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ABSTRACT 
 
 
The development of composite materials has represented many advances in the 
naval, aeronautical and aerospace sector complying with specific properties that 
increase the strength of the material, depending on the application being used and 
the environmental conditions to which it is exposed. Composite materials as the 
constituted with carbon fiber reinforcements of epoxy type matrix, nowadays are 
used for the manufacture of components in the structure of the aircrafts for their 
reductions of weight and fuel in contrast to the common use of metallic alloys. Due to 
the importance of epoxy resin and its use in industrial processes will be considered 
object of study in this project. 
 
Despite of these advantages, other challenges to overcome are the development of 
cheaper production process and new techniques of processing to the manufacturing 
of components with struc tural functions; one of them is the resin infusion which is 
based on the impregnation of thin films of dry fabrics through resin, this technique 
uses vacuum pressure to drive resin into laminate. Materials are laid dry into the 
mold and the vacuum is applied before resin is introduced. This process improves 
the quality and strength of the laminate reinforcement (fiberglass) of the parts. 
 
During the resin impregnation process, the vacuum causes the nucleation and 
formation of air bubbles from gases dissolved in the resin. A degassing process prior 
to the infusion can be a solution to remove those undesirable effects in the resin. 
 
This explorative study has as aim the research about the state of art of the 
degasification techniques and collects the processes involved in the quality of the 
final result of the resin. Additionally, it gives the initial requirements to carry out a 
future experimental study. Technical requirements to the realization of the 
experiments such as equipment, materials and personnel involved will be evaluated. 
A solvent database as CES-EDUPACK 2012 of recognized prestige in industrial 
engineering and aeronautics field, also used in companies as Ferrari, Renault F1, 
Intel, NASA will be used in the selection criteria of the materials involved in the 
technical requirements. 
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Glossary of Terms 
 
 

• Air bubble: A small pocket of air inside a solid, a liquid or surrounded by a 
colloid within a larger fluid environment. 

• Area of voids: Total area of characteristics observed of the voids on a plane 
that is counted. 

• Catalyst: Substance that is used to accelerate the curing of a resin. 
• Composite Material: Material made of one or more components, in the way 

that the properties of the final material are higher than the components 
separately1. The constituent phases must be chemically dissimilar and 
separated by a distinct interface. 

• Cure Time: The amount of time that it takes for the molecules in a composite 
to cross-link.  

• Curing: Chemical reaction in which a thermoset resin changes of properties. 
The curing is made by addition of curing agents with or without heat and 
pressure. 

• Degassing: Deliberate removal of gas from a solid or a liquid. The standard 
procedure to resin degas is exposed the resin to partial vacuum. 

• Discrimination: Differentiation of surfaces or structures under desired features 
in comparison with other structures in the sample to be analyzed.  

• Epoxy resin: Thermosetting polymer that hardens when it is mixed with a 
catalyst agent or “hardener”. The most common epoxy resins are produced by 
a reaction between epichlorohydrin and bisphenol-a. 

• Fractional Count: number of a randomly or regularly spaced array of points 
falling under the desired features is counted 

• Fiberglass: The Fiberglass consists mainly of silica, which is associated with 
various oxides (alumina, alkaline and alkaline earth) and is obtained for the 
fusion of these materials. The material is made from extremely fine strands of 
glass. This is the most frequently used reinforcement in vacuum infusion. Most 
fiberglass fabrics offer high permeability, allowing resin to easily flow through 
them2. 

• Impregnation: Reinforcement material that has already been saturated with 
resin. 

• Magnification: Amount or degree to which the object observed is enlarged. It is 
measured by multiples, such as 2x, 4x, 10x.  

• Matrix: Continuous phase of the composite material. The material that joins 
together the reinforcement fibers of a composite. The matrix is usually viscous 
and hardens to give shape to the composite part and protect the fibers from 
damage. 

• Morphological Characterization: Imaging methods used to evaluate the 
surface morphology and describes it through parameters such as surface 
area, volume among others.   

                                                 
1 Miravete Antonio, Materiales compuestos I. Editorial Reverté, Marzo 2007 
2 http://www.toolingu.com/definition-750110-98434-fiberglass.html 



• Nucleation: Process where droplets of liquid can condense from a vapor or 
bubbles of gas can form in a boiling liquid. Nucleation can also occur in crystal 
solution to grow new crystals 3. 

• Polishing: Preparing stage of micrographic specimens of composite materials 
that consists in maintain a high-quality flat surface free of artifacts. It is 
performed in general with cloths placed to circular rotating platens over which 
are deposited small amounts of abrasives. Also are used other polishing 
methods such as electrolytic and vibration. 

• Reinforcement Material: Part of the composite that is of primary importance in 
the strengthening mechanism of the material, it provides the stiffness and the 
ability to carry a load. In manufacturing, fibers are the most common used 
reinforcement. 

• Resin infusion: Composite materials technique that consists in the resin 
injection by the action of the vacuum in a dry fiber preform placed on a rigid 
mold and cover for a flexible film sealed with the mold to form a closed and 
sealed cavity.  

• Resolution: Term used to describe the number of dots or pixels to display an 
image. 

• Sample: Representative part of the material that will be analyzed. 
• Size: Physical dimensions, proportions, magnitude of a sample material to be 

analyzed. 
• Spatial distribution: Frequency of the presence of voids in determinate region 

of area to be analyzed. This analysis usually is performed by two methods 
local mapping and neighborhood analysis. 

• Surfactant: A substance that, when dissolved in water, lowers the surface 
tension of the water and increases the solubility of organic compounds. 
Surfactants are used in inks to increase the effects of capillary action; 
detergents are surfactants that help remove organic compounds from a 
substance by making them dissolve more readily in the water in which the 
substance is washed4. 

• Void: An empty space between the plastic material and the mold. Voids are 
undesirable because they compromise the integrity of the finished product. 

• Volume fraction: The volume of a fiber in a cured composite. The fiber volume 
of a composite material may be determined by a photo micrographic technique 
in which the number of fibers in a given area of a polished cross section is 
counted and the volume fraction determined as the area fraction of each 
constituent. The fiber volume fraction gives an indication of mechanical 
performance as well as the level of compaction and therefore part 
consolidation. 

 
 
 
 
 
 
 
 

                                                 
3 http://chemistry.about.com/od/chemistryglossary/g/Nucleation-Definition.htm 
4 http://science.yourdictionary.com/surfactant 



 

Abbreviations 
 
 
Assy. Assembly 
CFRP Carbon Fiber Reinforced Polymer 
DDS Diminodiphenylsulfone 
DEDTA Diethyltoluenediamine 
DGEBA Bisphenol a diglycidylether 
DSC Thermal Scanning Calorimetry 
GFRP Glass Fiber Reinforced Polymer 
GLACE Glass Fiber Reinforced Alloy 
RI Resin Infusion 
RTM Resin transfer Moulding 
Tg Transition Vitreous Temperature 
TGMDA Epoxy Resin Tetrafunctional, Tetraglycil Methylene Dianiline 
UNE Una Norma Española (A Spanish Standard) 
UPC Universitat Politècnica de Catalunya (UPC-BarcelonaTECH) 
VARTM Vacuum Assisted Resin Transfer Molding 
VF         Volume Fraction 
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Introduction  1 

INTRODUCTION 
 
 
The development of composite materials plays an important role in transport, power 
wind, aerospace and aeronautic industry. Quality is required in the final product of 
composite materials, such as the constituted with carbon fiber reinforcements of 
epoxy type matrix, which nowadays are used for the manufacture of components in 
the structure of the aircrafts for their reductions of weight and fuel in contrast to the 
common use of metallic alloys [1]. Due to the importance of epoxy resin and its use 
in industrial processes will be considered object of study in this project. 
 
In the field of composites, resin infusion is a process where a stack of laminates are 
filled with a liquid resin [83]. This process uses the vacuum pressure to drive the 
resin into the laminates. The materials are laid dry into a mold and the vacuum is 
applied before resin is introduced. Once a complete vacuum is achieved, resin is 
literally sucked into the laminate via carefully placed tubing. This process is aided by 
an assortment of supplies and materials [20]. When the resin solidifies, the solid resin 
matrix binds the assembly of materials into a unified rigid composite. The 
reinforcement can be any material compatible with the resin.  
 
The resin infusion process is a cost effective method of manufacturing high quality 
and high strength composite parts that are required in relatively low quantities or 
physically large parts which are difficult, or prohibitively expensive to make by any 
other method [83]. During the resin impregnation process, the vacuum causes the 
nucleation and formation of air bubbles from gases dissolved in the resin. A 
degassing process prior to the infusion can be a solution to remove those 
undesirable effects in the resin [4]. Some defects can be produced in the final 
product of the preparation by resin infusion. The high porosity is one of the major 
factors implying a severe degradation of mechanical properties in composites, so is 
relevant to study the state of art the resin degasification techniques, because the 
knowledge of void removal strategies is very limited [5]. 
 
The chapter 1 Research scope, explains the main structure about how the research 
is focused, establishes clear objectives and determines which knowledge gaps exist 
and how the topic will proceed. 
 
The chapter 2 Introduction, establishes the baseline concepts about is necessary go 
in depth to get a better knowledge of the topic of the composite materials. The first 
part explains the history of composite materials; the second part is devoted to the 
classification and applications of composite materials. The third part of this chapter is 
focused to the study of the epoxy resin. 
 
The chapter 3 Research Methodology, study the parts of resin degasification and 
infusion process which need be improved or are very limited due to the lack of 
information. 
 
The chapter 4 presents the conclusions summarizing the final effects results in the 
resin and the analysis of methods or procedures as well as necessary requirements. 
Finally the bibliography presents the references and links used in this work. 
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Chapter 1 
 

RESEARCH SCOPE 
 
 
This chapter explains the scope of this master thesis: Introduction, Main and 
Secondary objectives, Relevance of the topic, Research approach, Limitations and 
key assumptions, Contributions to knowledge, Key terms, Abbreviations, Task 
planning and Budget. 
 
 

1.1. Introduction to the research 
 
Composite materials development has represented many advances in the naval, 
aeronautical and aerospace sector. These new materials are complying with specific 
properties that increase the material strength depending on the application being 
used and the environmental conditions to which it is exposed. Composite materials  
as the constituted with carbon fiber reinforcements of epoxy type matrix, nowadays 
are used for the manufacture of components in the structure of the aircrafts for their 
reductions of weight and fuel in contrast to the common use of metallic alloys. Due to 
the importance of epoxy resin and its use in industrial processes will be considered 
object of study in this project. 
 
Despite of these advantages, other challenges to overcome are the development of 
cheaper production process and new techniques of processing to the manufacturing 
of components with structural functions; one of them is the resin infusion which is 
based on the impregnation of thin films of dry fabrics through resin [1], this technique 
uses vacuum pressure to drive resin into laminate. Materials are laid dry into the 
mold and the vacuum is applied before resin is introduced [2]. This process improves 
the quality and strength of the laminate reinforcement (fiberglass) of the parts [3]. 
 
During the resin impregnation process, the vacuum causes the nucleation and 
formation of air bubbles from gases dissolved in the resin. A degassing process prior 
to the infusion can be a solution to remove those undesirable effects in the resin [4]. 
 
This explorative study aims research the state of art of the degasification techniques 
and collects the processes involved in the quality of the final result of the resin. 
Additionally, it gives the initial requirements to carry out a future experimental study. 
Technical requirements to the realization of the experiments such as equipment, 
materials and personnel involved will be evaluated. A solvent database as CES-
EDUPACK 2012 of recognized prestige in industrial engineering and aeronautics 
field, also used in companies as Ferrari, Renault F1, Intel, NASA will be used in the 
selection criteria of the materials involved in the technical requirements. 
 
 



4  State of the art of degasification techniques in composite material prepared by resin infusion 

1.2. Main objectives 
 
These are the main objectives for this master thesis: 
 

• To determine which factors are involved in the formation of bubbles in the 
epoxy resin infusion process and how to avoid them studying the state of the 
art of the degassing techniques. 

• To collect information to define the initial requirements needed to effectuate a 
future experimental study of the epoxy resin degasification; evaluating the 
technical requirements for the experiment achievement, such as: Equipment, 
Materials and Involved personnel. 

• To develop guidelines of selection criteria of materials with the use of the 
software CES-EDUPACK 2012, which allows with its extensive database to 
determine which materials are best suited to the technical requirements and 
conditions defined to the future experimental study of the epoxy resin 
degasification. 

 
 

1.3. Secondary objectives 
 
These are the secondary objectives for this master thesis: 
 

• Analyze recent studies based in tests with resin degasification evaluating the 
pressure effects in the formation of voids. 

• Collect information of studies relied on techniques of evaluation of curing time 
of samples prepared by resin infusion and analyze their effects. 

• Evaluate the results in studies done about degasification of epoxy resin 
samples with fiber reinforcement and determination of voids at components 
and mould cavity. 

• Search references of standards to get the volume fraction, determination of 
content and counting of voids. 

• Collect information concerned with the conditions to the preparation of 
samples to the analysis with morphological characterization (size, polished, 
magnification, resolution). 

• Investigate about of micro-structural characterization with microscopy (volume 
fraction, spatial distribution, discrimination, number and area of voids). 

 
 

1.4. Relevance of the topic 
 
Processes such as resin infusion have lower operational costs and higher production 
rates that it adjusts properly to the needs of industries as automotive, consumer 
products and aerospace parts. However, defects can be produced in the final product 
of the preparation by resin infusion. The high voidage is one of the major factors 
implying a severe degradation of mechanical properties in composites, so is relevant 
to study the state of art the resin degasification techniques, because the knowledge 
of void removal strategies is very limited [5]. 
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Due to the mechanical properties of composites are affected for the presence of 
voids such as strength, dielectric properties and surface finish. There is the need of 
implement controlled manufacturing techniques that can to keep the void content to a 
minimum and a fiber volume fraction in excess of 50%. 
 
Also is necessary to identify the sources of voids. For example, in the manufacturing 
process some causes of formation of bubbles are the entrapment of gases (wet air) 
during the lay up or during the impregnation of the fiber reinforcement with resin. 
 
The epoxy resin as previously mentioned is commonly used in industrial processes. 
This resin is prepared in proportions recommended for the manufacturer; some air 
bubbles are produced during mixing the resin and hardener together and are found 
suspended of the solution. 
 
Between other factors is the presence of volatile materials within the resin system 
and the void growth effect produced for the diffusion of air or agglomeration with 
other surrounding voids. 
 
Manufacturing techniques as vacuum infusion which shares common characteristics 
with resin infusion have been investigated and has been found that the void 
formation can be due to the leakage, boiling of volatile components in the resin or 
gas dissolved in the resin coming out of the solution, variation in permeability of the 
reinforcement at resin flow front [4, 6]. Voids are considered as stress concentrators 
and can act as crack initiation points [7]. 
 
A way to reduce the void formation is through the degasification under vacuum for a 
determined time whose techniques will be considered in this study. 
 
 

1.5. Research approach 
 
The project will be developed by mean of the following parts: Introduction scope, 
Research methodology scope and Conclusions scope 
 

1.5.1. Scope of the introduction to the research 
 
The chapter 2 will be the introduction of the project and including the baseline 
concepts that will be necessary to understand the parts of resin infusion process and 
the degasification techniques that are presented. 
 
The bibliographic revision will be done beginning from general to the particular. It will 
be focused in explain issues as the composite materials including the history, 
classification and applications. The epoxy resin will be studied in deep due to is one 
of the materials that will be used in futures experimental studies, as well as the resin 
infusion process, the reasons that influence the production of bubbles and the 
principles of degasification techniques to avoid them. 
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1.5.2. Scope of the research methodology 
 
The chapter 3 will expose the research methodology, it will be developed keeping in 
mind the parts of resin degasification and infusion process which need be improved 
or are very limited due to the lack of information. Besides, is relevant determine the 
initial requirements that will make part of an experimental study in the future. 
 

1.5.2.1. Section about the mixing procedure selection 
 
Subsection 3.1 presents some hand mixing processes such as epoxy resin agitation 
produce bubbles that could be introduced with the handling of the materials [6]. 
Therefore, it can be improved using an automatic mixer to control the mixing 
conditions then will be necessary to select a mixing procedure, looking for the 
information of manufacturers of automatic mixers to epoxy resins that accomplish 
with the conditions in which produced less bubbles in the mixture. 
 

1.5.2.2. Section about the curing time influence 
 
Subsection 3.2 will include an analysis about the influence of the curing time regards 
to the temperature and other variables in the final results of the resin. 
 

1.5.2.3. Section about the sample preparation influence and method 
analysis 

 
Subsection 3.3 will study the influence of the variables such as the pressure vacuum 
and treatment time in the degasification system. This subsection also studies the 
suitability of some methods to remove bubbles such as ultrasound degasification, 
vacuum degasification, centrifuge degasification and the application of surfactant 
agent. Technical requirements to the realization of the experiments such as 
equipments and personnel involved will be evaluated. The materials involved with the 
realization of the methods to remove bubbles in this part of the project will be 
selected with the use of the tool CES-EDUPACK 2012. 
 
The resin infusion process will be analyzed focused towards the results obtained in 
studies of preparation of samples with resin with reinforcement and determination of 
voids at resin components and mould cavity previous degasification methods. 
 

1.5.2.4. Section about the standards 
 
Subsection 3.4 will study some standards such as: UNE 1172 Textile-glass 
reinforced plastics-Determination of textile glass and mineral filler content and UNE 
7822 Textile glass reinforced plastics–determination of void content, counting 
methods. The first one will be useful to determine the volume fraction through the 
burn-off test and the second one will explain how to get the void counting by means 
the method of statistical counting. The requirements suggested to effectua te the tests 
will be evaluated according materials, equipment and personnel required. The 
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materials needed to the burn-off test will be evaluated with the software CES-
EDUPACK 2012. 
 

1.5.2.5. Section about the samples preparation for the microscopy 
 
Subsection 3.5 will study the conditions for the preparation of samples as (size, 
polished, magnification, resolution) to be evaluated through the use of microscopy. 
Also, it will be determined the requirements of materials, equipment and personnel to 
carry out this part of the project. The material requirements will be evaluated with 
CES-EDUPACK 2012. 
 

1.5.2.6. Section about the microscopy samples characterization 
 
Subsection 3.6, together with the information obtained in the subsection 3.4 
Standards and subsection 3.5 Samples preparation for the microscopy can be begun 
the determination of conditions to the microstructural characterization of samples with 
microscopy (volume fraction, spatial distribution, discrimination, number and area of 
voids). The requirements of equipment, materials, software and personnel required 
will be evaluated. 
 

1.5.3. Scope of conclusions 
 
Chapter 4 will be devoted to the conclusions summarizing the final effects, results in 
the resin and the analysis of methods or procedures as well as necessary 
requirements. 
 
Once has been established the relations between the variables implied with the 
degasification phenomenon and the production of bubbles i.e. pressure and time 
through the bibliographic revision in previous sections. Effects that could be expected 
in the final resin result will be analyzed beginning from the reference studies done in 
this field. As well as, will be analyzed the efficiency of the degasification methods in 
the final product of the epoxy resin. The requirements determined to a future 
experimental study will be analyzed with the characteristics of the composite 
materials laboratory of the UPC-BarcelonaTECH (COMPOLAB) for its future 
application, to this labor will be useful the results obtained with the software CES-
EDUPACK. 
 
The state of art of degasification techniques will mark new guidelines to the 
development of experimental studies. Additionally, the efficiency of the methods 
studied to avoid the presence of bubbles in the epoxy resin will allow determine 
which is the best to be applied in posterior experiments and  the recommendations 
suggested by manufacturers in previous studies will allow improve the resin infusion 
process. 
 
The analysis of the actual state of the requirements of the composite materials 
laboratory of the UPC in contrast to the necessary requirements will define the 
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possibility to carry out future experiments in their facilities. These issues will be 
summarized in the conclusions chapter. 
 
 

1.6. Limitations and key assumptions 
 
Methodologically, this project is bounded into the frame of exploratory studies 
because of the knowledge on this issue is very limited. Therefore, this project is 
proposed in a logical order as a bibliographic revision of the state of the art of 
degasification techniques in the resin infusion process and comprises an initial phase 
of posterior experimental studies. The research will be conducted in the searching of 
information for parts that will begin from the elaboration of the resin, preparation of 
samples, analysis of the content of the samples to the characterization of samples 
with electron microscopy techniques and the variables involved in the parts of the 
process. It will be not conducted to the realization of tests, as mentioned before.  
 
This project only will cover the determination of the initial requirements from of point 
of view technological, involves the availability of resources (materials) and personnel 
qualified to the development of the laboratory tests. 
 
 

1.7. Contribution to knowledge 
 
Initially, this research and their results will be useful for the COMPOLAB laboratory to 
the approaching of posterior studies in the design and implementation of experiments 
with a technique to the production of a resin of good quality that ideally would be a 
resin free of bubbles. It will be useful for the evaluation of the technical requirements 
and their achievements. 
 
