose can be passed enabling a vacuum connection 
to the sample to be maintained during cure. In case of 
curing without a vacuum connection inside the oven 
provided the sample has been vacuumed-down outside of 
the oven then the vacuum bag must be perfectly sealed. 
The bag must not develop a leak or lose vacuum pressure 
during the full curing cycle. 

Each prepreg has a recommended cure time 
which starts when the lowest thermocouple reading 
reaches the minimum cure temperature. Extended cure 
times at the recommended cure temperature do not 
normally have an adverse effect on the component quality. 
The matrix, viscosity, flow, reaction rates and component 
surface quality can all be affected by the chosen heat up 
rates. Most prepreg can be processed by a range of heat up 
rates. Generally, fast heating rates are possible for thin 
components and slow heating rates are used for large and 
thick components. The heat up rate selected should avoid 
large temperature differentials between the component and 
the heat source. Cooling cycles should be controlled to 
avoid a sudden temperature drop which may induce high 
thermal stresses in the component. Pressure and/or 
vacuum should be maintained throughout the cooling 
period. To avoid isotherms it is advisable to incorporate a 
dwell (equalise sample temperature and initiate a 
controlled cure) and a controlled heat up rate (avoids a 
large temperature differential between the air temperature 
and the sample). Any accumulations of resin are prone to 
exothermic under these conditions. Regarding inside the 
layup it depends on:the maximum cure temperature, the 
heating rate, and the initial layup thickness. At low heating 
rates, the temperature distribution remains uniform within 
the layup. At high heating rates and increased layup 
thickness, the heat generated by the curing reaction is 
faster than the heat transferred to the mould surfaces and a 
temperature overshoot occurs. Resin flow in the layup 
depends on the maximum pressure, layup thickness, and 
heating rate, as well as the pressure application rate. 

During the cure cycle, any loss of vacuum, 
pressure or temperature can result in anomalies such as 
voids and porosity. An improperly cured laminate may 
also have lower than required thermal stability in addition 
to lower mechanical properties. Use of correct vacuuming 
process to remove air from the prepreg layup and provides 
a consolidating pressure for oven curing. It is common 
practice in cure cycles to reduce the applied vacuum to a 
low level that acts as a very effective vacuum bag leak 
detector, for the duration of the cure cycle. If there are any 
leaks in the vacuum bag, they can be detected by good in-
process monitoring of the heating unit read-outs, otherwise 
the repaired patch and bond-line may contain voids, 
excessive porosity and delaminations. A cure pressure 
sufficient to squeeze out all excess resin from 16 to 24 
layups was found to be inadequate for squeezing out resin 
from the layers closer to the bottom surface. Similarly, if 

the heating rate is very high, the resin may start to gel 
before the excess resin is squeezed out from every plies in 
the layup. The cure cycle recommended by prepreg 
manufactures may not be adequate to squeeze out 
excessive resin from thick layups. Since the compaction 
and resin flow progress inward from the top, the plies 
adjacent to the bottom mould surface may remain un-
compacted and rich in resin, thereby creating weak inter-
laminar layers in the laminate. Excess resin must be 
squeezed out of every ply before the gel point is reached at 
any location in the prepreg. Therefore, the maximum cure 
pressure should be applied just before the resin viscosity in 
the top ply becomes sufficiently low for the resin flow to 
occur. If the cure pressure is applied too early, excess resin 
loss would occur owing to very low viscosity in the pre-
gel period. If on the other hand the cure pressure is applied 
after the gel time, the resin may not be able to flow into 
the bleeder cloth because of the high viscosity it quickly 
attains in the post-gel period. Thus the pressure application 
time is an important moulding parameter in a bag-
moulding process. In general, it decreases with increasing 
cure pressure as well as increasing heating rate. The 
uniformity of cure in the laminate requires a uniform 
temperature distribution in the laminate. The time needed 
for completing the desired degree of cure is reduced by 
increasing the cure temperature as well as increasing the 
heating rate. Besides voids and improper cure, defects in 
bag-moulded laminates relate to the ply layup and 
trimming operations. 
 
Bag removal related defects   

When removing the cured laminate from the tool 
surface, avoid the use of any sharp objects or tools that 
could damage the surface of the part or the mould. Avoid 
bending the cured laminate or the detail part. Do not 
remove any peel ply at this time. Finishing the part by 
trimming the edges that exceed the mould and removing 
excess resin using angle grinders with diamonds blades; 
the cut is finished with sandpaper. Every sample was 
identified with the respective part number and cure cycle 
number. Close control must be maintained over the fibre 
orientation in each ply, the stacking sequence, and the total 
number of plies in the stack. Care must also be taken to 
avoid filament crossovers. Broken filaments, foreign 
matter, and debris should not be permitted. To prevent 
moisture pickup, the prepreg roll on removal from the cold 
storage should be warmed to room temperature before use. 
The manufactured laminates of carbon epoxy; the excess 
resin forces out of the prepreg during curing appeared 
around the cured epoxy laminate.  
 
Delaminations and void predictions after corrective 
actions 

Assessment of the fabrication induced damage of 
samples carried out for overall void and delamination size, 
distribution, and location. From 75 different samples 
examined, performance of the 12 samples fell below in 
mechanical tests (tensile, compression, and flexural) and 
had to be scrapped. Three samples were selected to show 
from the every samples of stacking sequence: 8-, 16-, and 
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24-Ply laminates in Figure-17. The surface background 
levels in the scanned pictures show little scratches or 
colour changes that relate to void, delamination content, 

and their distribution. The corrective measures have 
reduced the void contents to 50% which indicates sample 
performance quality has also been improved. 

 

 
(c) 

 

Figure-17. a) 8-Ply, b) 16-Ply, and c) 24-Ply laminates. 
 
6. CONCLUSIONS 

This work described fabrication carbon fibre-
reinforced samples with improved quality. Fabrication 
process induced damage and corrective actions have been 
proposed. All the above defects degrade mechanical 
properties, particularly in compression, shear and flexure. 
Based on the results the following conclusions can be 
drawn:  
a) Voids can be caused if the prepreg is not allowed to 

warm to room temperature before laying-up, thus 
introducing moisture into the prepreg stack.  

b) Delaminations are can be caused by entrapped air or 
the inclusion of pieces of backing sheet.  

c) Longitudinal splitting and delamination can occur in 
multidirectional laminates as a result of thermal 
stresses induced during cool-down from the curing 
temperature.  

d) Effect of resin content on the mechanical properties: 
more resin contents reduce strength of the composite. 

e) Effect of void content on the process parameters: 
Vacuum phenomenon during process is removing the 
volatile gases hence the trapping of gases in the 
component is minimum with voids formed in the 
component are low.  

a) 

b) 
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f) The sample having low void contents exhibits high 
tensile, flexural, and inter-laminar shear stress values.  

g) Pressure application may cause trapping of volatiles 
between the fabric layers. Hence high void content is 
observed in the laminate. 

h) Holding the laminates under the vacuum pressure 
longer resulted in better properties, as expected, for 
the composite laminates.  The properties were 
different between each laminate because the vacuum 
pressure was held on for different lengths of time.   

i) The effects of delamination were studied using C-scan 
and improved results with low void content are 
attributed to better vacuum suction phenomenon due 
to corrective actions.  

Finally it is concluded that use of non-destructive 
inspection techniques coupled with corrective improves 
quality of mechanical properties and reduce damage and 
cost.  
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