Otherwise, due to there is empty in the knowledge concerning with the resin 
degasification, this project will contribute in some ways to improve the resin 
processing. 
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1.8. Task planning 
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1.9. Budget 
 
 
Table 1.2 Budget of the initial requirements project 

 
Concept Name Notes and 

observations 
Cost 

Equipment Automatic Mixer Mixer epoxy resins 65rpm 85.00€ 

Equipment Planetary Centrifugal Mixer Mixing+Deaeration 
Bubble removal 
Testing and analysis 
Techniques 

400.00€ 

Equipments, 
materials and 
reference 
standards 

N/A Provided by COMPOLAB 
and Materials Science and 
Metallurgy Engineering 
laboratory UPC, library 

N/A 

Raw material Preform 
-Biaxial glass fiber 
+/-45º 150 g/m2 

-Taffeta Glass Fiber 250 g/m2 

 
Roll 5 m linear 
 
Roll 5 m linear 

 
32.00€ 

 
43.00€ 

Raw Material Resin and Catalyst 
-Epoxy Resin Sicomin SR 8100 
-Catalyst Sicomin SR 8822  

Kit Resin and Catalyst 
15.70 kg 

216.00€ 

Raw Material Consumable material 
-Peel ply 
-Distribution woven mesh with 
perforated mold release film 
-Tubular Vacuum bag 50 µm 
-Mastic sealing tape vacuum bag 
-Polyethylene Spiral tube 

 
1.25x5 m linear 
3 m linear 
 
31cmx25 m 
MA-AT 200Y 
½ x 5 m linear 

 
27.50€ 
25.00€ 

 
14.00€ 
12.00€ 

7.50€ 

Personnel 
Requirements 

Labor cost bibliographic searching 
480 hours 

Cost per hour5 x 5.30€  

Personnel 
Requirements 

Labor cost Senior Technician  Cost per hour Lab. Sample 
preparation technician 

63.92€ 

Personnel 
Requirements 

Labor cost Senior Technician 
Electronic Microscopy  

Cost per hour  
Sample analysis TEM 

63.92€ 

Processes Use of Transmission Electronic 
Microscope 

Cost per hour 57.66€ 

Processes Samples for TEM Basic processing 63.08€  

Processes Use of Optical Microscope Cost per hour 5.00€ 

Processes Square sample (30 mm) or 
cylindrical sample 

Cost per Sample preparing 39.99€ 

Processes Gold metallization of samples 1 to 6 samples 6 23.66€ 

TOTAL 3723.23€ 
 
 

                                                 
5 Source: UPC-BarcelonaTech university. Prices Catalog 2007 
6 Source: University of Granada Public Prices Catalog 2012. Only taken as reference 
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Chapter 2 
 

INTRODUCTION 
 
 
This chapter is an introduction to the history, classification and applications of 
composite materials, as well as an introduction to some key concepts like Epoxy 
resins, Vacuum infusion process, Propitious factors for bubble production and 
Degassing techniques. 
 
 

2.1. History of composite materials 
 

2.1.1. Composites in the nature 
 
The wood was the first composite material used for the man, although, there were 
different woods with different conduction mechanical properties for several fluids. 
They have in common a cellulose matrix reinforced with lignin fibers (and other 
organic composites) that it gives the good properties of elasticity and deformation 
without breakdown [8]. Also bone is a composite of the strong yet soft protein 
collagen and the hard, brittle mineral apatite [9]. The inorganic calcium carbonate 
fibers are dispersed in the apatite mineral matrix. The fibers usually grow and get 
oriented in the direction of load. Tooth is a special type of bone consisting of a 
flexible core and a hard enamel surface. The most remarkable features of woods and 
bones are that the low density, strong and stiff fibers are embedded in a low density 
matrix resulting in a strong, stiff and lightweight composite. Woods and bones may 
be considered to be the predecessors to man-made composites [10]. 
 

2.1.2. The man and the first composites 
 
There are several types of composite materials to the construction. Since the 
Egyptian’s time was used the mud (straw fiber mixture in a clay matrix with water) to 
give a modeling clay with which the bricks were made with the desired shape and it 
have used as concrete in buildings. 
 
Actually, the concrete is the most important material and is the most used as 
structural component in the construction. The concrete is composed for big size 
dispersed particles (gravel and sand) and SiO2 in a hard matrix of silicates and 
aluminates that come of the hydration of the cement [8]. 
 
Some earliest examples of ceramics composites were the potteries and hydraulic 
cement mortars. The ancient china used to produce wares with the technique of wire 
reinforced ceramics (cloisonné ware). Fine wires casted with several matrices of 
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metal and ceramic were used later in diverse applications as well as were popular 
matrix materials as natural gums and resins, rubbers, bitumen, shellac, etc.  
 
Vegetal fibers as cotton and hemp and animal fibers as wool, fur, silk were in much 
demand.  
 
Glass fibers were manufactured more than 2000 years ago in Rome and 
Mesopotamia and were abundantly used in decoration of flower vases and glass 
wares in those days [10]. 
 

2.1.3. Development of the Composite Materials 
 
The history of the composite materials started in the 20th century. In 1907, the 
Belgian chemist Leo Baekeland got for first time a thermally stable resin. Baekeland 
heated and applied pressure a special pan to a phenol and a formaldehyde to get a 
liquid resin that polymerized and took the shape of the pan. That material was called 
Bakelite. 
 
In the first three decades of the century were incorporated the phenolic matrices that 
were the first industrially developed to isolating, armament and imitation jewelry 
applications. Subsequently were incorporated the polyesters matrices, the vinylester 
matrices and the epoxies matrices. 
 
The composite materials were developed in parallel with the matrices, considering 
that the fibers were already known. The first composite materials were glass fibers 
combined with phenolic matrices and polyesters to electric applications, ships and 
corrugated plate. 
 
The first method of manufacture was the hand lay-up. In 1930, were manufactured a 
lot of structures that were easily adaptable to different sizes and shapes with a low 
cost of production. This kind of materials became a choice to the traditional materials 
such as steel, concrete, aluminum and wood. 
 
The injection with thermoset matrices began in 1940 as a variation of the injection of 
thermoplastic materials. In the decade of fifties the first machines with worm gear 
appeared. 
 
In 1951 appeared the first patents of automatic methods as the pultrusion. The 
production started in 1956. For first time, were available structural composite 
materials due to the reliability of this process and the high resistance of the profile in 
the cases where is important the weight, the electrical isolation and the mechanical 
requirements. Parallel to the pultrusion appeared other processes used nowadays as 
the SMC (Sheet Moulding Compound) or glass fiber prepreg, polyester resins and 
loads that were shaped through heat press. The first applications were performed in 
the electric sector. At beginnings of seventies, it began to use in automotive [11]. 
 
Due to the war other fields as the aeronautic were evolving. Some applications 
during the WWII included engine nacelles, which lightened the A-20 airplane and 
radomes (domes to protect aircraft radar antennas) which gave both structural 
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strength and radar transparency. Phenolic-reinforced paper was used to make a 
structural wing box beam for PT-19 airplane at about this time. Plastic airplane seats 
were made of carded cotton fibers impregnated with urea and polyester. Wright 
Patterson Air Force Base developed aircraft wings for two training airplanes AT- 6 
and BT-15. After a pause of 50 years, the method of making the parts was nearly 
identical to the method employed at Wright Patterson Air Force Base in 1942.  
 
Many other composite improvements were developed during WWII including some 
innovative manufacturing methods such as filament winding and spray-up. Sandwich 
structures using a cellular core, fire resistant composites and prepreg materials were 
also developed during this time of development opportunity.  
 

2.1.3.1. Aerospace 
 
Due to the push of spatial exploration was occurred many advances in the 
development of composite materials in the decade of sixties. Richard Young of the 
W. M Kellogg Company began using filament winding for making small rocket 
motors. In 1962 Engineering Technology produce the first accurate winding 
machines. 
 
In 1961 a patent was issued to A. Shindo for experimentally producing the first 
carbon (graphite) fiber but Courtalds Limited of the United Kingdom was the first to 
produce commercially viable carbon fibers several years later. With these fibers, part 
stiffness to weight was improved. In 1978 was developed the first fully filament 
wound aircraft fuselage, the Beech Starship by Asthon. The plane was successfully 
flown, but was not commercialized using the filament wound technology. 
 

2.1.3.2. Leading up to the present 
 
New fibers were also introduced with boron filaments in 1.965 and aramid fibers 
(Kevlar) in 1.971. Fibers made of ultra-high molecular weight polyethylene appeared 
in the early 1.970´s. These advanced performance fibers, along with fiberglass and 
carbon fiber, have led to tremendous developments in aerospace, armor (structural 
and personal), sports equipment, medical devices, and many other high performance 
applications. The development of new and improved resins has also contributed to 
the expansion of the composites market, especially into higher temperature 
applications and applications where high corrosion resistance is needed. 
 
Today, the composites marketplace is widespread. As reported recently by the SPI 
Composites Institute, the largest market is still in transportation (31%), but 
construction (19.7%), marine (12.4%), electrical/electronic equipment (9.9%), 
consumer (5.8%) and appliance/business equipment are also large markets. The 
aircraft/aerospace market represents only 0.8% which is surprising in light its 
importance in the origins of composites. Of course, the aerospace products are fewer 
in number but are much higher in value [12]. 
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2.2. Classification of composite materials 
 
The composite materials are mainly classified in three groups: Particle reinforced 
composites, fiber reinforced composites and Structural composites as is shown in the 
Figure 2.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.1 Composite materials Classification7 

 
 

2.2.1. Particle reinforced 
 
The particle reinforced method can be by large particle reinforced composites or by 
dispersion-strengthened composites. 
 

2.2.1.1. Large particle reinforced composites 

 
In the particle reinforced composites the term “large” is used to indicate the 
interactions between the matrix and the particles to a macroscopic level. Those 
materials are designed to produce a combination of unusual properties and not to 
perform the mechanical resistance. 
 
The most common composite material reinforced with large particles is the concrete. 
The particles are the sand or gravel in a ceramic matrix composed by silicates and 
hydrated aluminates. 
 

                                                 
7 Source: 
http://bcs.wiley.com/hebcs/Books?action=index&itemId=0471135763&itemTypeId=BKS&bcsId=1188 
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Some polymeric materials with an additive of filler it behaves such composite 
materials reinforced with large particles. Particles can have quite a variety of 
geometries but they should be of approximately the same dimensions in all directions 
(equiaxial) which is the great difference with the fibers. 
 
For effective reinforcement the particles should be small and equally distributed 
through the matrix. The mechanical properties improve with the particle content or 
with the increment of the ratio particles/matrix. Large-particle composites are used 
with all three material types (metals, polymers and ceramics). 
 
The composites ceramic-metal are known as cermets (ceramic metal). The most 
common cermet is the cemented carbide, for example WC or TiC embedded in a 
metallic matrix of nickel or cobalt (Figure 2.2). These composites are used 
extensively as cutting tools for hardened steels. The hard carbide particles provide 
the cutting surfaces but being extremely brittle, are not themselves capable of 
withstand the cutting stresses. 
 
Toughness is enhanced for their inclusion in the duc tile metal matrix, which isolates 
the carbide particles from one another and prevents particle-to-particle crack 
propagation. 
 
Elastomers and plastics are reinforced with various particulate materials. Many 
modern rubbers as carbon black consisted of very small spherical particles of carbon 
produced by the incomplete combustion of natural gas and other derivatives of the 
petroleum. The addition of the black carbon to the vulcanized rubber is an 
inexpensive option to enhance the tensile strength, toughness and wear and 
abrasion resistance. The car tires contain between 15% and 30% black carbon 
volume (Figure 2.3). 
 
 

 

 

Figure 2.2 Photomicrograph of WC-Co 
cemented carbide. Light areas are the cobalt 
matrix; dark regions, the particles of tungsten 

carbides 100x [13] 

Figure 2.3 Electron micrograph showing the 
spherical reinforced carbon black particles in a 
synthetic rubber tread compound 80000x [13] 
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Extenders such as calcium carbonate, solid spheres of glass and various clays are 
used for some polymers, with the purpose that a less quantity of polymer is required 
and is reduced the cost. The extenders can make more rigid the polymer, increasing 
their hardness and the wear resistance, their thermal conductivity and improving their 
thermal creep resistance; however, normally, reduce the toughness and ductility. 

 

2.2.1.2. Dispersion-strengthened composites 

 
The dispersion-strengthened composites are those in which the particles have of 10 
to 250 nm of diameter. The dispersed particles, in general, the metallic oxides are 
introduced in the matrix with different methods to the transformations of phases used 
in the development of alloys. 
 
At room temperature, the composites hardened for dispersion may be less resistant 
than the traditional alloys. However, the resistance of those composite materials 
decreases in lesser degree to increase the temperature, considering that it does not 
happen, the typical phenomenon that reduces the mechanical resistance of the 
alloys. 
 
It is important the dispersing agent has low solubility in the matrix and it does not 
react chemically with it, although a lesser degree of solubility may help to improve the 
joint between the components. The high temperature strength of nickel alloys may be 
enhanced significantly by the addition of about 3 vol % of thoria (ThO2) as finely 
dispersed particles; this material is known as thoria-dispersed (or TD) nickel (see 
Figure 2.4). 
 
 

 
 

Figure 2.4 Electronic micrograph of nickel TD. The dispersed particles of ThO2 have a 
diameter of 300 nm or less 2000x [13] 

 
 
Some examples of the application of composite materials hardened for dispersion 
are: electric contacts, turbojet components, battery grids, filaments of heaters even in 
the aerospace industry and nuclear reactors. 
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2.2.2. Fiber reinforcement 

 
The fiber-reinforced composite materials incorporate strength and rigid fibers, 
although brittle, in a softer and ductile matrix to get best fatigue resistance, best 
stiffness and a best strength-weight ratio. The matrix material transmits the force to 
the fibers, which support the most part of the applied force. The composite strength 
can result high at room temperature and to elevated temperatures. 
 
Many types of reinforcement materials are used. In the concrete structures are 
inserted reinforced steel rods. The glass fibers in a polymeric matrix produce a 
material to applications in a transport and the aerospace industry. 
 
The fiber-reinforced composites are sub classified by fiber length. For short fiber, the 
fibers are too short to produce a significant improvement in strength. 
 
The mechanical characteristics of the fiber-reinforced composite depend on the 
properties of the fiber and the transmission of the load by the matrix. The fiber length 
is necessary for effective strengthening and stiffening of the composite material. This 
critical length lc is dependent on the fiber diameter d and its ultimate (or tensile) 
strength s f

* and on the fiber-matrix bond strength (or the shear yield strength of the 
matrix, whichever is smaller) τc 

 

 
c

f
c

d
l

τ
σ

2
*
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For a number of glass and carbon fiber-matrix combinations, this critical length is on 
the order of the 1mm, which ranges between 20 and 150 times the fiber diameter. 

 
Fiber for which l >> lc (normally l>15 lc) are termed continuous; discontinuous or short 
fibers have lengths shorter than this. 
 
The orientation of the fibers, as well as the concentration and the distribution, has a 
significant influence on the strength and other properties of fiber reinforced 
composites. 
 
With respect to orientation, two extremes are possible: (1) parallel alignment of the 
longitudinal axis of fibers in a single direction (2) a totally random alignment. 
Continuous fibers are normally aligned (Figure 2.5 a), whereas discontinuous fibers 
may be aligned (Figure 2.5 b), randomly oriented (Figure 2.5 c), or partially oriented. 
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Figure 2.5 Schematic representation of fiber reinforced composite materials a.) Continuous 

and aligned, b.) Discontinuous and aligned, c.) Discontinuous and randomly oriented8 
 
 

2.2.2.1. Continuous and Aligned Fiber Composites 
 
The mechanical responses of this type of composites depend on stress-strain 
behaviors of fiber and matrix phases, the phase volume fractions and the direction of 
stress and load applied. The properties of this type of composite materials are highly 
anisotropic. 
 
In the elastic behavior-longitudinal loading, considering that the longitudinal 
deformation in both matrix and fibers is the same, the total load by the composite Fc 
is equal to the sum of the loads carried by the matrix Fm and the fiber phase Ff, or 
 
 fmc FFF +=  (2.2) 
 
According to the definition of stress, AF σ= . Hence, 
 
 ffmmcc AAA σσσ +=  (2.3) 
 
Dividing through by the total cross-sectional area of the composite Ac 
 

 
f

f
f

c

m
mc A

A
A
A

σσσ +=  (2.4) 

 

If the composite, matrix, and fiber phase lengths are equal 
c

m

A
A

 is equivalent to the 

volume fraction of the matrix, Vm and therefore for the fibers is 
c

f
f A

A
V =  

 
 ffmmc VV σσσ +=  (2.5) 

                                                 
8 http://commons.wikimedia.org/wiki/File:Fiber-reinforced_composites_tipology.svg 
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The previous assumption of an isostrain state means that 
 
 fmc εεε ==  (2.6) 
 
And when each term is divided by its respective strain 
 

 f
f

f
m
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c

c VV
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ε
σ

ε
σ

==  (2.7) 

 
Furthermore, if the composite matrix, and fiber deformations are all elastic, then 

c
c

c E=
ε
σ

, m
m

m E=
ε
σ

 and f
f

f E=
ε
σ

, E is the modulus of elasticity for the respective 

phases. Substitution into equation (2.7) yields an expression for the modulus of 
elasticity of a continuous and aligned fibrous composite in the direction of alignment 
or longitudinal direction), Ecl, as 
 
 ffmmcl VEvEE +=  (2.8) 
 
or 
 
 fffmcl VEVEE +−= )1(  (2.9) 
 
Since the composite consists of only matrix and fiber phases; that is Vm+Vf.=1 
 
Thus Ecl is equal to the volume-fraction weighted average of elasticity of the fiber and 
matrix phases. Other properties, including density, also have this dependence on 
volume fractions. 
 
For longitudinal loading, the ratio of the load carried by the fibers that is carried to the 
matrix is: 
 

 
mm

ff
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f

VE
VE
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F

=  (2.10) 

 

2.2.2.2. Discontinuous and aligned fiber composites 
 
The discontinuous and aligned fiber composites are well known in the commercial 
market. Chopped glass fibers are used most extensively, carbon and aramid 
discontinuous fibers are also employed. 
 
Estimation of σ*

cd for discontinuous fibers 
 
When l > lc 
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2
1 '** σσσ  (2.11) 

Where σ*
f    and σ´

m are the fracture strength of the fiber and stress in the matrix when 
the composite fails. 
 
When l < lc 
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2.2.2.3. Discontinuous and Randomly Oriented fiber Composites 
 
The elastic modulus expression Ecd to random, short, discontinuous fibers is  
 
 mmffcd VEVKEE +=  (2.13) 
 
Being K the fiber efficiency parameter in the range of 0.1 to 0.6. Thus, for random 
fiber reinforcement (as with oriented), the modulus increases in some proportion of 
the volume fraction fiber. 
 

2.2.2.4. Fiber types 
 
The fibers are grouped into three different classifications: whiskers, fibers and wires.  
 
The whiskers are very thin single crystals with characteristics as large length to 
diameter ratios, high degree of crystalline perfection, virtually flaw free, extremely 
expensive; they are the strongest known materials. Whisker materials include 
graphite, silicon carbide, silicon nitride, aluminum oxide. 
 
The fibers are polycrystalline or amorphous and have small diameters. Fibrous 
materials generally are polymers or ceramics. Some examples of fibers are alumina, 
aramid, E-glass, boron, UHMWPE. 
 
Fine wires have relatively large diameters; typical materials include steel, 
molybdenum, tungsten. Wires are used as a radial steel reinforcement in car tires, 
filament-wound rocket casings and in wire-wound high pressure hoses [13]. 
 

2.2.2.5. The matrix phase 
 
There is a classification of composite materials in function of the nature of the matrix. 
 

• Polymeric Matrix Composites: Also known as polymers (or plastics) 
reinforced with fibers. The matrix is a polymer and a diversity of fibers, such as 
glass, carbon or aramid, used as reinforced. 
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• Metallic Matrix Composites: Are used in the automotive industry. Those 
materials consisted of light metals as the alumina and reinforced fibers as 
silicon carbide. 

• Ceramic Matrix Composites: Are used in applications of high temperature. 
Those materials consisted of a ceramic matrix and a reinforcement of small 
fibers, or whiskers of silicon carbide or boron nitride [8]. 

2.2.3. Structural composites 
 
Composed of both homogenous and composite materials, depend on the properties 
of the constituent materials and the geometrical design of the various structural 
elements. 
 

2.2.3.1. Randomly oriented 
 
Composed of two-dimensional sheets or panels with different orientation of high 
strength directions that are stacked and glued together (Figure 2.6), producing a 
material with more isotropic strength in the plane. Laminations may also be 
constructed using fabric material such as cotton, paper or woven glass fibers 
embedded in a plastic matrix. Examples of these materials are the plywood and 
modern skis. 
 
 

 
 

Figure 2.6 The stacking layers of a laminar composite9 
 
 

2.2.3.2. Sandwich Panels 
 
The sandwich panels consist of two strong and stiff sheet faces that are separated by 
a core material or structure. These structures combine relatively high strengths and 
stiffness with low densities. Typical face materials include aluminum alloys, fiber 
reinforced plastics, titanium, steel and plywood. 
 
The core has as functions separate the faces and resists deformations perpendicular 
to the face plane. Materials and structures used for cores are foamed polymers, 
synthetic rubbers, inorganic cements and balsa wood. Another popular core is the 
                                                 
9 
http://2.bp.blogspot.com/_aR0dm2zens/TPhi2oXI1DI/AAAAAAAAAGo/GASiXY27MoA/s1600/laminate
.JPG 
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“honeycomb” structure which consists in thin foils with hexagonal shape oriented 
perpendicular to the face planes (Figure 2.7). 
 
The sandwich panels are used in applications such as roofs, floors, walls of buildings 
and in parts of the aircraft for wings, fuselage and tail-plane skins. 
 
 

 
 

Figure 2.7 Construction of a honeycomb core sandwich panel10 
 
 

2.3. Applications of composite materials 
 
The advantages of high performance composites are many, including lighter weight, 
an optimum strength and stiffness, improved fatigue life, corrosion resistance and 
reduced assembly costs due to fewer detail parts and fasteners with a good design. 
 
Better known man made composite materials, used in aerospace and another 
industries. The specific strength and specific modulus of high strength fiber 
composites, especially carbon fibers are higher than other comparable aerospace 
metallic alloys. This translates into greater weight savings resulting in improved 
performance, greater payloads, longer range and fuel savings [14]. 
 

2.3.1. Use of composite materials in aircrafts 
 
40 years ago materials as boron-reinforced epoxy composites were used for the 
skins of empennages of the U.S F14 and F15 fighters. 
 
Initially, the composite materials were used in secondary structures. Nowadays the 
use of composite materials in primary structures such as wings and fuselage has 
increased. The table 2.1 shows some aircraft in which significant amounts of 
composite materials are used in the airframe. 
                                                 
10 
http://3.bp.blogspot.com/_aR0dm2zens/TPhssLEGyqI/AAAAAAAAAGs/S6Av3BH6twM/s1600/honeyc
omb+composite.JPG 
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The percentage in structural weight of composites in the F-15 is about 2%, 19% in 
the F8 up to 24% in F22. The AV-8B Harrier GR7 has composite wing sections and 
the rear fuselage of the model GR7A is in composite material. 
The wing skins, forward fuselage, flaperons and rudder of the Eurofighter are made 
of composite materials. 75% of the exterior area is constituted for toughened epoxy 
skins; about 40% of the structural weight of the Eurofighter is carbon-fiber reinforced 
composite material. Other European fighters as the Dassault´s Rafale have 25% of 
composites by weight, Saab Gripen about 20% and EADS Mako about 25%. 
The B2 stealth bomber has an interesting requirement, the radar-absorbing material 
that it covers exteriorly, whose function is make it stealthy must be added with a 
concomitant weight penalty. Composite materials are therefore used in the primary 
structure to offset this penalty [15]. This model has the largest composite parts 
manufactured to date and is proof that at least some of the issues with fabricating 
large commercial structures have been addressed [14]. 
 
 
Table 2.1 Aircrafts with significant amounts of composite material used in the airframe 

 
 

Aircraft Type 
 

Manufacturer 
Country 

 
Aircraft Model 

 
Fighter  

 
 

 
U.S 

 
Europe 

 

AV-8B, F16, F14, F18, YF23, F22, JSC, 
UCAV Harrier GR7, Saab JAS39 Gripen 
 
Mirage 2000, Rafale, Eurofighter, Lavi, EADS 

 
Bomber 

 

 
U.S 

 
B2 

 
 

Transport 

 
U.S 

 
Europe 

 

KC135, C17, B777, B767 ,MD1 , A320, A340, 
A380, Tu204, ATR42 
 
Falcon 900, A300-A600 

 
General Aviation 

 

 
U.S 

 
Plaggio, Starship, Premier 1, Boeing 787 

 
Rotary Aviation 

 

 
Europe 

 
V22, Eurocopter, Comanche 

 
 
The first use of composite materials in commercial aircraft was in 1983 in the rudder 
of the A300 and A310 and then in 1985 in the vertical tail fin. Later, a honeycomb 
core with CFRP was used for the elevator of the A310. In the model A320, the 
airframe is constituted for 28% of the weight of composite materials distributed in the 
tail, fuselage belly skins, fin/fuselage fairings, fixed leading and trailing- edge bottom 
access panels and deflectors, trailing-edge flaps and flap-track fairings, spoilers, 
ailerons, wheel doors and nacelles. The floor panels were made of GFRP. 
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Some composite structures in the models A340-500 and 600 are the rear pressure 
bulkhead, the keel beam, and some of the fixed leading edge of the wing. The last 
constitutes a thermoplastic matrix composite component on a commercial transport 
aircraft.  
The A380 is composed 20-22% in weight of GLARE (Glass-fiber reinforced alloy), 
which is used in the front fairing, upper fuselage shells, crown and side panels, upper 
sections of the forward and aft upper fuselage. 
 
The top and bottom skin panels of the A380 contain CFRP (Carbon Fiber Reinforced 
Polymer), which is also used for the rear pressure bulkhead, the upper deck floors 
beams, ailerons, spoiler and outer flaps. The belly fairing consists of about 100 
composite honeycomb panels. 
 
The Boeing 777 is around 20% composites by weight, with composite materials 
being used for the wings fixed leading edge, the trailing edge-panels, flaps and 
flaperons. They are used for the floor beams, wing to body fairing, landing gear 
doors. Using composites materials for the empennage saves 1500 lb in weight. 
Composite materials constitute almost 50% of the Boeing 787, with average weight 
savings of the 20% (Figure 2.8) 
 
Composites are used in major structural elements of many modern helicopters. 
Including the V22 tilt-rotor aircraft, which are approximately 50% composites by 
weight. The advantage of formability of the composites has been used in the 
manufacture of helicopters to reduce the number of parts and therefore costs. 
 
 

 
 

Figure 2.8 Boeing 787 material distribution [14] 
 
 

2.3.2. Engineering applications 
 
In surface transportation, reinforced plastics are the composites used for their huge 
size. They provide ease of changes of design, materials, processes and availability of 
raw materials. 
 
In heavy transport vehicles, the composites are used in processing of component 
parts with cost-effectiveness. The basic requirements of a good composite material 
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are good reproducibility and resilience. The carbon fibers reinforced epoxies have 
been used in racing cars. 
 
Polyester resin with suitable fibers and reinforcements were the first applications of 
composites in road transportation. The eligibility among other materials is due to their 
low cost, ease in designing and production of functional parts. 
 
Most of the thermoplastics are combined with reinforced fibers in various proportions. 
Several methods are used to produce vehicle parts from thermo plastics. Selection of 
the material is made from the final nature of the component, the volume required, 
apart from cost-effectiveness and mechanical strength [16]. 
 
 

2.4. Epoxy resin overview 
 
The epoxy resins are a class of polymers, containing reactive groups converted to 
thermoset resins by reaction with compounds known as curing thermoset resins by 
reaction with compounds known as curing agents [17] 
 
The resins are dysfunctional or polyfunctional, in terms of the epoxy group and can 
be based in aliphatic structures or aromatic structures in backbone shape. 
 
The structural formulas of two or most common based resins are showed in the 
Figure 2.9 and Figure 2.10. 
 
These resins are highly aromatic with different degrees of functionality of the epoxy. 
The cured agents are normally dysfunctional anhydrides or amines [18]. 
 
The epoxy resins are thermosetting which contain in its molecule two or more epoxy 
and glycidic functions. The most common epoxy resin is the Bisphenol A diglycidyl 
ether DGEBA. 
 

 
 

Figure 2.9 Epoxy resin dysfunctional “DGEBA” [18] 
 

 
 

Figure 2.10 Epoxy resin dysfunctional group [18] 
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Figure 2.11 Epoxy resin tetrafunctional “TGMDA” [18] 
 
 

2.4.1. Epoxy resins classification 
 
Most of the epoxy resins are based in three chemical structures; TGMDA 
(Tetraglycidyl Methylene Dianiline), DGEBA (Diglycidyl Ether of Bisphenol A) and 
Epoxy Novolac phenol formaldehyde. 
 
The principal difference between the molecules is that TGMDA and the novolac 
cures to a cross linking density greater than Bisphenol A, which presents high values 
of young modulus and transition vitreous temperature (Tg) but low values to crack 
deformation. 
 
Most of the epoxy resins are based in three chemical structures; TGMDA 
(Tetraglycidyl Methylene Dianiline), DGEBA (Diglycidyl Ether of Bisphenol A) and 
Epoxy Novolac phenol formaldehyde. 
 

2.4.1.1. TGMDA 
 
This molecule is the most important component of the formulations of high 
technology resins (Figure 2.12). 
 
The cross linking high density gives to this resin high value of Young's modulus and 
high temperature. It has been proven that the compressive strength of carbon epoxy 
laminates is proportional to Young's modulus of the matrix. 
 
There are some drawbacks of high cross linking density of the resins TGDMA. The 
main objection is that the break deformation is low, just 1.5%, and producing 
delamination before the impact and low compression after the impact. This molecule 
has high water absorption, up to 6% by weight of the resin; this can cause a 
reduction in transition vitreous temperature in more than 55 ºC. 
 



2. Introduction  29 

 
 

 
Figure 2.12 Structure of a molecule of TGMDA [18] 

 
 
Actually, Ciba Geigy is the major supplier of TGMDA under the trade name Araldite 
MY 720. Ciba Geigy has also developed a liquid version of TGDMA, Araldite MY 722, 
which can used in applications and filament winding RTM. 
 

2.4.1.2. DGEBA 
 
Bisphenol A-based epoxy resin is most used today (Figure 2.13). This resin is made 
by reaction of Bisphenol A with epichlorohydrin (Figure 2.14). 
 
 

 
 

Figure 2.13 Epoxy Bisphenol A Structure [18] 
 
 
Dow Chemical, Shell Chemical and Ciba Geigy are the principal suppliers of the 
Bisphenol A epoxy liquid resins 
 
 

 
 

Figure 2.14 Epoxy resin reaction [18] 
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The Bisphenol A epoxy resin cures at a lower density than the tetra functional cross 
linking; this means that the modulus and Tg of the Bisphenol A are lower. Also the 
mechanical properties are also reduced. However, the curing of the epoxy resin 
bisphenol A has a higher strain at break and lower water absorption also. The table 
2.2 presents the most important properties of the TGMDA and Bisphenol A. 
 
 
Table 2.2 Properties most widely used epoxy resins 
 

Properties TGMDA Bisphenol A 
Young´s Modulus (MPa) 1800-4500 2750-3450 

Break Deformation (%) 1-2 5-8 

Transition Vitreous 
Temperature. Tg (ºC) 

175-235 120-175 

Water absorption (%) 4-6 2-3 
 
 

2.4.1.3.  Epoxy Novolac Resins 
 
Epoxy novolac resins (Figure 2.15) cures greater cross linking density than TGMDA. 
The addition of novolac to the formulation of the resin increases the Tg of the resin, 
but decreases the break deformation. The novolac are used widely in the 
formulations of prepegs. 
 

2.4.1.4. Epoxy Trifunctional resins 
 
Epoxy trifunctional resins have intermediate properties between the epoxy Bisphenol 
A and TGMDA. The trifunctional epoxy resins are used mainly as a modifier in the 
formulations of the prepegs, for example, to increase the brake deformation to a resin 
TGMDA or to increase the Tg of a resin Bisphenol A. 
 
 

 
 

Figure 2.15 Polyglycidyl ether of phenol-formaldehyde novolac [18] 
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2.4.1.5. Bisphenol F 
 
The epoxy Bisphenol F (Figure 2.16) is similar to the Bisphenol A. The advantage of 
the epoxy Bisphenol F is that presents less viscosity, in the range of 2000 to 4000 Hz 
and also needs less quantity of the epoxy aliphatic diluent in formulations that require 
a low viscosity. 
 
 

 
 

Figure 2.16 Diglycidyc ether of Bisphenol F [18] 
 
 

2.4.1.6. Aliphatic Epoxy Resins 
 
Aliphatic epoxy resins represent a major role in RTM resins for wet winding and 
rolling. These are used as diluents because cured together with the resin and have a 
very low viscosity. 
 

2.4.2. Curing Agents 
 
In the case of epoxy resins, the selection of the curing agent is very important. With 
polyester resins and vinyl ester the curing catalyst alters the curing time, but does not 
substantially affect the viscosity of the resin or the final properties of the polymer. 
 
For epoxy resins, in contrast there is a wide choice of suitable curing agent, as these 
determine the last thermal and mechanical properties of the resin. 
 
The curing agents are basically of three types: amines, anhydrides and catalysts. 
The amines can also be divided into aliphatic, cycloaliphatic and aromatic. 
  

• Aliphatic amines: Cure the epoxy resin at room temperature. They have low 
operating temperature because its Tg is only about 60 to 120 °C. 

 
• Cycloaliphatic amines: Cycloaliphatic amines may gelate at an epoxy resin 

at room temperature but with a post-cured Tg of the resin is close to values 
corresponding to aromatic amines. 
 

• Aromatic amines: The epoxy resins cured with aromatic amines have the 
best mechanical properties but require cure temperatures of 120 to 175°C. 
Generally are used two aromatic amines, the diaminodiphenylsulfone (DDS) 
and diethyltoluenediamine (DEDTA). 
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2.4.3. Formulations 
 
Epoxy resins are versatile and can be used in a variety of applications. The resin 
formulation must meet manufacturing requirements and fulfill certain mechanical 
characteristics 
 

• Laminating resins: Epoxy resins for laminating, in general should have a low 
viscosity because normally used to manufacture impregnated at room 
temperatures. The epoxy component is predominantly Bisphenol A with a 
diluent to reduce viscosity. 

 
• Filament winding resins: Generally used in the aerospace industry, usually 

are bisphenol resins, sometimes modified with reactive diluents (aliphatic 
epoxy). The parts for aerospace applications are cured at elevated 
temperatures with aromatic amines or anhydrides. 
 

• Resins for "Resin Transfer Molding" (RTM): Similar to the previous, in 
some cases the same resin systems can be used in both processes. The 
resins are typically low viscosity formulations at elevated curing temperature in 
Bisphenol A or Bisphenol F and curing agents in aromatic or cycloaliphatic 
amines. 
 

• Cured prepreg at 175 °C: normally used in the aerospace industry for their 
high temperature performance and because these resins are obtained with the 
laminates of higher performance. The epoxy is predominantly TGMDA but 
usually contains various amounts of resins of fewer properties. The curing 
agents are aromatic amines, especially DDS, sometimes in conjunction with 
an accelerator as a Lewis acid. 
 

• Cured prepreg at 120 °C: Most prepreg resins cured at 120 ° C are made of 
epoxy Bisphenol A, but the materials have complex formulations. 
 

• Curing prepreg 60-120 °C: There are some materials at low temperatures, 
which can be considered within the third category of prepreg. They were 
developed to provide sports equipment markets and shipping industries. 
Formulated to cure with low contents of vacuum by vacuum bag pressure [18]. 

 
 

2.5. Vacuum infusion process 
 
The vacuum infusion process involves the impregnation of a dry fiber preform placed 
on a rigid mold and is covered by a flexible film peripherally sealed with the mold to 
form a closed and sealed cavity.  
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A dry fiber preform is a structure formed by reinforcements without impregnate with a 
similar shape to the final product. This structure can be formed both by three-
dimensional tissues, such as fabrics stacked according to a defined pattern. 
 
The impregnation of the preform is produced by the pressure difference between the 
deposit that initially contains the resin (typically at atmospheric pressure), and the 
inner of the cavity of the preform. This pressure difference is obtained by performing 
vacuum inside the chamber that form the film and mold (Figure 2.17). The term 
infusion is used to refer to the injection of the resin into the preform by the action of 
the vacuum. 
 
 

 
Figure 2.17 Typical assembly for the manufacture of parts by vacuum infusion [2] 

 
 
The infusion is a process oriented to obtain thermosetting matrix parts, supporting all 
types of reinforcements (meshes, fabrics, felts). The preference for thermoset 
matrices is due to the need of the use of low viscosity resins, considering that, while 
the viscosity of the thermosetting matrix is within the range of 101 to 103 cP, the 
viscosity that can reach the thermoplastic matrix is 104 to 108  cP [19]. 
 

2.5.1. Manufacture of a piece for infusion 
 
The manufacture of a piece for infusion requires a number of additional steps, as 
much as previous and later, to reach the desired finish. The following is a sequence 
of regular work. 
 

• Cutting: The woven and meshes that forms the preform are cut with the 
shape and dimensions desired. 
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• Positioning and sealing: The preform is placed in the mold together with a 
set of consumable materials to the performance of the infusion process. Once 
the assembly is ready, the chamber is sealed with the plastic film. 
 

• Infusion: The resin is injected in the cavity impregnating all the preform once 
before is made the vacuum inside. This stage is carried out normally at room 
temperature. 
When is performed vacuum inside of the chamber is generated a compaction 
pressure over the preform exerted by the flexible film. In this way, it gets a 
high fiber volume percentage. 
 
The mixture of resin and catalyst has a maximum working time at which the 
process of cross linking (curing) starts and the viscosity is greatly increased 
making it impossible advancing the resin through the preform. The time for 
complete impregnation of the preform should be less than this maximum 
working time. 
 

• Curing: The resin cures through a series of chemical processes forming a 
solid piece which contains in its interior reinforcements. 
 
The curing process depends upon the formulation of the resin and curing 
kinetics, but usually involves the increase of the temperature to a preset value 
and its maintenance for a period of time. The infusion processes are 
associated with a trend of low cost production in which is not necessary the  
use of autoclaves for the curing of the pieces; considering that is not 
necessary to raise the ambient pressure above the atmospheric pressure to 
get quality parts. 
 

• Demolding: Once finished the curing stage, the piece is removed of the mold 
and are removed the consumable materials that have been attached. 
 

• Deburring: The finishing of the ends of the parts is not usually smooth, cause 
is necessary to cut between 1 and 2 cm of the piece contour. 
 

• Finishing: Depending on the application, at the end of the previous steps, 
may be necessary to apply some paint or coating on the part. 

 
The key to a successful infusion process is not the rate at which the resin infusion is 
performed, except its quality. It is considered that the result has been satisfactory 
when achieved: 
 

• Low void content inside the piece (porosity). 
• Low porosity surface (the surface porosity of the piece is a good indicator of 

the internal porosity and is often used as a pre-assessment system of the 
piece). 

• Good thickness control. 
• High fiber volume. 
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2.5.2. Vacuum infusion Setup 
 

• Mold: The mold should be rigid and have a high-gloss finish. The mold will 
have a clearance of at least 6 inches to be used for the placement of sealant 
tape and spiral tubing. After the mold is properly cleaned, must be applied 
mold release agent. Unique mold releases are not required for resin infusion. 

• Reinforcement: There are some considerations when is chosen the 
reinforcement, While in all fabrics is easy make the infusion, different materials 
and weave styles can affect the resin flow rates. 
 

The fiberglass is the most frequently used reinforcement in vacuum infusion. Most 
fiberglass fabrics offer permeability, allowing resin to easily flow through. In general, 
looser weaves tend to infuse better, as there is less crimping of strands. 
Knit fabrics are frequently used for infusion due to their construction. These fabrics 
are not woven, but rather are knit together to avoid crimping caused by weaves [20]. 

An example of the preform used for infusion is composed for 11 layers of glass fiber 
in way of biaxial woven of +45º/-45º of 150g/m2and taffeta mesh of 250 g/m2 (Figure 
2.18). The woven layers and mesh are alternated successively so that the higher and 
lower faces of the piece support the same reinforcement structure. 

 
 

               
 

Figure 2.18 Glass Fiber Biaxial Woven +45º/-45º of 150 g/m2 (left) and Glass Fiber taffeta 
Mesh of 250 g/m2 (right) [28] 

 
 

• Resin and Catalyst: The resin choice is another key aspect of the vacuum 
infusion. One important piece of information that should be examined is the 
resin viscosity. Typically, lower viscosity will aid infusion and it allows easier 
permeation of the reinforcement. 

The resin of the Sicomin supplier is a matrix of a two epoxy constituents (resin SR 
8100 and catalyst SD 8822). It has been specially formulated for resin transfer 
processes, such as injection and infusion. 

This system has a very low viscosity at ambient temperature; the mixing ratio by 
volume is 100 ml/39 ml (resin/catalyst). The mixture viscosity to 25 ºC is of 390 cP. 
The maximum working time with this system is about three hours at room 
temperature (Figure 2.19).  

The consumed resin volume is calculated as the sum of: 
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• Resin volume in the piece. It is made an estimation of 50% in the total 

volume of the piece. 
 

• The volume of supply channels and resin output. It is considered as much 
as the inlet and outlet resin channels will be filled once reached the complete 
preform impregnation. 
 

• Safety volume. It takes into account the amount of resin wasted in 
consumable materials and the remained trapped in the resin trap. This amount 
is estimated as 10 to 20% of the volume of resin in the piece, the value varies 
according to the configuration o f the mounting materials  [19, 20]. 

 
 
 

 
 
Figure 2.19 Evolution of the viscosity with the time of the epoxy system SR 8100 to several 

catalysts to a room temperature of 25ºC [19]. 
 
 

2.5.3. Consumable Materials 
 
Careful consideration must be taken in order to set up the resin and vacuum lines, 
before the vacuum bag is closed. 
 
The resin will be fed from a source (usually a bucket). The line for getting the resin 
into the laminate will have to be installed before closing the bag. 
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There are a series of consumable materials which can help the resin flow and are 
used for the performing of the infusion process. 
 

• Peel ply: It allows separate the part from the rest of materials and gives the 
desired surface texture. Other woven are used according subsequent 
treatment that it wants to perform on the piece (Figure 2.20). 
 

• Distribution woven mesh of high permeability: To accelerate the infusion 
process of the preform are usually used materials of high permeability to 
distribute the resin superficially and assists the resin flow superficially through 
the preform thickness (greater permeability in the plane of the fabrics). See 
Figure 2.21. 

 
 

 
 

Figure 2.20 Peel ply [28] 
 
 

 
 

Figure 2.21 Distribution woven mesh of high permeability [28] 
 
 

• Vacuum Bag: The vacuum bag covers the surface of the dry materials and is 
composed by a flexible film used to seal the chamber of the preform. The 
vacuum bag should be tight, but still allow plenty of room for all the materials 
including networks of tubing. Too much or too little bag result in resin pooling 
or improper infusion. Is important that they do not have fissures that may 
produce leaks during the process. 

 
Before the pump is switched on, it is important to clamp off the resin line. Due to the 
vacuum is drawn before the introduction of resin; the resin will act as temporary 
“leak” that must be sealed off folding the tube and attaching a flow regulator to hold it 
in the place. 
 

• Mastic sealing tape to vacuum bag: Resistant material to high temperatures 
that allows the sealing of the vacuum bag and molds. 
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Figure 2.22 Mastic sealing tape to vacuum bag [28] 
 
 

• Feed channels and vacuum outlets: To transport the resin from the supply 
container to the interior and from the chamber to the resin trap (system that 
allows the accumulation of the resin coming from the chamber, which may not 
directly attack the vacuum pump) are used disposable tubes, normally 
polyethylene. 
 

• Distribution channels and resin collection: Inside of the sealed chamber 
are placed a series of channels that allow that the resin is transferred to the 
preform and is collected by the vacuum outlet. A system commonly used is of 
the spiral tubes which allow the resin to pass through the holes along the 
spiral tube. The supply channels and vacuum outlet must be connected to the 
network of internal channels to the chamber. 

 
Spiral wrap, is a plastic ribbon that is coiled into a tube shape. Due to its 
construction, air or resin can enter or leave the walls of the tube throughout its entire 
length. This property makes the spiral tubing ideal for in-bag vacuum lines or resin 
feed lines. When used as a feed line, resin will quickly travel through the tube, but 
simultaneously seep out along the way. This allows quick wet-out of a long stretch 
within the laminate.  
 
In addition to the feed line, a piece as a T-fitting will be the connector for the resin 
feed line. It is necessary to lock the T-fitting into place to prevent shifting and ensure 
a steady flow rate. 
 
In the Figure 2.23 are showed the vacuum and the feed line extensions with spiral 
tubing and the in figure 2.24 is explained how the resin will move very quickly through 
the gray areas. When resin is first infused, the feed line extension will fill very quickly. 
Once this line is full, resin will attempt to reach the nearest possible vacuum line. 
Because the vacuum line has been extended as well, the nearest vacuum point will 
be directly across the laminate. As noted by resin path arrows, the entire lay-up will 
be infused [19, 20]. 
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Figure 2.23 Spiral tubing used for the feed line and the vacuum line [2] 
 
 

 
 

Figure 2.24 Distribution in the resin in feed and vacuum line [2] 
 
 

2.5.4. Considerations to the resin infusion process 
 
With the purpose of obtain pieces of quality must be avoid the residual porosity in the 
infusion process. 
 

• Recommendations in the resin bucket set up 

Because no brushes or rollers are used in the transfer of resin, some steps must 
be completed to ensure that the resin line stays in the bucket, is necessary avoid 



40  State of the art of degasification techniques in composite material prepared by resin infusion 

the entrance of the air in the line due to can affect the final results of the project. 
Materials as a resin line holder, zip-strings and a spring clamp are useful to avoid 
this fatal effect in the project. The resin line holder is basically a rigid material that 
is attached to the resin tubing via the zip-strips. Once attached, this ensures that 
the resin tubing stays fixed in a straight line. This eliminates the natural tendency 
of twisted and curling of the tubing. It is also helpful to cut the end of the tubing at 
an angle. 

 
Otherwise, the tube could potentially vacuum seal itself to the base of the bucket, 
preventing the flow of resin. Once attached to the holder, the line is clamped in place 
to the bucket. The resulting assembly (Figure 2.25) should ensure that the resin line 
will stay exactly where it should be. 
 
Both the feed channel as the reserve resin must remain at a lower height than the 
preform. Instead, the output of the vacuum is better that rises above the level of the 
preform to prevent the flow of resin.  
 

• Recommendation to the clamp off the resin line 

When the infusion starts, the feed line has to be partially sealed to avoid that the 
impregnation of the preform is performed at too high speed in the closest area to the 
distribution network. There is a maximum advance speed associated to the 
reinforcement pattern from which the impregnation of the fibers is not complete, 
therefore generating porosity within the part. 
 
 

 
 

Figure 2.25 Resin bucket set up [2] 
 
 
Once the laminate is completely wet out, there is no need for further resin to enter. If 
the bucket were to be sucked dry, then destructive air bubbles would enter. To 
prevent this, the resin line should be clamped off once it is no longer needed. This is 
accomplished the same way it was before resin was introduced; crease the tube and 
attach a flow regulator. While performing this task, it is crucial that it be done carefully 
and without significant force that could potentially spring a new leak. 
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Once the resin line is clamped off, the infusion is complete. However, it is still not 
time to turn off the vacuum pump. To keep the pump running to maintain constant 
vacuum pressure until the resin has sufficiently gelled. Otherwise, air could be 
introduced prematurely [19, 20] 
 
 

2.6. Propitious factors for bubble production 
 
The resin infusion process is a manufacturing technique which main objective is 
reduce the weight and material cost. The mechanical properties are increasing in 
terms of performance and consistency. The void content is an aspect that affects the 
mechanical properties. During the resin infusion the voids may form due to local 
variations in reinforcement permeability at the resin flow front, leakage, boiling of 
volatile components in the resin or gas dissolved in the resin coming out of solution. 
After infusion, voids can also be formed as a result of shrinkage of the resin [21]. 
 
Some different authors [4] have studied the growth of voids during manufacture of 
polymer composites. They found that the void formation is due to the heterogeneous 
nature of the preform at the micro-structural level, which is composed of arrays of 
fiber bundles (tows). In fast flow conditions, the resin tends to flow around the tow 
and in the open space between adjacent tows. Void formation occurs within the tows 
in this flow regime.  
 
Alternatively, the flow front within the fiber tows may lead the bulk flow front owing to 
wicking processes when capillary forces outweigh viscous forces. In this case, void 
formation is more likely occur in the open space between the tows. 
 
Among others causes to the formation of the bubbles is the entrapment of the gases 
(most often wet air) during the impregnation of the fiber reinforcement with resin. 
 
The second factor is vola tile materials within the resin system. Void growth may 
occur via diffusion of air or by agglomeration with other surrounding voids. Beyond 
these two phenomena, void growth can also occur as the temperature increases. In 
the later case, the equilibrium between the void and the resin pressures and the void 
surface tension is disturbed. 
 
Labordus and Soderlund [21] suggest that one way to reduce the void content is to 
use degassed resin. Labordus reported that some reinforcement materials cause 
more bubble nucleation than other materials and thus results in laminates with a 
higher void content. 
 

2.6.1. Physics related with void formation 
 
The formation, movement and amount of voids are strongly related to the temporal 
and spatial distribution of the pressure and the pressure gradients, which results in a 
low residual void content considering that enables the voids to move forward through 
fiber networks or dissolve into the resin. 
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The mobility of the voids can be explained by usage of the perfect gas law that states 
that: 
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Where p is the pressure, T the temperature, V the volume and 1 and 2 denote two 
conditions of state. Hence, a bubble or void that is trapped can escape since it 
becomes smaller. For such small bubbles the pressure within the void is larger than 
the local pressure in the resin and the following expression must be added to the 
pressure. 
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Hence, the liquid-vapor surface tension, γiv and the main radii of the void R1,2 become 
important parameters. The dissolution of gas into the resin would, in a steady state 
situation, only be due to diffusion. Some important variables are the initial 
concentration of gas within the resin, the initial concentration of water within the 
resin, the processing temperature and the processing pressure. If the initial 
concentration of gas or water within the resin is high enough, the bubbles will grow 
instead of shrink. The more moisture that is absorbed by the resin, the higher is the 
pressure that must be applied on the resin to prevent growth. The dissolution of gas 
into an epoxy resin as a function of pressure and temperature was studied [22] by 
introducing small bubbles into a beaker filled with liquid epoxy. Without including 
capillary pressure it is found that the radius of a gas bubbles changes as: 
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Where R is the radius of the void, D is the diffusion coefficient of the liquid, ρ is the 
density of the gas, C is the gas concentration in the liquid and t is time. The 
subscripts 0, s, and 1 denote initial, saturated and infinity, respectively. For small 
bubbles the equation (2.15) may also contribute to the reduction of bubble radius, 
and bubbles located in a fully saturated resin may collapse. Furthermore, the 
saturated concentration of gas within the polymer is directly given by the ambient 
pressure according to Henry´s law 
 
 pHC ⋅=  (2.17) 
 
Where H is assumed to be independent on the pressure and is often termed Henry´s 
constant. A complementary method is based on the amount of gas entering a resin 
surface in a beaker is measured as a function of time by usage of a capillary tube, 
resulting in the following formula: 
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The relation show that the motion ∆l of a liquid marker within the capillary is given by 
the quote between the open liquid surface in the beaker Ab and the area of the 
capillary Ac, the difference between pressure during storage and measurement ∆p. 
The use of the two methods showed in the equations (2.17) and (2.18) makes it 
possible determines H and D individually [22]. 
 

2.6.2. Physics laws related with the gas behavior in the degassing process 
 
The standard procedure to degas resin is simply to expose the resin to partial 
vacuum. Taking in account the fact that the gas solubility decreases as the pressure 
is reduced (Henry´s law), where at absolute vacuum the gas solubility is zero. If the 
pressure is decreased at a certain moment, the resin will become over-saturated and 
gas should come out of solution. 
 
But the dissolved gas is dispersed as molecules and not as bubbles. Therefore, gas 
will only come out of solution if bubbles or bubble nuclei are already present in the 
resin. What in fact will happen when the pressure is reduced is that the bubbles, 
which have been whipped in during mixing of the resin, will increase in size (Gas 
law). 
 
With increasing size, the rising speed of the bubbles also increases (Archimedes 
law). This will result in a foaming resin, suggesting that the resin is being degassed. 
In fact, the resin is mainly “de-bubbled”. 
 
Of course a dissolved gas will indeed diffuse into these rising bubbles which resulted 
from mixing or pouring the resin in a different container thereby entrapping air in 
scratches or imperfections in the container. If no bubbles or bubble nucleation sites 
have been added, the standard degassing procedure will not cause any outgassing 
at all [4]. 
 
 

2.7. Principles of proposed degassing techniques 
 
The principles for the proposed degassing techniques are: Ultrasonic cavitation, 
vacuum degassing, Centrifugal degassing and Surfactant agent. 
 

2.7.1. Ultrasonic cavitation 
 
Due to the acoustic action of the ultrasound in an epoxy resin system it can present a 
phenomenon named cavitation. 
 
The cavities inside the resin are irradiated by ultrasound. It will grow in the negative 
pressure of ultrasound and shrink in the subsequently positive pressure (Figure 
2.26). When the ultrasonic power is higher than the bubble dynamic threshold, these 
bubbles will collapse or implode uniformly under the high pressure is surrounding on 
and at extremely high speed for an instant to create enormous energy in form of the 
shockwaves [23, 24]. In general, when the cavitation happens, the heat quantity with 
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the order of the thousands of K and pressure with the order of thousands of 
atmospheres will be obtained. 
 
 

 
 

Figure 2.26 Ultrasonic cavitation [24] 
 
 
The enormous energy arisen from the cavitation increases the dynamic energy 
around the bubble, which is higher than the force of the inner friction from molecules 
moving. The increase of dynamic energy is of benefit to change the wind 
configuration of molecular to the unwind status so that the inner fraction force among 
molecules decrease. 
 
At the same time the enormous energy from cavitation destroys the link through the 
physical action between two molecules and decreases the inner friction force [24].  
 

2.7.2. Vacuum degassing 
 
Vacuum degassing removes dissolved and entrapped gas (e.g air) that would 
otherwise cause defects in cured products. A basic degassing vacuum chamber can 
be used to first degas a liquid (mixed or otherwise) and then degas a filled mold [25]. 
 
Vacuum degassers work by creating lower pressure inside a vessel so air or other 
gaseous impurities can be removed from a substance, such as water or even molten 
steel [26]. The solvent (mobile phase) flows into a degassing tube, which is inside to 
the vacuum chamber. Decreased pressure in the chamber causes the outward 
movement of gas dissolved in the mobile phase across the tube wall, in accordance 
to Henry´s law [27]. 
 

2.7.3. Centrifugal degassing 
 
Centrifugation consists in the separation of two phases of quite similar density 
creating a centrifugal force field by means a mechanical rotating system. The 
centrifugal force created is several times greater than gravity and the process is 
therefore much faster than if performing a gravity separation.  
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Based in the centrifugation principle, there are several devices to perform specific 
separations. 
 
The solid from liquid separation centrifugal machines are in fact centrifugal filters; 
they consist of a cylindrical filter basket subjected to a rapid rotation on whose solid 
suspended particles are trapped and liquid passes through. These solid particles are 
removed manually or automatically later. 
 
The cyclones machines are static devices whose solid suspended particles in the 
gas are forced to a centrifugal action, separated by their own kinetic energy in the 
swirl. The heavier particles are slowed by the wall friction, falling down to the bottom 
of the swirl. The gas ascends spiraling up to the top exiting through the upper part as 
is showed in figure 2.27. 
 
The hidrocyclones machines are cyclones devices devoted to the separation of 
suspended solid particles in liquid instead of a gas [29]  
 
The centrifugal degassers use the principle of centrifugal force to separate gas from 
a fluid material as liquid or slurry. As has been explained before the slurry can either 
flow through the degasser by entering into the top and flowing downward or entering 
from the bottom and flowing upward. 

 
 

Figure 2.27 Centrifugation [29] 
 
 
In the either case, the slurry moves through the centrifugal force field generated 
within the device to accelerate gravity settling of the continuous phase of the slurry 
and to accelerate buoyant force gas bubble rising time [31] 
 
Experiments done in centrifugal degassing [32] showed that to exposing bubbles to 
centrifugal force retained a free surface with much smaller diameter than the 
exposed ones under gravity forces. As is proposed in those studies, the surface 
tension tends to make the bubble spherical. Bond states through the equation (2.19) 
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a simplified formula for the critical diameter at which a gas bubble or liquid droplet is 
midway between the rigid and fluid state. 
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For an epoxy resin of surface tension σ= 32 dyne/cm (32x10-3N/m) and resin density 
ρ= 1102.8 kg/m3 with g= 9.813 m/s2,  the bubble critical diameter dcr = 3.44 mm. 
Therefore, a bubble of diameter lower than this critical value (e.g. from 1 mm down to 
dust like particles) will be as rigid as can be theoretically accepted [4]. 

2.7.4. Surfactant agent 
 
Surfactants are chemical agents that are actives in surface. When surfactants are 
dissolved in water are concentrated in interfaces, such as water-air or water-oil, and 
perform various functions: moisten, emulsify, disperse and solubilize, produce or 
avoid the formation of foam, are antistatic and lubricants; also give brightness and 
affecting certain rheological properties [33]. 
 
A surfactant lowers the surface tension of the water and increases the solubility of 
organic compounds. Detergents are surfactants that help to remove organic 
compounds from a substance by making them dissolve more readily in the water in 
which the substance is washed. 
 
As example of application, the CRB Bubble Buster11 is a commercial product that 
uses the surfactant agent principle. It is formulated for rod builders to remove the 
bubbles that occur when mixing epoxy parts. This product works by releasing the 
surface tension of the epoxy parts, allowing the encapsulated bubbles to rise and 
burst12. It leaves no residue after application and works with all brands of epoxy. 
 
A degassing technique based on surfactant agents is the so called defoaming 
technique. In the defoaming, some agents act to reduce the foam stability of a 
system (termed foam breakers or defoamers) while others can prevent foam 
formation in the first place (foam preventatives or foam inhibitors). There are many 
such agents [35] and hundred different formulations for foam inhibitors and foam 
breakers. The addition to a foaming system of any soluble substance that can 
become incorporated by co-solubilization or by replacement of the original 
surfactants into the interface may decrease dynamic foam stability if the substance 
acts against the formerly present stabilizing factors; some branched reasonably high 
molecular mass alcohols can be used for this purpose. Not being very soluble in 
water, they tend to be adsorbed at the gas/liquid interface, displacing foam promoting 
surfactant and breaking or inhibiting foam. Foam can be destroyed by adding a 
chemical that actually reacts with the foam-promoting agent(s). Foams may also be 
destroyed or inhibited by the addition of certain insoluble substances. Such 
hydrophobic compounds include waxes, hydrophobic silica, metal soaps, 
polypropylene glycols, amides and polyurethanes [36]. A review of defoaming 
mechanisms is given by Pugh [37]. 
                                                 
11 http://www.mudhole.com 
12 http://www.youtube.com/watch?v= -5uSTYNURJ0 
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Chapter 3 
 

RESEARCH METHODOLOGY 
 
 
The research methodology is developed in this chapter. The research methodology 
contains the parts of resin degasification and infusion process which need be 
improved or are very limited due to the lack of information such as the selection of a 
suitable mixing procedure, the curing time influence in the final result of the resin, the 
vacuum pressure and treatment time in the degasification system. Some methods to 
remove bubbles as ultrasound degasification, vacuum degasification, centrifuge 
degasification and the application of surfactant agent are studied in this chapter, as 
well as the standards used to detect void content, the preparation of samples for 
microscopy and how is done the characterization of this samples. 
 
 

3.1. Mixing procedure selection 
 
The hand mixing processes such as epoxy resin agitation produce bubbles that could 
be introduced with the handling of the materials [6]. Therefore, it can be improved 
using an automatic mixer to control the mixing conditions. In this section is 
determined a mixing procedure, looking for the information of manufacturers of 
automatic mixers that accomplish with conditions in which less bubbles are 
generated. 
 

 
 

Figure 3.1 Example of epoxy resin mixer device13,14 

 
 
With the purpose of analyze in a general way these technologies; a suggested simple 
mixing device is the RESIN MIXER13 by Gizmo Engineering manufacturer. This 
device is a small batch epoxy resin mixer14 (Showed in Figure 3.1) this mixer saves 
                                                 
13 http://www.youtube.com/watch?v=bhEAxHY7hk0 
14 http://www.drumalarm.com/resinmixer.html 
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time wasted by hand mixing. It is simple to install and operate. Semi-automatic 
mixing with the resin mixer provides many advantages over hand mixing, always 
mixes at the same rate avoiding variation in the mixture. Gentle mixing does not 
incorporate air bubbles into the mixture and complete mixing assured because 
fatigue, boredom and impatience of hand mixing is eliminated. This was originally 
developed for Epoxy resins with viscosities around 20.000 cp. Many uses are mixing 
epoxies, polyester resins, paints, slurries, pastes, soldermask, etc. After use imply 
throw the disposable cup and stir stick away. 
 
According with the technology of batch mixers, one of the mixing conditions is that 
the mixer must be able to have sufficient power to handle a wide range of viscosities. 
One type of batch mixer that has been applied to mixing resin uses two blades. Slow 
speed blades can scrape material from near the wall of the container, overcoming 
heat transfer problems into a viscous medium. By turning over the bulk of the mix, 
hot spots and dead zones can be avoided. In addition, a second blade spins rapidly 
to provide high shear for thorough blending and dispersal of solid ingredients. High 
speed blades can add additional heat to the mix, especially in small test batches. 
Due to the relative stability of neat epoxy resins, large mixers can be used to make 
the inert blends. After the blend is prepared, it is drained into smaller disposable 
containers [38]. 
 

 
 

Figure 3.2 (a) Epoxy resin and Alumina powder mixed by THINKY Mixer (b) Epoxy resin 
(Base + hardener) mixed by THINKY Mixer15 

 
 
The THINKY Mixer15 showed in the Figure 3.2 is a no-touch, no-blade way of mixing 
materials employing rotation and revolution; the mixing container orbits the center 
and also turns upon its axis; these two contradictory forces simultaneously and 
thoroughly mix, disperse and degases materials in the container. Some models with 
vacuum pressure reduction function eliminate micron-sized bubbles. These devices 
are suitable for research and development labs, production facilities for 
                                                 
15 http://www.thinky.co.jp 
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semiconductors, liquid crystals, paints, pharmaceuticals, cosmetics, food products 
and such electronic materials as resin and metallic paste. 
 
The ELDO-MIX 001 from DOPAG Group showed in Figure 3.3 is a metering and 
mixing system for low viscosity media. The device is a solvent free compact metering 
system that is typically used to handle low viscosity multi-component such as epoxy 
resins, polyurethanes or silicones with mixing ratios. Typical applications are: 
Sealing, Gluing, Rapid Prototyping and Encapsulating. The device is fitted with a 
static mixing system that includes a mixing block combined with a disposable static 
mixer. Should mixed material be allowed to cure in the mixer, it can be replaced 
simply and inexpensively, thus avoiding a time consuming, expensive and 
environmentally damaging flushing cycle. 
 
 

 
 

Figure 3.3 Metering and mixing system - ELDO-MIX 001 by DOPAG16 
 
 

                                                 
16 http://www.gunmak.com.tr/SystemFiles/file/ELDO_MIX_001_E.pdf 
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Table 3.1 Mixer devices specifications comparison 

 
Model RESIN MIXER THINKY Mixer ELDO MIX 001 

Manufacturer Gizmo engineering THINKY Corp. DOPAG Group 

Cost 65€ 500€ 1.200€ 

Weight 1.3 kg 15 kg 37 kg 

Mixing method Rotational Centrifugal 
Planetary 

Static mixing 

Functions 
 

Variable mixer 
Stirring 

Degassing 
Dispersion 
Emulsification 
Pulverization 
Antifoaming 

Sealing 
Gluing 
Rapid prototyping 
Encapsulating 

RPM range 0 to 60 400 to 2,000 - 

Mixing time Max 50 hours Max 30 min. - 

Batch quantity 150 ml 50 ml Continuous 

Vacuum/Pressure No Vacuum 40 bar 

Dispenser mixer - - 1:1 to 5:1 
Flow rate Batch Batch 5 to 500 ml/min 

Quality Normal High Normal 

Industrial Applications 

Research labs 
Quality Assurance 
Production plants 

Aerospace 
Semiconductors 
Chemical 
Dental 
Drug develop 
Pharmaceuticals  
Bioengineering 

Research labs 
Development 
Semiconductors 
Chemical 

 
 

3.2. Curing time influence 
  
In this section is analyzed the influence of the curing time regards to the temperature 
and another variables in the final results of the resin. 
 
Epoxy resins cured with relative speed and viscosity changes in few minutes or hours 
from relatively low values to almost infinite values, when it becomes a solid. 
 
The simplest and extended equation to describe the evolution of the viscosity of 
epoxy resins with time under isothermal conditions is the exponential 
 
 

tK

T
Te0ηη =  (3.1) 
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where T0η  is the initial viscosity to the temperature T at which the test is made and 
kinetic constant tKT  also to the corresponding temperature [39]. 
 
One of the most often used production procedures for fabricating a high-performance 
structural laminate is the autoclave curing process. The presence of voids in the final 
part is an unavoidable fact and has a detrimental impact on the mechanical 
properties of the composites. Hence the removal of voids is quite critical in many 
advanced composite aerospace structures.  
 
Some of the cure cycle parameters such as temperature and pressure have been 
found to affect the void content of carbon/epoxy laminates. The temperature 
schedule recommended by the manufacturers should avoid any modification that 
affects its performance. Factors as the magnitude of cure pressures and the moment 
of applying pressures substantially influence the production of laminates with low 
porosity and high performance squeezing out the entrapped air, water vapor and 
excess of resin. 
 
In many composite applications, the void content is quite critical and levels above 
about 1% are not tolerable, such as in advanced composite dynamic aerospace 
structures. In other applications, levels of 5% and higher can be tolerated. For 
advanced composites, because of the wide range of microstructural and 
macrostructural options available, even within a given processing technology, the 
cost difference between alternative designs can be enormous. It is possible to obtain 
90% of the performance at 60% of the cost, the last 10% of performance being 40% 
of the cost [40]. 
 
Liu et al. [40] have performed rheological and Thermal Scanning Calorimetry DSC 
tests to determine the moment at which the cure pressure must be increased. Two 
groups of cure pressure cycles were selected to assess the influence of voids on the 
mechanical properties. One group kept the first isothermal time as 120 min and 
changed the autoclave pressures, those pressures are set as 0.0, 0.1, 0.2, 0.4 and 
0.6 MPa. The second group selected the temperature to be held at 120 ºC for 30 min 
(a), 60 min (b), 0 min (c), and 120 min (d). The autoclave pressure was increased to 
0.2 MPa at the end of the dwell time. As can be seen in the figure 3.4, at the end of 
the viscosity platform (point A,B) the viscosity increases quickly with the time or 
temperature due to the initiation of cure reactions. DSC was used to determine the 
optimum time for applying pressure and can be shown in the figure 3.5 that the 
initiation of resin reaction (point C) corresponding to the increasing point of resin 
viscosity in figure 3.4 (point B)  
 
The effects of cure pressure on void contents were studied. A set of cure cycle 
pressures 0.0, 0.1, 0.2, 0.4 and 0.6 MPa, were used. The Figure 3.6 shows that an 
exponential decrease fitting curve can characterize the relationship between the void 
content and cure pressure. Therefore, an applied autoclave pressure is necessary to 
reduce the void percentage down to an acceptable level. 
 
In fact, the cure temperature cycle, marked with a, b, c and d in figure 3.4, is a 
conservative temperature cycle recommended by the manufacturer which is mainly 
used for match die processes. Experiments were carried out to show whether the first 
dwell time is the optimum time. Hence, the time for increasing the autoclave pressure 
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.  
 

Figure 3.4 Viscosity versus time and temperature [40] 
 
 

 
 

Figure 3.5 Heat of reaction as a function of temperature [40] 
 
 

 
 

Figure 3.6 Measured void contents as a function of cure pressure [40] 
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within the range of minimum viscosity was set as 30, 60, 90 and 120 min. The figure 
3.7 shows the results of void contents varying with the first dwell time. It shows that 
the optimum moment of applying pressure is not 120 min but 90 min. There is a time 
span for applying autoclave pressures, and if the level of porosity limits to less than 
1.5%, the time span would be chosen between the 50 and 90 min. While the last 
span from 90 to 120 is greater than 1.5% level of porosity. 
 
The resin viscosity affects the resin flow and also affects the transport of voids and, 
to a limited degree, their formation and growth. Experimental results show that the 
resin can flow fully in the time span from 50 to 90 min and an improved and optimum 
cure cycle was obtained namely a, b, e and d shown in figure 3.4. This improved cure 
cycle can obviously shorten the time of processing in a cost-effective manner. 
 

 
 

Figure 3.7 Measured void contents as a function of the first dwell time [40] 
 
 

3.3. Sample preparation influence and method 
analysis 

 
Subsection 3.3.1 studies the influence of the variables such as the vacuum pressure 
and treatment time in the degasification system. This subsection also studies the 
suitability of some methods to remove bubbles such as ultrasound degasification, 
vacuum degasification, centrifuge degasification and the application of surfactant 
agent. 
 
Subsection 3.3.2 analyzes the resin infusion process focused towards the results 
obtained in studies of preparation of samples with resin with reinforcement and 
without reinforcement previous degasification. 
 
Technical requirements to the realization of the experiments such as equipments and 
personnel involved will be evaluated. The materials involved with the realization of 
the methods to remove bubbles in this part of the project will be selected with the use 
of the software CES-EDUPACK 2012. 
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3.3.1. Degasification systems 
 

3.3.1.1. Vacuum pressure cycles 
 
Vacuum Degassing is a system that removes dissolved and entrapped gas that 
would otherwise cause defects in cured products. A degassing vacuum chamber can 
be used to degas a resin and then degas a filled mold. A multi-phased pump-vent 
process is used until the resin no longer expands. Such expansion is minimized 
when the resin is mixed under vacuum. Care has to be taken not to over pump which 
causes the epoxy breakdown [25]. Depending on the epoxy, degassing without 
mixing is typically acceptable for viscosities up to 5,000 cP. Figure 3.8 has an 
example17 of how the boiling point decreases as pressure decreases on resin.  
 
 

 

 
Figure 3.8 Water vapor pressure versus temperature17. 

 
 
Pumping beyond the degassing required point produces the over pumping , placing 
the bulk material in the pressure region where it will start to boil. Both degassing and 
boiling process sometimes dovetail but they are two separated processes; thus 
boiling is to be avoided. The ultimate pressure of pumps provided with degassing 
system is often in excess of the required degassing processing pressure, reaching 
the boiling point. The customer needs to determine whether boiling their epoxy is a 
concern, and consequently what the vacuum limit is for their process. Also, involved 
personnel needs to be sure that enough pressure is pulled to “break the gas bubbles” 
and they should know what degassing pressure is required for that particular epoxy 
resin through experiments. Furthermore, the involved personnel must also ascertain 
the minimum pressure allowed below which the epoxy resin is damaged. 
 

                                                 
17 http://upload.wikimedia.org/wikipedia/commons/2/25/Water_vapor_pressure_graph.jpg 
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Niggemann [41] presented the so called Controlled Atmospheric Pressure Resin 
Infusion (CAPRI) process patented by the Boeing Corporation. This process includes 
a vacuum degassing stage as showed in Figure 3.9. Initially, an improvement is to 
remove the air from the laminate prior to the infusion to reduce overall thickness and 
increase fiber volume fraction. In addition, a partial vacuum is applied to the infusion 
bucket, which serves as resin container, reducing the pressure gradient in the 
preform during injection, resulting in a smaller thickness gradient which can increase 
the infusion time significantly. This can lead to a longer overall manufacturing time 
especially for large-scale structures and could make it necessary to recalculate the 
locations of the infusion lines and vents to assure optimum infusion distances. The 
potential for improved performance and reduced variability of the final part makes it a 
preferred infusion process for aerospace applications. 
 
 

 
 
Figure 3.9 Schematic of the CAPRI process set-up including a vacuum degassing stage [41] 
 
 
This can lead to a longer overall manufacturing time especially for large-scale 
structures and could make it necessary to recalculate the locations of the infusion 
lines and vents to assure optimum infusion distances. The potential for improved 
performance and reduced variability of the final part makes it a preferred infusion 
process for aerospace applications. 
 
The vacuum pressure applied in the infusion bucket reduces the pressure differential 
and increases total filling time more compared to the effect of decreased 
permeability. In a study summarized in Figure 3.10 the cases half vacuum and half 
vacuum with removal of air have a longer filling time whereas when full vacuum is 
applied the infusion time is shorter to achieve a differential pressure of 20 kPa. 
 
Liu [42] in the European patent W02012135972A1 presents a different method for 
continuous resin degassing. This method is an example of how the pressure vacuum 
cycles work in the vacuum degassing process. The continuous resin degassing 
principle works transferring the resin into a first chamber 105; the resin is subjected 
to a vacuum in the first chamber 105 while the resin is transferred into a second 
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chamber 135; and, applying a pressure to the resin while in the second chamber 135  
the resin is forced into a third chamber 125. The Figure 3.11 illustrates the device at 
 

 
 

Figure 3.10 Resin pressure during infusion. Four cases of vacuum degassing [41] 
 
stage where resin is being transferred from a second chamber 120 to a third 
chamber 125. Also is illustrated the removal of degassed resin from the third 
chamber 125. The port 115 is the vacuum source of the first chamber 105 and the 
port 110 is the resin intake. The port 130 is the outtake of the degasified resin. The 
valve 160 can be operated to allow gas into third chamber 125 to provide a vacuum 
break whereby gas can fill the increased space provided by the removal of resin 175. 
In addition, a vacuum can be placed onto resin outtake 130 to assist in withdrawing 
resin from third chamber 125 and/or a gas pressure can be provided through valve 
160 to force resin to flow into and through conduit 170. 
 

 
 

Figure 3.11 Resin degasser configuration [42] 
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3.3.1.2. Treatment time 
 
To achieve parts totally free of micro-bubbles of air, especially in the manufacture of 
parts of study or researching is recommendable to follow the recommendations of the 
manufacturer of the resin to degas the mixture during a determined time (15 minutes) 
in an autoclave with vacuum [43]  
 
The effects of time, vacuum and its results on the production of bubbles were 
analyzed in the study of Afendi to epoxy resins [4]. In this case, two resins were 
mixed in the proportions recommended by the respective supplier PRF and Vantico, 
respectively.  
 
The solution was degassed under vacuum at 90 mbar absolute, with a piece of 
‘Scotch–Brite’ to act as a bubble nucleation agent. Bubble nucleation had usually 
stopped after degassing for 15 min. After the degassing process, it was found that 
the mixture contained a lot of micro-bubbles in suspension. These micro-bubbles 
took a long time to travel up to the surface of the resin: about 4 h for the PRF resin 
mixture and much longer for Vantico resin. 
 
To measure how much dissolved gas has been extracted from a resin solution after 
being degassed, the chemical content (gas remaining) was found with the method of 
the dissolved oxygen meter, normally used for measuring water-based solution.  
 
The oxygen content should be able to give an approximate representation of the 
effectiveness of dissolved gas removal in any degassing method. 
 
All degassing processes were done at 90 mbar absolute. Degassing at lower vacuum 
pressure is expected to give lower readings of oxygen content. When degassing 
started, a lot of bubbles developed in the mixture. When using bubble nucleation 
agent, the bubbling activity diminished after 15 min. A sample was taken and tested 
with the dissolved oxygen meter (Rank Brothers Ltd, Digital Model 10). The dissolved 
oxygen meter gave an unstable reading (for reasons which are not fully understood) 
resulting in the range of values quoted above. The variation may result from non-
uniform diffusion of oxygen due to the resin viscosity and the permeation behavior 
through the Teflon membrane of the oxygen meter. 
 
As can be shown in the table 3.2, the oxygen content of the degassed resin dropped 
from the range of 85–96% down to a range of 53–64% after 15 min degassing with 
bubble nucleation agent. The same procedure of testing has been carried out on 
different samples with variation of prolonged exposure to vacuum and different 
methods of degassing. 
 
Stenelholm [44] referenced the effect of vacuum treatment for tool steels. The steel 
samples were analyzed for their composition as well as the number and the size 
distribution of inclusions and the inclusion composition, also were measured the 
oxygen activities in the steel melt. 
 
In order to see how the inclusion characteristics evolved during vacuum degassing 
the vacuum treatment process was interrupted at five predetermined points of time. 
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Table 3.2 Percentage of oxygen content in degassed resin by various methods 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Before vacuum treatment the inclusion content was high in number and during 
vacuum the number was decreased in the case of smaller inclusions. As is explained 
in the figure 3.12, for three heats (A,B,C) of a modified steel grade 420, samples 
were taken before and after vacuum degassing. Regarding to the total number of 
inclusions per mm2, it can be seen that the number of inclusions decreases during 
vacuum degassing. After vacuum degassing the total amount of inclusions are similar 
in number for the different conditions of top slag. 
 
 

 
 

Figure 3.12 Total Amount of inclusions per mm2 vs. process step [44] 
 
 
In order to analyze the evolution of inclusion characteristics during vacuum 
degassing in a H-13 steel grade, ten interruptions were done at 3, 6, 9, 15 and at 22 
minutes of vacuum degassing. The aim was to get a picture how the inclusions 
characteristics change during vacuum treatment. Oxygen activity samples were 

Epoxy Resin Mixture Oxygen content (%) 

After mixing 85-96 

Fully saturated with air bubble 100 

After 15 min degassing with bubble nucleation 53-63 

After 60 min degassing with bubble nucleation 50-60 

After 120 min degassing with bubble nucleation 50-60 

After 15 min degassing with air sparging  50-60 

After 60 min degassing with air sparging 50-60 

After 120 min degassing with air sparging 50-60 
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collected before and during interruption of the vacuum degassing process. In the 
figure 3.13 is shown that during the firsts 10-15 minutes of the vacuum treatment the  
total oxygen decreased more than 50%. 
 
The total oxygen content was assumed to be an approximate measurement of the 
amount of inclusions, as is showed in the figure 3.14 in the beginning there was a 
decrease in number of inclusions, but after fifteen minutes the decrease diminished  
 
 

 
 

Figure 3.13  Decrease of total oxygen content in steel during vacuum treatment [44] 
 
 

 
 

Figure 3.14  Decrease of total inclusion content in steel (#/mm2) during vacuum treatment 
[44] 
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3.3.1.3. Ultrasound degasification method 
 
As was explained in paragraph 2.7.1, the application of ultrasonic energy to the resin 
reduces the amount of trapped gas bubbles contained within the resin for the 
cavitation phenomenon. Therefore, the ultrasonic energy can be used to coalesce 
with the distributed bubbles into larger bubbles, which are then easier to evacuate  
[24]. 
 
The gas formation and the rise time to the resin surface within the processing times 
can be improved if factors such as ultrasonic frequency, amplitude and the resin 
viscosity which at the same time is moderated by temperature and liquid properties. 
Other important factors to consider are the residence time of resin in ultrasonic field, 
bubble distance of travel to reach surface and burst, pressure above resin surface, 
and staging interval energy level and frequency [45]. 
 
There are several factors influencing the threshold for the formation to the cavitation 
bubbles, e.g. viscosity, surface tension and temperature of mixture [46]. For high 
viscosity epoxy mixture resins is necessary to reduce the viscosity by heating when 
applying an ultrasonic horn in order that the damping is low enough that the 
sonotrode can vibrate with the resonance frequency. 
By contrast, during sonication the epoxy resin is heated up and has to be cooled 
externally to keep the resin below the temperature of degradation.  
 
The effect of ultrasonic power on the viscosity of the resin can be explained for the 
enormous energy arising from the cavitation increases the dynamic energy around 
the bubble, which is higher than the force of the inner friction from molecules moving 
and the increase of dynamic energy is of benefit to change the wind configuration of 
molecular to the unwind status so that the inner friction force among molecules 
decrease. 
 
At the same time the enormous energy from cavitation destroys the link through the 
physical action between two molecules and decreases the inner friction force. So the 
result of all these actions is the viscosity of the resin decreases. 
 
The enormous energy from the ultrasonic cavitation accelerate the movement of the 
molecules and decrease the viscosity of the resin system and the energy increases 
with the increase of ultrasonic amplitude, so the viscosity of the resin system tends to 
decrease with the increase of the ultrasonic amplitude.  
 
In the Figure 3.15 can be seen the behavior of a specific epoxy resin of a viscosity of 
1.73 Pa.s and the ultrasonic amplitude effect in the viscosity. These results were 
obtained of a test to measure the viscosity of a resin called ball-falling. When the 
ultrasound is used, the transducer is inserted into the resin system. After being 
treated under different ultrasonic parameter, the resin system is put into the cylinder 
to measure the viscosity [24] 
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Figure 3.15  Relationship between ultrasonic amplitude and viscosity of the epoxy [24] 
 
 
The surface tension decreases with the increase of the ultrasonic amplitude due to 
the resin system under the radiation of the ultrasound got the energy enough to 
accelerate the movement of the molecules. The movement of molecules may 
increase the volume of the system so as to result in the decrease of the viscosity and 
density of resin. Both decreases of viscosity and density of system attribute to 
decrease of the surface tension. It is well known when the surface tension of the fiber 
is greater than of the resin, the fiber and the resin may reach the good wetting.  
 
Results of carried out experiments in the board suspending of Wilhelmy testing 
method [24, 51] are indicated in the Figure 3.16. The surface tension was measured 
in a resin system. The surface tension of the fiber used in the experiment was 45 
dyn/cm and were found that the surface tensions of the resin system after ultrasonic 
treatment were lower than of the fiber, which will benefit to the improvement of the 
wetting and further the interface performance between the resin and the fiber. 
 
When epoxy resin is mixed, air bubbles are inadvertently introduced and must be 
removed. Ultrasonic degassing technique can be very useful in this case [47]. The 
ultrasound removes small suspended gas-bubbles from the viscous liquid and 
reduces the level of dissolved gas below the natural equilibrium level. [48] 
 
When sonicating liquids, the sound waves that propagate from the radiating surface 
into the liquid media result in alternating high-pressure (compression) and low-
pressure (rarefaction) cycles, with rates depending on the frequency. During the low-
pressure cycle, the ultrasonic waves can create small vacuum bubbles or voids in the 
liquid. The large number of small bubbles generates a high total bubble surface area. 
 
The bubbles are also well distributed in the liquid. Dissolved gas migrates into these 
vacuum (low pressure) bubbles via the large surface area and increases the size of 
the bubbles. The acoustic waves support the touching and coalescence of adjacent 
bubbles leading to an accelerated growth of the bubbles. The sonication waves will 
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Figure 3.16  Ultrasonic amplitude versus surface tension of resin system [24] 
 
 
also help to shake bubbles off vessel surfaces and will force smaller bubbles resting 
below the liquid surface to rise through and release the entrapped gas to the 
environment. 
 
As the ultrasound improves the rising of small suspended bubbles to the liquid 
surface, it reduces the contact time between the bubble and the liquid, too. For this 
reason, it limits the re-dissolving of gas from the bubble to the liquid, too. This is of 
particular interest for higher viscosity liquids, such as oil or resin. Since the bubbles 
have to move to the liquid surface, the ultrasonic degassing works better, if the 
container is shallow so that the time to the surface is shorter. 
 
Fluids contain a certain amount of dissolved gas. The concentration of gas depends 
on factors, such as temperature, ambient pressure, agitation of the liquid. Under 
constant conditions, the gas concentration will approach the equilibrium. Ultrasonic 
degassing will change the conditions, because the liquid is exposed to low pressure 
bubbles and agitation. Therefore, ultrasonication will lower the gas concentration in 
the liquid beneath the former equilibrium level. When the sonication stops and the 
initial conditions are re-established, the gas concentration will slowly approach the 
initial equilibrium level again, unless the liquid is not exposed to any gas, e.g. in a 
closed bottle. Because the re-dissolving of gas into the liquid is fairly slow, it is 
possible to work with the low-gas liquid after sonication. The Figure 3.17 illustrates 
this effect. 
 

3.3.1.3.1.  Description of ultrasound degasification method 
 
According with the experimental study of Khmelev and Tsyganok [49] was developed 
a method to remove gas occlusions from epoxy resin during production of heat 
insulated floor elements, which in this case is important to analyze the effects of the 
removal of gas occlusions in the epoxy resin. 
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Figure 3.17  Effects of sonication in the gas concentration versus treatment time 18 
 
 

• Materials and equipments  
 
Epoxy resin 
Frequency Generator 
Ultrasonic transducer 
Metal Container or Beaker 
 

• Procedure Description 
 
A quantity of epoxy resin of no less than 5 kg was prepared without hardener, in a 
metal container. The epoxy resin was preliminarily exposed to ultrasound by the 
ultrasonic device, series Volna–M, model UZTA-1/22-OM (Center of Ultrasonic 
Technologies Ltd) at frequency of 22±1.65 kHz and intensity of not less than 15–20 
W/cm2 during specified period of time. The general set-up is shown in the Figure 3.18   
 
The ultrasonic exposure was provided at the operating frequency of 22±1.65 kHz 
with the help of piezoelectric vibrating system with the working end 40 mm in 
diameter. Ultrasonic vibrations were entered with intensity of no less than 15–20 
W/cm2. The cavitation influence on epoxy resin is showed in the figure 3.19  
 
As a result of such influence, viscosity of epoxy resin was reduced; formation and 
collapse of cavitation bubbles aggregated and floated took place. This provides 
degassing and activation of epoxy resin. Duration of ultrasonic treatment was 
determined by degassing degree. 
 
The ultrasonic device consumed an electric power of 1000 VA which is equivalent to 
300 W of acoustic power that was entered into epoxy resin. At the specified power 
 
 

                                                 
18 http://www.hielscher.com/degassing_01.htm 
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Figure 3.18  Ultrasonic resin degassing general set up [51] 
 
 
during the treatment of 5 kg of epoxy resin during 5 minutes the temperature of 
processed medium rose up to 50 º C – 60ºC; no less than of 95% of dissolved gases 
were removed. 
 
In this case of study the heat-insulated floor element was produced through 
depositing of epoxy resin on bearing stone flag and internal surface of stone flag with 
decorative or special coating, placing of heating element on surface of the epoxy 
resin layer, removal of air bubbles from film heating element, coating it with additional 
layer of epoxy resin, placing of stone flag with decorative or special coating on the 
surface of epoxy resin and providing of polymerization of epoxy resin. 
 
 

 
 

Figure 3.19  The cavitation influence on epoxy resin [49] 
 
 
During deposition of epoxy resin and its polymerization ultrasonic influence on stone 
flags and layers of epoxy resin was realized with amplitude of no less than 10 
microns. 
 
Ultrasonic exposure was provided with mechanical contact of the working end of the 
ultrasonic radiator with the epoxy resin layer or the surface (e.g. internal) of stone 
flags and with motion of the ultrasonic radiator along the processed surface.  
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Stone flags produce mechanical vibrations, and epoxy resin is additionally exposed 
to ultrasound. Generated gas occlusions become smaller, move along heating 
element and leave the space between the stone flags. 
 
The treatment of external surfaces was carried out by moving of working tool of the 
ultrasonic vibrating system by the circular motions beginning with the center of the 
surface using intermediate acoustic medium, e.g. vegetable oil. The final 
polymerization of epoxy resin between stone flags was realized under the pressure 
during one day. 
 

3.3.1.3.2.  Proposal to ultrasonic degassing experiment 
 

• Materials and equipments  
 
Laboratory ware or Beaker 
Epoxy resin 
Frequency Generator 
Ultrasonic transducer 
 

• Personnel Requirements 
 
Trained NDE personnel (Nondestructive Evaluation Techniques) in ultrasonic testing 
[50]  
 
• Materials selection to beaker with CES-EDUPACK software  
 
The material of the laboratory ware or beaker where the resin will be mixed should 
meet the fo llowing requirements to enable its use in future experiments [52,55]. 
 

• Must be resistant to scratched, chipped, cracked, engraved. 
• Must be resistant to fracture. 
• Must be resistant to fatigue due to the over tightening with clamps  
• Must be transparent. 
• Must be resistant to chemical attack and corrosion. 
• Must have a high temperature working. 
• Must have remarkable dielectric properties that would make optimal for high  
frequency applications . 

 
Through the selection of the materials with the CES-EDUPACK software will be 
chosen which is the most optimal to meet all these features. 
 
In order to achieve this objective the database selected of this software is the Level 
3, due that is the most complete and it contains more properties to be more specific 
in the identification of the material.  
 
In the option “Materials universe” is selected the group “Polymers”, owing to this 
group covers in general properties of interest (electrical properties, thermal 
properties) that would fulfill with the desired requirements. 
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The option “limit” allows select the criteria to choose the material. The most important 
properties for this purpose are density, melting point, maximum service temperature, 
thermal conductivity, thermal expansion coefficient, dielectric constant (relative 
permittivity), dissipation factor (dielectric loss tangent), transparency, permeability 
(O2), strong acids, strong alkalis. 
 
Each property has a bar chart where are established the ranges for each subgroup of 
polymers, were chosen the limits more suitable that can cover the requirements, the 
limits are shown in the Figure 3.20. Also, in this initial stage (stage 1) the software 
found 4 materials that meet between the requirements of a list of 810 materials. The 
materials selected were FEP (unfilled), PCTFE, PMP(general purpose), PMP (paper 
coating).  
 
 

 
 

Figure 3.20  Properties selection criteria and selected materials for the stage 1[53].   
 
Once defined the limits, to evaluate the resistance to scratched, chipped and 
engraved in the stage 2 and 3 are compared the hardness property with the durability 
of the materials in fluids, in this case is studied an excellent resistance of the material 
regards to the use with fluids strong acids and fluid strong alkalis. The software has 
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selected 3 materials of 810, these are FEP (unfilled), PMP (general purpose), 
PMP(paper coating). The results are shown in the figure 3.21 and figure 3.22 
 
 

 
 

Figure 3.21  Stage 2, Hardness versus reaction to strong acids [53]. 
 

 
 

Figure 3.22  Stage 3, Hardness versus reaction to strong alkalis [53]. 
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In the stage 4 is evaluated the susceptibility of breakage on impact due notches, hard 
corners and cracks through the comparison of the property impact strength with 
fracture toughness. The software has selected 3 materials of 810, these are FEP 
(unfilled), PMP (general purpose), PMP (paper coating). The materials with highest 
values in both properties are FEP and PMP (general purpose) for that reason are 
selected with the box tool. The results are shown in the figure 3.23 
 
 

 
 

Figure 3.23  Stage 4, Impact strength versus  Fracture Toughness [53]. 
 
 
To evaluate the fatigue which is exposed the beaker due to the over tightening of the 
clamps for handling, in the stage 5 is compared the fatigue property versus fracture 
toughness and the materials selected are the PMP (general purpose) and FEP. The 
results are shown in the figure 3.24. 
 
To evaluate optimal materials for applications of high frequency, the fracture 
toughness property is compared with dielectric properties such as the dielectric 
constant (relative permittivity) and dissipation factor (dielectric loss tangent) in stages 
6 and 7, respectively. The database has selected the PMP (general purpose) and 
FEP. The results are indicated in the Figure 3.25 and Figure 3.26.  
 
The resistance to maximum service temperature is compared with fracture toughness 
property in the stage 8. The database has selected as optimal materials the PMP 
(general purpose) and FEP, as can be seen in the Figure 3.27  
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Figure 3.24  Stage 5, Fatigue strength versus Fracture Toughness [53]. 
 

 

 
 

Figure 3.25  Stage 6, Fracture Toughness versus  Dielectric constant [53]. 
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Figure 3.26  Stage 7, Fracture Toughness versus  Dissipation factor [53]. 
 
 

 
 

Figure 3.27  Stage 8, Maximum service temperature versus  Fracture toughness [53]. 
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Figure 3.28 Stage 9, Selection of prices of the material [53]. 
 
 
Finally in the stage 9, the best material that meets the requirements is selected. The 
database compares the cheapest price between FEP and PMP. The results are 
shown in the Figure 3.28. Although both PMP (general purpose) as FEP are optimal 
to the function that will be used, were taken in account three aspects to do the final 
selection such as price, typical uses and electrical properties. These aspects are 
shown in the table 3.3. 
 
 
Table 3.3 Properties to final selection of materials 
 

Material Name Price (EUR/kg) 
Electrical 

Properties(Dissipation 
factor) 

Typical Uses 

PMP (General 
purpose) 7.33 - 8.96 6.66 x 10-5 

Medical components, 
microwave 
cookware, chemical 
laboratory apparatus 

FEP (unfilled) 15.6 – 23.5 2.85x10-4 

Valves, electrical 
components, 
equipment for 
chemical plant 
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As can be seen in the table , are indicated the properties to PMP (general purpose) 
and FEP (unfilled). The database has selected the PMP (general purpose) as the 
cheapest material; the cost for Kilogram is about 8 EUR.  
 
As the dissipation factor is lower, there is less power loss. These characteristics 
make it suitable for frequency applications for this reason has been chosen the PMP, 
the dissipation factor of FEP (unfilled) is a little higher. 
 
Has been compared the applications of each of the materials and PMP(general 
purpose) was chosen as the most suitable for use for chemical laboratory equipment, 
the FEP (unfilled) is to industrial applications. 
 
As a result of these comparisons the material selected is the PMP(general 
purpose). 
 
• Materials selection to resin with CES-EDUPACK software  
 
The resin chosen must accomplish the following requirements to enable its use in 
future experiments [11,54, 55]: 
 

• Must have an appropriate density. 
• Must be a low cost resin. 
• Must be resistant to high temperatures. 
• Must have low linear mold shrinkage. 
• Must have a suitable molding pressure. 
• Must be good electric insulator. 
• Must be moisture resistant. 
• Must have excellent properties to high frequency applications such as relative 

permittivity and dissipation factor.  
 
In the option “Materials universe” is selected the group “Polymers”, due to this group 
belong the resins.  
 
The option “limit” allows select the criteria to choose the material. The most important 
properties for this purpose are density, price, maximum service temperature, linear 
mold shrinkage, molding pressure range, electrical resistivity,  dielectric constant 
(relative permittivity), dissipation factor (dielectric loss tangent), permeability (O2). 
 
Each property has a bar chart where are established the ranges for each subgroup of 
polymers, were chosen the limits more suitable that can cover the requirements, the 
limits are shown in the figure 3.29. Also, in this initial stage (stage 1) the software 
found 2 materials that meet between the requirements of a list of 810 materials. The 
materials selected were Epoxy resin (cycloaliphatic), Epoxy Resin (high heat). Both 
materials are optimal but have been taken in account the applications of the resin to 
do to the final selection of the material. As is shown in the table 3.4   
 
The epoxy resin (high heat) covers more applications than the epoxy resin 
(cycloaliphatic). This is a material commonly used in the manufacture of fiber 
laminates to aerospace applications, automotive and naval applications. It has a 
good dissipation factor and a dielectric constant which makes it compatible with 
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applications of frequency. As a result of these comparisons the material selected is 
the Epoxy resin (high heat). The database suggests some producers of epoxy 
resins as Cosmic Plastics Inc, Synres Almoco.  
 
 

 
 

Figure 3.29  Stage 10, Selection criteria to resin [53]. 
 
 
Table 3.4 Properties to final selection of the resin 
  

 
 
• Materials selection to ultrasonic transducer with CES-EDUPACK software  
 
An ultrasonic transducer converts the alternating electrical energy to vibratory 
mechanical energy but do it through the use of different means. 

Material Name Typical Uses 

Epoxy Resin (Cycloaliphatic) Potting, casting, encapsulating, 
impregnating. 

Epoxy Resin (high heat) 

Moldings mainly for electrical components, 
fiber laminates for aerospace applications, 
chemical protection of pipes and 
structures, marine protection, car coatings, 
tooling, plugs, condensers, switches, 
relays, encapsulating and potting. 
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Piezoelectric transducers convert alternating electrical energy directly to mechanical 
energy through use of the piezoelectric effect in which certain materials change 
dimension when an electrical charge is applied to them. 
 
Electrical energy at the ultrasonic frequency is supplied to the transducer by the 
ultrasonic generator. This electrical energy is applied to piezoelectric element(s) in 
the transducer which vibrate. These vibrations are amplified by the resonant masses 
of the transducer and directed into the liquid through the radiating plate [56]. 
 
The following materials are suggested for the components of the ultrasonic 
transductor that be selected for ultrasonic degassing . 
 
Piezoelectric material 
 
The material of piezoelectric component of the ultrasonic transductor must meet the 
following requirements [57, 58, 59, 60]: 
 

• The piezoelectric material must be grown as suitable large crystal  
• Must be cut in an appropriated direction so as to maximize longitudinal or 

shear deformation 
• Must have high electrical strength. 
• Must have high mechanical strength. 
• Must be moisture resistance. 
• The temperature interferes in the properties of the material. 

 
In the option “Materials universe” is selected the group “All materials”, to find which 
material is best suited to the conditions for a piezoelectric material. 
 
The option “limit” allows select the criteria to choose the material. The most important 
properties for this purpose are density, price, tensile strength, compressive strength, 
maximum service temperature, thermal conductivity, thermal expansion coefficient, 
electrical resistivity, dielectric constant (relative permittivity), dissipation factor 
(dielectric loss tangent), dielectric strength (dielectric breakdown), resistance to the 
water. 
 
Each property has a bar chart where are established the ranges for each subgroup of 
materials, were chosen the limits more suitable according to established in the 
requirements, the limits are shown in the Figure 3.30.  
 
In the stage 1 the software found 3 materials that meet between the requirements of 
a list of 3798 materials. The materials selected were PCT (20 % glass fiber, flame 
retarded), PCT (27% glass fiber and mineral), PPA (15% glass fiber). All the 
materials selected have good electrical properties but have been taken in account 
their applications and prices to do to the final decision of the material. As is shown in 
the table 3.5  
 
The PCT (27% glass fiber and mineral) whose trade name is Valox, is a common 
material used as a piezoelectric component of an ultrasonic transductor. This 
material is compatible with applications of frequency for their excellent electrical 
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properties and is used as surface mountable of electronic components. As a result of 
these comparisons this is material selected.  
 
 

 
 
Figure 3.30  Stage 1, Selection criteria to piezoelectric component of ultrasonic transductor 

[53]. 
 
 
Table 3.5 Properties to final selection of the piezoelectric material 
  

 
 
 
 
 

Designation Price (EUR/Kg) Typical Uses 

Polycyclohexylenedimethylene 
Terephthalate PCT (20% Glass 
Fiber, flame retarded) 

3.93-5.15 
Surface mountable electronic 
components, automotive 
parts, oven cookware. 

Polycyclohexylenedimethylene 
Terephthalate PCT (27% Glass 
Fiber and mineral) 

3.43-4.49 
Surface mountable electronic 
components, automotive 
parts, oven cookware. 

Polyphthalamide PPA(15% Glass 
Fiber) 

7.76-8.85 

Industrial and Chemical 
processing equipment, 
bearings, gears, electrical 
connectors, packaging, under 
bonnet automobile 
applications 
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Resonant masses or backing: 
 
The resonant masses also called backing layer, has as a function to absorb the 
mechanical vibrations produced by the piezoelectric material which propagate  
transducer backward, thus avoiding unwanted reflections.  
The material of backing layer of the ultrasonic transductor must meet the following 
requirements [61, 62 ]: 
 

• Must have acoustic impedance close to the impedance of piezoelectric 
material. To minimize the reflection, this layer must absorb the wave that 
propagates through the material of the backing, minimizing the amplitude of 
the waves reflected on the rear surface. 

• Must have a high attenuation. 
• Must have excellent dielectric properties, high dielectric constant and high 

dissipation factor. 
 
In the option “Materials universe” is selected the group “Polymers”, to find which 
material is best suited to the conditions for the backing layer. 
 
In the option “limit” were selected the following properties for this purpose as density, 
price, material form, base, electrical resistivity, dielectric constant (relative 
permittivity), dissipation factor (dielectric loss tangent), dielectric strength (dielectric 
breakdown), resistance to the water. The limits are shown in the Figure 3.31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 3.31  Stage 1, Selection criteria to backing layer component of ultrasonic transductor 
[53]. 
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Each property has a bar chart where are established the ranges for each subgroup of 
materials, were chosen the limits more suitable according to the established in the 
requirements.  
 
In the stage 1 the software found 6 materials that meet between the requirements of 
a list of 810 materials. The materials selected were DAP (molding, mineral filled), 
Epoxy (glass filler), Epoxy (mineral filler), PF (wood flour and mineral filled, molding), 
polyarylamide (40%-45% mineral filled), PPA (40% mineral). 
 
All the materials selected have good dielectric properties according with the 
requirements, but have been taken in account the materials that have acoustic 
impedance close to the acoustic impedance of the previous piezoelectric material 
selected and the applications to do to the final decision of the material.  
 
First, to calculate the acoustic impedance is necessary to get the sound speed in the 
previous piezoelectric material selected as PCT (27% glass fiber and mineral)  
 

      
ρ
E

VsPCT =       (3.2) 

 
Where E  is the young modulus and ρ the density of the material 
 
Hence,  
 
      PCTVsZ ∗= ρ      (3.3) 
 
For PCT or Valox, GPaE 91.7=  and 3/1420 mKg=ρ  
 

3/1420
91.7

mKg
GPa

VsPCT =  

 
smVsPCT /17.2360=  

 
Hence, the acoustic impedance of the PCT is: 
 

smmKgZ /17.2360/1420 3 ∗=   
 

126 .103514.3 −∗= smKgZ  
 
The acoustic impedance of the PCT is compared with the values obtained of the 
materials selected for the database for the backing layer; the results are compared in 
the table 3.6 
 
As can be seen in this table, the material with acoustic impedance close to the 
acoustic impedance of the piezoelectric material selected (PCT) is the PPA 
Polyphthalamide (40 % mineral), therefore this is the final material selected due is 
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optimal for its use in the backing layer of ultrasonic transductor and for their 
applications as material for sources of ultra-compact resonant transducers.   
 
 
Table 3.6 Comparison of acoustic impedance and applications to selection of backing layer 
material 
 

Material Name E  
(GPa) 

ρ  
(kg/m3) 

Vs  
(m/s) 

Z  
(kg m2 s-1) 

Applications 

PCT (27% glass fiber 
and mineral) 
Piezoelectric material 7.91 1420 2360.17 3.3514x106 

Surface mountable 
electronic components, 
automotive parts, oven 
cookware 

DAP (molding, mineral 
filled) 8.27 1650 2238.7 3.6933x106 

Electrical connectors, 
relays, switches, 
potentiometers 

Epoxy resin (Glass 
Filler) 

12 1900 2513.12 4.7749x106 

Electrical moldings, 
plugs, connectors, 
switch plates, 
encapsulation and 
tooling  

Epoxy (mineral filler) 

1850 8 2079.50 3.8470x106 

Electrical moldings, 
plugs, connectors, 
switch plates, 
encapsulation and 
tooling 

PF (Woodflour and 
mineral filled, 
moulding) 1440 6.9 2188.98 3.1521x106 

Adhesives for 
automotive brake 
linings, Impregnated 
paper for electrical 
laminates 

Polyarylamide (40-45% 
mineral filled) 

1590 15.1 3081.69 4.8998x106 

Automotive, furniture, 
small appliances, 
electrical motor 
components, electrical 
contactors and 
switches 

PPA (40 % mineral) 
 

1530 7.46 2208.12 3.3784x106 

Industrial and chemical 
processing equipment, 
bearings, electrical 
connectors, packaging, 
sources for ultra-
compact resonant 
transducers (large 
dynamic strains more 
than 1%) used for 
forced vibrations 

 
 
• Recommendations of ultrasonic transductors for resin degassing  
 
Taking into account the materials selected through the CES-EDUPACK software for 
this kind of transductors, is proposed also for ultrasonic resin degassing the use of  



3. Research methodology   79 

the module BSP-1200 bench scale (Figure 3.32) produced for the company Industrial 
sonomechanics19. This device is designed for process optimization and medium 
scale production. The model BSP-1200 is supplied with an ultrasonic generator of 
1200W, a water-cooled transducer, different type of horns and an optional reactor 
chamber (flow cell). 
 
The 1200 W generator produces a continuous resonant frequency lock during 
operation. The LCD display provides the settings for ultrasonic amplitude, starting 
frequency, ramp-up or ramp-down parameters. Constant amplitude is provided, 
regardless of the power draw, which is automatically adjusted to compensate for 
variable loading conditions. The ultrasonic vibration amplitude level can be adjusted 
from 20 to 100 %.  
 
 

 
 

Figure 3.32 BSP-1200 Bench-Scale Processor19 

 
The module can work with two sealed water-cooled models of piezoelectric 
transducers. The SWCT-20 and SWCT-28, are rated up to 3500 W. They are 
supplied with the BSP-1200 bench-scale and the ISP-3000 industrial-scale ultrasonic 
processors. The transducers are compatible with all ultrasonic horns, which are used 
to amplify the transducers vibration amplitudes to the desired values and deliver the 
ultrasonic energy to the processed liquid. Sealed water-cooled transducers may be 
used in any liquid processing application of high-intensity ultrasound. The SWCT-20 
is suitable for flow-through applications and can be used when back pressure in the 
processed liquid is present, while SWCT-28 is suitable for batch applications. 
 
The ability of a bench-scale ultrasonic processor to operate at high vibration 
amplitudes is essential. The required amplitude for many processes is between 60 
and 100 microns at the frequency of 20 kHz. In order to implement a process in a 
semi-production environment, it is necessary to switch from a lab to a bench-scale 
ultrasonic system. The bench-scale system must incorporate a medium-diameter 
horn operating at the same high vibration amplitude and the same frequency as the 
lab system (direct scale -up). 
 

                                                 
19 http://sonomechanics.com/ 
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In the batch mode, the processed liquid is contained in a reservoir or dedicated batch 
container that may already be a part of the setup used in the process. Batch mode is 
commonly used for such processes as ultrasonic degassing of oils, paints, epoxies 
and other liquids. Several configurations are possible, corresponding to different 
types of Barbell horns, which are inserted directly into the processed liquid. The 
batch mode is illustrated in the figure 3.33.  
 
 

 
 

Figure 3.33 Batch mode configuration19. 
 
The 1200 W ultrasonic generador excites vibration in the piezoelectric transducer. 
The vibration amplitude is then amplified to about 100 microns (maximum value, 
adjustable from 20 to 100% at the generator) by the type Barbell horn having the tip 
diameter of about 35 mm, and delivered to the liquid in the batch container. The horn 
is immersed into the liquid to slightly above its nodal point (to the depth of about 60-
80 mm).  
 
Full-wave Barbell horns (FBH) are appropriate for large-scale batch liquid processing 
and investigations. These devices can have large output tip diameters (up to about 
60 mm) and are able to generate very high ultrasonic amplitudes and power 
densities, creating large cavitation zones and delivering substantial amounts of 
power to liquids. When inserted up to their lower nodal point, these horns produce 
one major cavitation zone under the output tip. Downward liquid streaming in the 
cavitation zone helps mixing the liquids during batch mode operation. 
 

3.3.1.4. Vacuum degasification method 
 
 
The main causes of void formation are due variations in permeability on a filament 
and filament bundle scale, outgassing of dissolved gas in the resin, evaporation of 
volatile components, shrinkage of the resin and leakage in connections and mold.  
 
The use of degassed resin greatly reduces the risk of outgassing from the resin and 
increases the capability to dissolve bubbles in the resin that are formed during flow. 
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3.3.1.4.1.  Gas solubility in the resin 
 
The solubility of gases in liquids has been studied extensively [64]. Raoult’s Law can 
be used to describe the pressure in the vapor phase over an ideal solution. It is 
written as 
 

      XPP O=      (3.4) 
 
where, 
: 
P =  Vapor pressure of the solution, OP =Vapor pressure of pure solvent, X =  The 
mole fraction of the solvent in the solution 
 
Wood [64] studied the gas saturation of resin for nitrogen gas. He showed that 
nitrogen is soluble in resin following Henry’s law and that the solubility of nitrogen in 
epoxy at standard temperature and pressure (STP) was found to be approximately 
20 g/m3. 
 
Air at STP has a density o 1200 g/m3 so that if the resin is completely devoid of 
nitrogen gas, it could theoretically be injected into a unvented mold containing 
residual nitrogen at a level of 20/1200 = 0.0167 atm (12.7 torr) assuming that the final 
resin pressure was 1 atm absolute (also assuming no dissolution time limitation). 
 
Considering that the gas solubility is proportional to pressure, if the final resin 
pressure were increased to 2 atm absolute, the solubility limit of residual gas 
pressure increases to 0.033 atm (25.4 torr). In the limit, if the mold contained nitrogen 
at 1 atm (760 torr), the pressure required to effect complete gas dissolution is 
approximately 60 atm (900 psi). Therefore, is concluded that a high hydrostatic resin 
pressure leads to high quality moldings. Not only is the size of gas pockets reduced 
by the higher pressure following Boyle’s Law, but the gas contained in those pockets 
is driven into solution in the resin. By holding pressure during gelation, the solubility 
limit of gasses in solution with the resin remains at a high level. After resin gelation, 
the pressure is no longer needed to suppress voids. 
 
An increase in the resin temperature will cause an increase in the diffusion 
coefficient. This leads to faster void growth or collapse depending on the direction of 
the diffusion gradient. For example, the void will grow as gas diffuses into it if the 
surrounding resin is oversaturated with gas(or volatiles) for the particular pressure 
and temperature conditions. 
 
Conversely, the void will shrink as gas goes into solution in the resin if the  
surrounding resin is under saturated. The gas solubility in resin is independent of 
temperature and proportional to pressure following Henry’s Law. Therefore, in any 
injection scenario, a higher hydrostatic pressure will increase the gas solubility in the 
resin and help minimize voids and bring about their dissolution. 
 
Wood [65] showed that the rate of diffusion of nitrogen gas in epoxy is directly related 
to the resin viscosity. For injection scenarios where one large macro void forms, 
higher temperatures will initially accelerate gas dissolution. However, higher 
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temperatures also increase the rate of cure. Even though the diffusion will occur 
faster initially, it will begin to cease sooner as the resin gels. 
 
The degassing of resin prior to injection removes dissolved gases and volatiles and 
effectively increases the resin’s gas absorption. Degas of the resin before injection in 
effect, prepares the resin for gas dissolution once it is inside the mold. The resin can 
be thought of as a gas sponge. Having been exposed to atmospheric conditions, the 
resin absorbs gas from the atmosphere and is saturated. By degassing, the resin is 
squeezed out so that once it is inside the mold, it can absorb gas and swallow up 
trapped voids, hopefully before gelation [66].  
 

3.3.1.4.2.  Description of vacuum resin degassing method 
 
The standard procedure to degas resin is to expose the resin to partial vacuum. 
According Henry´s Law, the gas solubility decreases as the pressure is reduced. At 
absolute vacuum the gas solubility is zero. If the pressure is decreased, at a certain 
moment, the resin will become over-saturated and gas should come out of solution.  
But the dissolved gas is dispersed as molecules and not as bubbles. Therefore, gas 
will only come out of solution if bubbles or bubble nuclei are already present in the 
resin. What in fact will happen when the pressure is reduced, is that the bubbles, 
which have been whipped in during mixing of the resin, will increase in size (Gas 
Law). With increasing size, the rising speed of the bubbles also increases 
(Archimedes' Law). This will result in a foaming resin, suggesting that the resin is 
being degassed or "de-bubbled". 
 
The standard degassing is highly questionable if performed by simply reducing the 
pressure. If no bubble nucleation sites or bubbles are present there will not be any 
outgassing. Authors as Lundström degassed resin by using high vacuum in 
combination with stirring, which reduced the amount of dissolved gas in the 
(polyester, vinylester) resin. This may be explained by the stirring causing 
evaporation of the styrene, which in turn brought gas out of solution (cavitation) [21, 
63]. 
 
Research has shown that in vacuum injection experiments with different fiber 
reinforcement materials [63] that the main cause of voids with these experiments was 
outgassing of the resin. Apparently, some reinforcement materials (like Unifilo) 
exhibit better bubble nucleation properties than other materials, and therefore will 
result in laminates with a higher void content. 
 
If the resin would be brought into contact with such a nucleation material at reduced 
pressure prior to the actual injection, this could lead to a much more effective 
degassing procedure. This would then lead to a better laminate quality during and 
after injection. 
 
Consequently, the reinforcement material with the best nucleation properties (and 
thus the worst laminate quality) is suited best for pre-injection degassing of the resin. 
Also other materials than reinforcement materials have been tested for nucleation 
properties, such as pumice stone, chalk, etc. Scotch Brite came out as the most 
promising material. 
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The nucleation process can be described by the following steps; a nucleation 
material contains bubble nuclei as entrapped air in cavities and comes into contact 
with an over saturated solution. The difference in gas concentration between the 
entrapped air and the dissolved gas causes gas molecules to diffuse from the resin 
into the entrapped air. The entrapped air bubble grows and some of the air forms a 
bubble. This bubble rises to the surface and a new bubble starts to grow. The 
process is shown in the figure 3.34. 
 
 

 
 
Figure 3.34 Bubble formation process in an over saturated solution. a.) Initial stage bubble 

nuclei, b.) and c.) growth diffusion, d.) formation of bubble [21] 
 

 
When the bubble rises through resin, the size of the bubble increases due to the gas 
law. The pressure decreases with increasing height and the volume of the bubble 
increases in the resin.  
Additionally, the size of the bubbles increases due to the bubbles move through an 
over-saturated resin and the gas molecules diffuse into the bubble. 
 
As long as nucleation sites (microscopic bubbles) remain present in the nucleation 
material, bubbles will be formed until the resin is no longer over-saturated. This will 
more likely be the case when the nucleation material exhibits a low surface tension 
with regard to the dissolved gas (mixture) [21]. 
 

• Sparging method as alternative for vacuum resin degassing 
 
The sparging method adds bubbles to the resin at reduced pressure and skips the 
nucleation stage. The figure 3.35 illustrates the degassing setup. 
 
A container is filled with resin. The pressure in this container is reduced to a pressure 
below the injection pressure to be used during the vacuum injection process. At the 
bottom, air is fed into this container. The air is forced through a very fine filter, thus 
creating many small bubbles. These bubbles rise through the resin. At the reduced 
pressure, the resin will be over-saturated with air (or components of air). The 
difference in gas concentration between the air bubble and the dissolved gas causes 
gas molecules to diffuse from the resin into the bubble. This process continues until a 
new equilibrium situation is reached, e.g. the resin is saturated (but no longer over-
saturated) with air. 
 
If degassed resin (either by adding a nuc leation material during degassing or by 
sparging) is used during the vacuum injection process and the injection pressure is 
higher than the degassing pressure, there is no risk of outgassing. There will be even 
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the possibility of dissolving some bubbles, which have been formed during the flow of 
the resin, entrapping air in fiber bundles.  

 

 
 

Figure 3.35 A Schematic illustration of the degassing setup [21] 
 
To test the effectiveness of a degassing procedure, the amount of gas dissolved in 
the resin prior and after degassing has to be determined. An indirect method to 
measure the void content in the resulting laminates is used due to there is not a 
reliable method to determine the amount of gas dissolved. 
 
As indication if the degassing procedure is effective, four experiments are conducted 
with injections on Unifilo based in previous findings of a high void content, mainly due 
to outgassing of gaseous components in the resin.  
Four procedures are tested; Non-degassed resin, "Normal" degassed resin, 
Degassing with Scotch Brite , Sparging. 
 
The laminates consisted all of 3 layers of Unifilo 450gr/m2. The degassing pressure 
was 10 mbar and the injection pressure was 50 mbar. After injection, first the resin 
inlet hose was closed, and the outlet pressure remained 50 mbar. After curing, the 
laminates were tested visually of void content and distribution. The experimental 
results are shown in the table 3.7 
 
 
Table 3.7 Experimental results degassing method 
 

Degassing 
method 

Void 
content 

Void 
Distribution 

Recommendations 

Non degassed 
resin 

High Random/Bi-
linear 

If possible, the resin manufacturer should supply 
the resin in a degassed condition. 

Normal High Bi-Linear The bubbles produced for the mixing can be 
removed easily by normal degassing procedure. 

Scotch Brite No voids - Placing a piece of Scotch Brite in a container 
and reducing the pressure works very well for 
small amounts of resin (up to 5 liters) 

Sparging No voids - The sparging degassing method seems to be a 
faster method and more easily useable for larger 
quantities 
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3.3.1.4.3.  Proposal to vacuum resin degassing experiment 
 

• Materials and equipments 
 
Vacuum chamber 
Epoxy resin 
Filter 
Vacuum pump 
Suitable installations of air inlets 
 

• Personnel requirements 
 
Senior Technician with knowledge in composite materials or materials science or 
Senior engineer with knowledge in the same areas. 
 

• Materials selection to Vacuum Chamber with software CES Edupack 
 
The materials chosen for the vacuum chamber must accomplish the following 
requirements to enable its use in future experiments, above all will be taken into 
account when you go to select a vacuum chamber [67, 68]. 
 

• Must have a high strength. 
• Must undergo to internal pressure changes. 
• The material of vacuum chamber must be resistant to high compressive 

stress. 
• Must operate within certain limits of elasticity and rupture. 
• High resistant to fatigue cycles.  

 
In the option “Materials universe” is selected the group “All materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose are density, price, young modulus, yield strength 
(elastic limit), compressive strength, flexural strength (modulus of rupture), fatigue 
strength at 107 cycles, fracture toughness. 
 
Each property has a bar chart where are established the ranges for each subgroup of 
materials, were chosen the limits more suitable that can cover the requirements, the 
limits are shown in the figure 3.36. Also, in this initial stage (stage 1) the software 
found 12 materials that meet the requirements of a list of 3798 materials. The 
materials selected were low alloy steel-AISI 3140 normalized, low alloy steel- AISI 
4135 air melted, quenched & tempered, low alloy steel-AISI 4140 normalized, low 
alloy steel-AISI 4150 normalized, low alloy steel-AISI 6150 normalized, low alloy 
steel-AISI 8650 normalized, low alloy steel-AISI 8740 normalized, low alloy steel-AISI 
9255 normalized, low alloy steel-SAE 4130 cast, quenched & tempered, low alloy 
steel-SAE 4355M, cast, quenched & tempered, Low alloy steel-SAE 8630, cast, 
quenched & tempered, martensitic steel-YS12000 hot rolled.  
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Figure 3.36  Limits for materials selection of vacuum chamber [53] 
 
The vacuum chamber will be subjected to compressive forces acting inside of the 
chamber, in the stage 2 is compared the compressive strength vs the young modulus 
to see which materials have the enough stiffness to support the compressive forces. 
In the figure 3.37 can be seen that are chosen the materials with the highest young 
modulus and high value of compressive strength. According with this selection the 
software found that 9 materials between 3798 materials that meet the requirements; 
they are AISI 3140, AISI 4135, AISI 4140, AISI 4150, AISI 6150, AISI 8650, AISI 
8740, AISI 9255, SAE 4130. 
 
In the stage 3, the compressive strength is compared with the yield strength (elastic 
limit) to define the materials with the elastic limit that accomplish with the 
characteristics for a vacuum chamber. The results are shown in the figure 3.38. The 
database has selected 5 materials between 3798 materials that meet the 
requirements as AISI 4135, AISI 4140, AISI 4150, AISI 8650, SAE 4130. 
 
In the stage 4, the compressive strength is compared with flexural strength (modulus 
of rupture) as a general indicator of structural performance for the vacuum chamber. 
The results are shown in the figure 3.39. The database found 5 materials that meet 
the requirements as AISI 4135, AISI 4140, AISI 4150, AISI 8650, SAE 4130.  
 
In the stage 5, the compressive strength is compared with the property fracture 
toughness, as can be seen in the figure 3.40 has been chosen the materials with 
highest values. The database has selected the most predominant materials (AISI 
4135 and SAE 4130).  
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Figure 3.37  Compressive strength vs young´s modulus [53] 
 

 
 

Figure 3.38  Compressive strength vs yield strength (elastic limit) [53] 
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Figure 3.39 Compressive strength vs flexural strength (modulus of rupture) [53] 
 

 
 

Figure 3.40 Compressive strength vs fracture toughness [53] 
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The last criterion evaluated is the compressive strength vs price. Both materials AISI 
4135 and SAE 4130 are optimal because the prices are similar and are the lowest 
ones. The purpose to which are used is for applications of pressure vessels, 
therefore the final decision of select a material for a vacuum chamber is of the 
material low alloy steel-AISI 4135 air melted, quenched and tempered or can be 
of the low alloy steel-ASE 4130 cast, quenched and tempered. The results are 
shown in the figure 3.41 and in the table 3.38. 
 

 
 

Figure 3.41 Compressive strength vs price [53] 
 
 
Table 3.8 Final selection of materials for a vacuum chamber 
 

Material Name Applications 

Low alloy steel - AISI 4135, 
air melted, quenched & 
tempered 

General construction, general 
mechanical engineering, automotive, 
pressure vessels, pipework. 

Low alloy steel - SAE 4130, 
cast, quenched & tempered  

AISI 4130 is treated as a general 
purpose low-alloy casting steel, for 
applications that require higher 
hardenability and tensile strength (ie. 
thinner walls) than a low-carbon steel but 
also require good toughness. ASTM 
A487 designates steel castings suitable 
for pressure service.  
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Cover of the vacuum chamber  
 
The materials chosen for the cover of a vacuum chamber must accomplish the 
following requirements to enable its use in future experiments. 
 

• The external cover must be transparent to see the degassing of the resin and 
must be resistant to internal pressure changes. 

 
In the option “Materials universe” is selected the group “All materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose are density, compressive strength, fracture 
toughness, maximum service temperature, minimum service temperature, 
transparency.  
 
Each property has a bar chart where are established the ranges for each subgroup of 
materials, were chosen the limits more suitable that can cover the requirements, the 
limits are shown in the figure 3.42. In the stage 1 the software found 1 material that 
meets the requirements of a list of 3798 materials. The material selected was epoxy 
resin (high heat). The purpose to which is used is for applications of moldings 
mainly for electrical components, encapsulation and potting  
 
 

 
 

Figure 3.42 Limits for selection of vacuum chamber cover [53] 
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Filter 
 
As is described in the paragraph 3.3.1.4.2 the materials tested for their nucleation 
properties, such as pumice stone, chalk and Scotch Brite documented in experiment 
of reference [21,69] are used as filter, with the CES EDUPACK software is going to 
be compared which material have the best properties for this purpose. 
The general requirements for these materials are the following: 
 

• Must have low density, therefore must be a lightweight material. 
• Must be a porous material with low permeability. 
• Must be an abrasive material. 
• Must have good electrostatic properties. 

 
The pumice stone material has been consulted in the database CES EDUPACK and 
only has been found the material Concrete (Insulation lightweight) which is 
composed for pumice stone by altering the granularity of the pumice stone and the 
composition of the concrete [70]. Some properties of the Concrete (Insulation 
lightweight) are shown in the figure 3.43 
 
 

 
 

Figure 3.43 Some properties of Concrete (insulation lightweight) made a base of pumice 
stone [53] 

 
As can be seen in the picture, the Concrete (insulation material) is porous (0.5-0.8%) 
and low density material. It is composed for alumina, calcia (11.6%), ferric oxide, 
water (10.7%), silica (75.2%) between others materials. It has a low hardness (0.5-
0.7 Vickers scale) and good electrostatic properties to trap particles; a resistivity of 
3.16x1011 µohm.cm, excellent resistant to fluids as water and organic solvents. The 
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pumice stone has a porous structure that traps air and is suitable as nucleation agent 
and is useful in applications where the sound dampening is required [70]. 
 
The chalk is a porous sedimentary rock and is a form of limestone composed of the 
mineral calcite. The Limestone was consulted in the database CES EDUPACK and 
some properties of this material are shown in the figure 3.44. 
 
 

 
 

Figure 3.44 Some properties of chalk, a form of limestone [53] 
 
The limestone is a porous (0.006-0.12%) medium density material, composed of 
calcium carbonate (100%). The hardness of limestone is in the range of 3-18 HV 
Vickers scale and it has good electrostatic properties to traps particles; a resistivity of 
1x108 µohm.cm. The limestone has excellent durability against agents as water, salt 
water, weak alkalis and organic solvents. The limestone is a porous material that is 
suitable for nucleation agent due to the action of the Ca2CO3 that has finer pore 
structures that reduces the total pore volume [71], also is used in applications for 
building, facing and sculpture. 
 
The scotch brite material has been consulted in the database CES EDUPACK but 
this material has not found in the database. In view of this, the selection criterion is 
focused in the microfiber that is basically the Scotch Brite.  
 
The “Materials Universe” selected for this criterion is “All Polymers”, were chosen the 
limits more suitable that can cover the requirements. The properties taking into 
account for this purpose are density, hardness, electrical resistivity, water absorption 
24 hrs. For the stage 1 the software found 4 materials that meet the requirements of 
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a list of 810 materials. The materials selected were PA (type 6%, 30% carbon fiber), 
PC (20% carbon fiber), PC (40% carbon fiber), Polyamide (30% carbon fiber). 
Finally the material selected is the PA (type 6%, 30%, carbon fiber) due their 
properties meet the requirements to the microfiber. 
 
The limits and properties selected are shown in the figure 3.45 
 
 

 
 

Figure 3.45 Limits for microfiber selection [53] 
 
The polyamide/nylon 6 is a medium density material (1260 kg/m3) and porous plastic, 
composed of polymer (70%) and carbon fiber (30%). The hardness of 
polyamide/nylon 6 is in the range of 41.9 -46.3 HV Vickers scale (good abrasion 
resistance) and it has good electrostatic properties (resistivity of 2x108 µohm.cm) to 
traps dirt and dust,  the microfiber holds a positive charge attracting the dirt and dust 
that has a negative charge. The polyamide/nylon 6 has excellent durability against 
agents as water and is acceptable to organic solvents (good chemical resistance). 
The polyamide/nylon 6 is a porous plastic that has water absorption from 0.72% to 
1.2% and has the characteristic to become tough as they absorb moisture and 
equalize to ambient conditions for that reason is suitable as nucleation agent and is 
used for applications as kitchen utensils and cleaning tools. 
 
The results of the comparison between the concrete (insulation lightweight), 
limestone and polyamide/nylon 6, is chosen the polyamide/nylon 6 for their great 
properties to be used as nucleation agent and is filter.  
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•  Recommendations to Vacuum Pump 
 
The company easycomposites20 produces high capacity vacuum pumps (models 
ECVP4300) that are suitable for degassing applications or very large resin infusion/ 
vacuum bagging projects. The fast pull-down of this vacuum pump is essential when 
is working with highly reactive resins and silicones where achieving full vacuum 
inside the chamber within around 30 seconds is very useful.  
 
This high capacity pump has a performance of 340 L/m with a power of 745 w, it can 
pull a typical degassing chamber down to almost total vacuum in 60 seconds. In the 
table 3.9 are shown other pull-down times for this model, the figure 3.46 shows the 
vacuum pump model ECVP4300 
 
 
Table 3.9 Pull-down times for the vacuum pump model ECVP4300 
 

Time ECVP4300 (340 L/m) 
Time to 90% Vacuum 0m 30s 
Time to 99% Vacuum 1m 0s 
Time to 99% Vacuum 1m 30s 

 

 
 

Figure 3.46 Vacuum pump model ECVP4300 
 
 
 
 
 

                                                 
20 http://www.easycomposites.co.uk/products/vacuum-bagging/high-capacity-composites-vacuum-
pump-12CFM.aspx 
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3.3.1.5. Centrifugal degassing method 
 
The presence of gas bubbles is undesirable because deteriorate the product quality 
in polymeric liquids from which objects or fibers are be made. When the liquid is 
highly viscous, the separation of bubbles becomes a serious problem. Degassing of 
liquids is performed, for instance, during flow in a pipe with baffles which change the 
flow direction, in hydrocyclones, in vessels with a rotating element, or when 
transferring the liquid through various screens. Such methods are not suitable for 
highly viscous liquids because their flow is too slow  
 
The highly viscous fluids have high resistance to the flow, therefore are high energy-
consumers, an advantage of centrifugation is that it does not require liquid flow. 
The surface immobilization is an ideal condition that leads to  a decrease in bubble 
velocity but for the action of gravitational motion of bubbles its behavior is different. 
[32].  
 
Many viscous liquids contain a great number of bubbles as a consequence of their 
production process, undesired chemical reactions, ageing and intensive manipulation 
with them. Some polymeric liquids and glass melts are examples of such liquids 
where the bubble-removal process, if necessary, is extremely slow [72]. 
 
For fluids of high viscosity the bubble motion is then limited to creeping flow. In these 
conditions, if the bubble surface is free which enables gas circulation inside the 
bubble, the liquid velocity in the field of gravity is described for the fo llowing equation: 
 

  
µ
ρ

12

2 gd
vo =         (3.5) 

 
This equation applies for a spherical bubble, where d(m) is the bubble diameter, 
ρ (Pa) is the pressure, g (m/s2) is the acceleration of gravity, µ (Pa.s) viscosity. In 
the range of the creeping flow the bubble is spherical even the surface tension is 
neglected. The small bubbles follow the Stokes´ law, or move at an intermediate 
velocity which additionally can change with time. Under some conditions the bubble 
surface is immobilized and so it starts behaving as a partially or totally rigid sphere 
according the theory by Frumkim and Levich (1947). The degree of immobilization is 
increased in a small bubble and in the present or either soluble or solid surfactants in 
the liquid. The retarding effect of surfactant may be explained by formation of 
immobile layer in the form of a “stagnant cap” in the rear part of the bubble. 
 
Bond (1 928) proposed a simplified but useful formula for a critical diameter at which 
a gas bubble or liquid droplet is midway between rigid and fluid state: 
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Where σ is surface tension (Pa.s), ρ∆ is the difference of liquid density (Kg/m3) and 
g is acceleration of gravity (m/s2). 
 
Bond’s equation can be therefore treated as being only approximate. 
 
Phenomena as wall effect is observed when an object moving in a channel or a 
vessel, is subjected to a resistance higher than that in an unbounded liquid. When 
the centrifuging process is studied the wall effects should be taken into account, for 
example test tubes with liquid can be put inside of a laboratory centrifuge and this 
enables the bubble position to be accurately determined before and after 
centrifuging. 
 
Two cases should be distinguished, a rigid sphere and a bubble with fully mobile 
surface, because both types of behavior can be expected in small bubbles.  
 
For rigid spheres, several equations describing the wall effects are obtained by 
solving the equations of motion by different methods (Faxen, 1923; Haberman and 
Sayre, 1958; Francis, 1933). An example of such equations is the Faxeń s equation: 
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Where v  is the terminal velocity of a bubble with reference to wall effects (m/s), ov  is 
the terminal velocity in a unbounded liquid (m/s), d is the bubble diameter (m), D is 
test tube diameter in the centrifuge (m). 
 
In the case of wall effects during bubble flow, two solutions are known (Haberman 
and Sayre, 1.958; Coutanceau and Thizon, 1981). They are obtained using different 
mathematical methods, and give very similar results. The formula of Haberman and 
Sayre is the following: 
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Where v  is the terminal velocity of a bubble with reference to wall effects (m/s), ov  is 
the terminal velocity in a unbounded liquid (m/s), d is the bubble diameter (m), D is 
test tube diameter in the centrifuge (m) 
 
As the influence of a wall in the creeping flow depends on d/D only, the wall effects 
may be expected to be the same in the field of centrifugal forces [32]. 
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3.3.1.5.1.  The motion of a bubble under centrifugal force 
 
As the problem of degassing refers mainly to small bubbles, it was assumed first that 
they behave like rigid spheres. Their motion in a field of variable centrifugal force 
may be described by an equation which is analogous to Stokes´ equation with 
Faxen´s wall effect modification: 
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Where g in terms of Stokes´ equation is 2ωr , v  is the terminal velocity of a bubble 
with reference to wall effects (m/s), µ is liquid viscous (Pa.s), d is the bubble 
diameter (m), D is test tube diameter in the centrifuge (m). Only are taken into 
account the terms where the diameter of the bubbles are predicted to be smaller than 
the test tube diameter (d/D=0.2, 2% error). 
 
The bubble diameter d changes with pressure, depending on the bubble position. 
The assumption that gas expansion or compression in the bubble is isothermal leads 
to the equation: 
 
  33 pddp oo =       (3.10) 
 
Where op  is the atmospheric pressure (Pa), od  is the bubble diameter under 
atmospheric pressure (m). 
 
The assumption of isothermal gas compression depends of the heat transfer 
conditions in the bubble. as a result of a continual change of pressure in time, the 
bubble would immediately assume a size depending on pressure. 
 
Pressure distribution in the centrifuge can be obtained easily from fundamental 
principles of statics. 
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The local velocity as a function of position r is: 
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The time in that a bubble requires to move from the initial position r1 to the final 
position r2 is described by: 
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Where v  is given for the equation 3.12. The model of centrifuging time refers to the 
case of a rigid surface (the bubble  is small enough). 
 
For a bubble with a free surface equation 3.5 and 3.8 hold. For d<<D, equation 3.8  
may be reduced to first two terms, the equation 3.12 will take the following form in 
this case [32] 
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3.3.1.5.2.  Description of the method of centrifugal degassing 
 
For this method was used a laboratory centrifuge with a modification to eliminate the 
liquid heating during the measurement. The diameter of the test tubes in the 
centrifuge was 14.5 mm. Were used sugar solutions containing potato syrup and 
sodium chloride of density 1460 kg/m3 of different viscosities of 30, 300 and 3000 
Pa.s. In the figure 3.47 are shown the test tubes used for this type of experiments. 
 

 
 

Figure 3.47 .Test tubes for viscous solutions21 
 
The temperature was measured before and after centrifuging; it was kept constant in 
the range 0.1 K. The surface tension of the solutions was determined by the capillary 
method and was 0.084 N/m for all three solutions. Bubble diameters were measured 
by a cathetometer, taking six measurements of the upper and lower edge of the 
bubble at constant time intervals of 15 s to eliminate the effect of the bubble rise 
during the measurement. The cathetometer was used to measure the bubble position 
in the test tube before and after centrifuging. 
 
The accuracy of this method of diameter measurement was tested on metal spheres 
with diameter ranging from 1 to 7mm, placed in the same positions. The difference of 
diameter measured optically and by a micrometer screw was always less than 0.01 
mm.  
 
                                                 
21 http://www.cargille.com/vistube.shtml 
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To analyze the effect of air dissolution on bubble diameter, the bubbles were 
dissolved in a previously degassed solution at a rate causing a decrease of their 
diameter by about 1 µm/h. Therefore, this phenomenon does not affect the 
measurements. 
 
The bubble diameters ranged from 0.44mm to 4mm, expected results optimal for 
immobile surfaces (Bond´s critical bubble diameter calculated for experimental liquids 
was 4.8 mm). The distance from the axis of rotation to the liquid surface, ro varied 
from 30 to 38 mm, the depth of the liquid in the test tubes from 62 to 70 mm. Upon 
introducing the bubble into the liquid, its velocity in the gravitational field was 
measured in order to find whether the bubble surface was free or rigid. Next, it was 
put into the centrifuge and centrifuged at 500, 600, 800, 1000, 1500, 2000 or 2500 
rpm for 1 to 4 min. 
 
Results of the preliminary measurements carried out on bubbles of diameters ranging 
from 1 to 3 mm, did not confirm the immobile surface model (Equation 12). The 
bubbles moved much faster than would follow from the assumption of the immobile 
surface, although bubble diameters and measurements of rise velocity in the 
gravitational field before centrifuging confirmed this assumption. 
 
The figure 3.48 presents the results in a form of dimensionless time texp/ttheor vs the 
bubble diameter. As can be seen in the picture the concordance between theoretical 
and experimental values does not extend to small diameters. 
 

 
 

Figure 3.48 Dependence of the dimensionless time on the bubble diameter. ¡ 500 rpm; ∆ 
600 rpm; � 800 rpm; * 1000 rpm; + 1500 rpm; ◊ 2000 rpm; • 2500 rpm. 

 
At diameters less than about 1mm (depends on rotational speed applied) the bubble 
velocity is in most cases lower than the theoretical one (the time of movement is 
longer) due to the immobilization of the surface as the gravitational field, takes place 
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only in smaller bubbles. The time of the movement of even very small bubbles at a 
higher rotational speed approaches the theoretical value determined under the 
assumption of a free surface. i.e. the bubble of diameter 0.44 mm was moving as a 
free one (texp/ttheor=1), as can be seen in the figure 3.48 this effect is also influenced 
by the rotational speed. 
 
According to the results, the small diameter bubbles behave as partially solid 
spheres. To correlate the results to critical bubble diameter was used the Bond´s 
equation. In the field of centrifugal forces the gravitational acceleration g is replaced 
by the centrifugal acceleration  
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The bubble of diameter od corresponds, therefore, to a dimensionless diameter ed : 
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The results are shown in the figure 3.49, the bubbles behave as if they had a free 
surface; the experimental times of movement are practically equal to the theoretical 
ones. For all points in the range 4≥ed  98.0exp =theortt  the confirmation of the theory 

is satisfactory. In the range 5.2≤ed the immobilization of the surface occurs which 
leads to the decrease of velocity and to the increase of the centrifugation time above 
the theoretical value. Results at values 5.0≈ed  the bubbles could be considered 
nearly rigid 5.1exp ≈theortt . For 1=ed  bubbles seem to behave intermediately 
between the rigid and fluid state. That seems to confirm the validity of Equation 
(3.15) as the generalization of the Bond criterion. 
 
Scatter points between initial, intermediate and final positions were measured each 
minute during centrifugation and showed that the immobilization of the bubble 
occurred in the range 5.2≤ed presenting continuous decrease in the velocity and an 
increase in the dimensionless time of the subsequent centrifugation steps. The 
progressive surface immobilization was assumed to be the main source of the 
experimental scatter. 
 
The effect of centrifugal force on the bubble surface is essential from of point of view 
of degassing by centrifugation, also is significant in mass transfer between the liquid 
and a bubble or drop of another liquid which is due to a remarkable decrease of 
mass transfer coefficient for the additional resistance to diffusion introduced by a rigid 
surface film and due to the suppression of circulation in the bubble. For example, the 
movement of liquid in a stirred extractor has much in common with movement in the 
centrifuge because in both cases high inertial forces may make the interface mobile, 
thus enhancing the mass transfer [32].  
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Figure 3.49 Dependence of the dimensionless time on the dimensionless bubble diameter. ¡ 

500 rpm; ∆ 600 rpm; � 800 rpm; * 1000 rpm; + 1500 rpm; ◊ 2000 rpm; • 2500 rpm 
 

3.3.1.5.3.  Proposal to Centrifugal Degassing Experiment 
 

• Materials and equipments 
 
Test tubes 
Epoxy resin of different values of viscosity 
Laboratory centrifuge of medium velocity 
Cathetometer 
 

• Personnel requirements 
 
Senior Technician with knowledge in composite materials or materials science or 
Senior engineer with knowledge in the same areas and flow dynamics. 
 

• Materials selection to test tubes with software CES Edupack 
 
The materials chosen for the test tubes must accomplish the following requirements 
to enable its use in future experiments, above all will be taken into account when you 
go to select a test tube. 
 

• Must be transparent to see the bubbles movement and to do their respective 
measurements. 

• Must be resistant to scratched, chipped, cracked, engraved 
• Must be resistant to high and low temperatures. 
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• The material of the test tube must be suitable to the use with viscous liquids. 
• The test tube must be thick walled.  
• Must be resistant to the breakage. 
• Must have high mechanical strength.  

 
In the option “Materials universe” is selected the group “Bulk materials” due to it will 
be compared all the materials that correspond with the requirements before 
mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are Density, Flexural strength 
(modulus of rupture), Hardness – Vickers, Fracture toughness, Maximum service 
temperature, Minimum service temperature, Transparency, Organic solvents. 
 
The database has selected 22 materials between 2988 materials that meet the 
requirements as Alkali barium glass, Alkali strontium clear glass, Aluminoborosilicate-
G20, Aluminoborosilicate N51a, Barium silicate, Borosilicate-7056, Borosilicate-7251, 
Borosilicate-7720, Borosilicate-7740, Borosilicate-7760, Borosilicate KG33, 
Borosilicate-N16B, Low e-glass, Potash soda zinc, Silica (96%), Silica (quartz fused), 
Soda barium borosilicate, Soda lime-0070, Soda lime-0080, Soda lime-0091, Soda 
zinc glass-2473, Soda zinc glass-6720. The limits are shown in the figure 3.50. 
 
 

 
 

Figure 3.50 Limits to test tube selection [53] 
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In the stage 2, the Fracture toughness is compared with hardness to define the 
materials with the best characteristics for a test tube. The results are shown in the 
figure 3.51. Only were selected 7 materials that adapt more properly with this 
characteristics according to the applications of use as laboratory ware that meet the 
requirements as Alkali barium glass, Alkali strontium clear glass, Barium silicate, 
Borosilicate-7056, Borosilicate-7720, Borosilicate KG33, Soda zinc glass-2473. 
 
 

 
 

Figure 3.51 Fracture toughness vs Hardness [53] 
 
In the stage 3, the Fracture toughness is compared with price to do the final selection 
of a material for a test tube. The results are shown in the figure 3.52. As can be seen 
in the plot the Soda-zinc glass-2473 is the cheapest but is ruled out due to is used to 
the manufacture of lamp bulbs. The barium silicate and borosilicate-7056 are in the 
same range of toughness and are used in the same type of applications to laboratory 
glassware for that reason these materials would take into account when go to select 
a test tube. The cost of barium silicate is variable meanwhile the cost of Borosilicate 
is stable and it adapts better to the requirements to a test tube for that reason the 
Borosilicate-7056 is chosen. 
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Figure 3.52 Fracture toughness vs price [53] 
 

• Suggestions to resin of different viscosities  
 
The manufacturer STRUKTOL 22 produces prepolymers with different viscosities that 
would be used with the method of centrifugal degassing mentioned before. The table 
3.10 shows the characteristics of these prepolymers. 
 

• Recommendations to Laboratory Centrifuge  
 
According to the information provided in the brochure of research and innovation of 
Campus of Terrasa [30] the GBMI (Molecular and Industrial Biotechnology Group) 
has medium speed laboratory centrifuges that could be provided for future 
experiments, although is suggested the following model that accomplishes with the 
purpose and specifications to do testing with viscous fluids.  
 
The Digital centrifuge Nahita model 2640/8 ECO23 can be used in various fields as 
biology, chemistry and medicine. The centrifuge is equipped with a microprocessor 
that controls the speed in RPM or RCF and the time of accurate way. The speed 
range is of 200-4000 RPM and the RCF maximum is 2432. 
 
                                                 
22http://www.struktol.com/pdfs/SSP0158%20POLYDIS%20%20Additives%20and%20Flame%20Retar
dants%20for%20Epoxy%20Resins.pdf 
23 http://www.comerciallabor.com/documents/serie%20eco.pdf 
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Table 3.10  Characteristics of epoxy prepolymers with different viscosities 
 

Product Name Chemical 
Composition 

Applications/ 
Features Properties Appearanc

e 
Struktol VP 3603R 
Low viscous pre-mix  
Elastomer-modified 
epoxy systems/ 
NBR types 

Nitrile rubber 
modified epoxy 
prepolymer based 
on bisphenol-A-
diglycidyl ether 
(DGEBA) 

Composites, 
coatings, potting. 
Improvements in 
impact strength, 
flexural strength, 
good shear 
strength, peel 
strength with low 
temperature.  

Elastomer 
content: ca 
10% NBR 
Epoxy 
equivalent 
weight [g/Eq]: 
210 
Viscosity 
[Pa.s]: 30 

Yellowish 
liquid 

Struktol PD 3691 
“Higher functional” 
elastomer-modified 
prepolymers/NBR-
types 

Nitrile rubber 
modified epoxy 
prepolymer based 
on bisphenol-A-
diglycidyl ether 
(DGEBA 

Tackifier for 
prepregs. 
Excellent tack of 
the prepregs can 
be achieved 

Elastomer 
content : 5% 
NBR Epoxy 
equivalent 
weight [g/Eq] 
:190  
Viscosity 
[Pa.s] : 300 

Yellowish, 
cloudy 
viscous 
liquid 

Struktol VP 3611 
“Advanced types” 
elastomer modified  

Nitrile rubber 
modified epoxy 
prepolymer based 
on bisphenol-F-
diglycidyl 
ether(DGEBF) 

Adhesives and 
composites. This 
provides ultimate 
block-copolymer 
toughening and 
best adhesion (on 
oily steel) for 1-
component-
systems. 

Elastomer 
content: 40% 
NBR Epoxy 
equivalent 
weight [g/Eq] 
: 560 
Viscosity 
[Pa.s]10000 

amber, 
pasty 

 

 
 

Figure 3.53 Centrifuge model 2640 ECO23 
 
The timer range operates from 1 to 99 minutes or 1 to 999 seconds in continuous 
mode. 
 
The centrifuge model 2640/8 has a capability of 8 test tubes of 16x100mm or test 
tubes falcon type of 15 mm. 
 



106  State of the art of degasification techniques in composite material prepared by resin infusion 

As general specifications the equipment has a noise tolerance ≤ 60 dB, the 
temperature rise (ºC) of chamber for 20 min centrifugation =10 ºC, the power supply 
voltage is of 220 VAC ± 22V 50Hz±1Hz, the power operation is of 80 W. 
 
As working conditions, is recommended that the centrifuge operates in a range of 
room temperature of 5º to 40ºC and a relative humidity =80%. The service 
environment should be well ventilated and free of particles as dust, metal chips etc, 
that can enter into the centrifuge. When be used, must be placed on a firm and level 
operating platform resistant to vibration. 
 
The theoretical basis important to understand the operation of this centrifuge is 
presented below. 
 
Centrifugation is a separation technique based on the movement of the particles, so 
that these are displaced towards the distal end of the axis of rotation depending on 
their different masses and shapes.  
 
The Relative Centrifugal Force (RCF) is the force required to occur the separation. 
The units of this force is expressed as the number of times gravity (× g). The R.C.F. 
is calculated by the following formula: 
 
  )(10118.1.. 25 xgrnxFCR −=       (3.17) 
 
Being 510118.1 −x a constant, r = turn radius, horizontal distance in centimeters from 
rotation axis from the test tube bottom. 
 
The formula below shows the time T necessary for the separation and sedimentation 
of the particles in the liquid 
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Where, ρ is the density of solution (g/cm³), µ is the solution viscosity (P), n is the 
rotation speed (rpm), r is the particle diameter (cm), σ  is the particle density (g/cm³). 

maxR is the horizontal distance from the distal end of the tube to the rotation axis 
(cm) minR is the horizontal distance between the upper surface of the liquid in the 
tube and the turn axis (cm). In the Figure 3.54 and Figure 3.55 are shown the 
schematic diagram for conditions of test tube during centrifugation and the structural 
diagram of centrifuge respectively.  

Figure 3.54 Schematic diagram for conditions of test tube during centrifugation. 
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Figure 3.55 Structural diagram of centrifuge.1. Door cover assembly, 2. Rotor system, 
3.Casing assembly, 4. Motor, 5. Shock damping system, 6. Cushion block, 7. Hinge  

 
• Recommendations to Cathetometer 

 
The cathetometers are used to measure the distance between 2 vertical points of 
target objects at a distant place, for example, placed in a thermostatic chamber, oven 
or incubator, etc. under specific temperature condition, looking at the objects through 
a chamber’s window. The purpose of such measurements will be, for example, the 
observation and measurements of expansion and contraction of material under 
different heating condition (variation of temperature), etc24. 
 
The manufacturer Nippon Optical Works24 produces the cathetometer of the series 
626 Model NCM-A-1000. Between their features the measuring telescope is mounted 
on a stainless steel column fixed on an iron tripod base, the vertical measurement 
between 2 points is possible for the distance of 0 to 1000 mm and the 
perpendicularity can be determined using two levels to be fixed on the base. It has 
two types of reading analog and digital. The Figure 3.56 shows this model and the 
Table 3.11 below indicates the specifications for this model. 
 

 
 

Figure 3.56 Cathetometer model NCM-A-1000 
 

                                                 
24 http://www.xebex.jp/_userdata/Cathetometers.pdf 
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Table 3.11 Specifications Cathetometer model NCM-A-1000 
 

Cathetometer model NCM-A-
1000 series 626A  Specifications 

Minimum Reading 0.02mm 
Reading type Vernier scale 
Magnification 15x, with cross line, electing view 
Visual distance 1.7 m to infinity (with levels)  
Focusing Rack pinion method 
Vertical moving Balance-pulley type with screw 

micromotion adjustment   
 

  
As another option is suggested the company Thomas Scientific25 that distributes the 
cathetometer model 5160 brand Eberbach, this equipment has the following features: 
 
Allows the measurements of vertical and horizontal distances or displacements, 
especially where close observation is difficult and dangerous , prevents parallax 
errors in the measurement. The optical system consists of short-focus telescope with 
a draw tube, eyepiece with cross hair rotatable through 360º making the unit 
convenient for reading thermometers, other scales, or printed matter. The telescope 
has a variable longitude from 8" to 10 1/2 ". The draw tube can be clamped firmly to 
prevent shifting between readings while making focusing easy at any distance 
between 30 cm and infinity. Magnification of the telescope is varying from 20X at 
30cm to 8X at infinity while the field is 13mm in diameter at 30 cm and 118 mm at 
200 cm. The digital slide system has a resolution of 0.01 mm with an accuracy of +/- 
(0.02 + 0.00005 x L (mm)). 
 
 

 
 

Figure 3.57 Cathetometer model 5160 
 
 
 
 

                                                 
25 http://www.thomassci.com/Supplies/Burets-Manual/_/CATHOMETERS/ 
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3.3.1.6. Surfactant agent method 
 
As has been mentioned in the section 2.7.4, the surfactants are chemical agents that 
are actives in surface. The surfactants perform various functions: moisten, emulsify, 
disperse and solubilize, produce or avoid the formation of foam and affecting certain 
rheological properties [33]. Surfactants, both chemical and biological, are amphiphilic 
compounds which can reduce surface and interfacial tensions by accumulating at the 
interface of immiscible fluids and increase the solubility, mobility, bioavailability and 
subsequent biodegradation of hydrophobic or insoluble organic compounds [73]. 
 
The foam is a dispersion of gas, usually air within a liquid. In a simple air-liquid 
system, foam will not form spontaneously and will require input of mechanical energy 
such as mixing to disperse the air into the liquid. Gas bubbles may also be 
introduced into the liquid through other means such as displacement from a porous 
surface or through direct injection. 
 
Defoamers are generally formulated systems that work by disrupting the surface 
bilayer around the air bubbles, destabilizing the bubble wall so the bubble can break 
and release the trapped air. Conventional defoamers are formulated with carrier 
agents used to rapidly spread out in the solution and positively effect defoaming. 
 
The carrier agent can spread and displace the foam stabilizing species; the more 
rapidly prevent it from forming in high shear applications. Typical carrying agents 
include mineral oils, silicone based materials and other hydrophobic organic 
compounds. They may also contain active particles that work to disrupt the bubble 
wall by both physically interfering with the wall as well as by adsorbing the foam 
stabilizing surfactants from the bubble surface. These incompatible materials 
displace the foam stabilizing surfactants and form unstable films at the bubble 
surface. 
 
As is shown in the Figure 3.58, these films easily rupture, break the bubble and 
collapse the foam.  
 

 
 

Figure 3.58 Defoaming mechanism of conventional defoamers 
 
In contrast to conventional defoamers, molecular defoamers are silicone-free, oil-
free, surfactant-based defoamers and de-aerators that are surface active and break 
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foam on a molecular level by adsorbing at the liquid-gas interface of foam lamella 
and preferentially displacing the foam stabilizing surfactants. In the Figure 3.59 is 
shown the defoaming mechanism of molecular defoamers. 

 
 

Figure 3.59 Defoaming mechanism of molecular defoamers 
 
Silicone polyether and molecular defoamers generally give the best performance in 
low viscosity systems [74]. 
 

3.3.1.6.1.  Aspects to take into account to Surfactant agent method 
 
Is extremely important study the interaction of viscous liquid phases rheologically 
complex and gas-liquid absorbers behavior taking into account their characteristics 
hydrodynamic and of mass transfer. 
 
For example, the liquid phases used in bioreactors are highly viscous and present a 
non-Newtonian behavior due to increased biomass concentration. Researchers as 
Anabtawi et al.,2003; Al-Masry and Ali, 2007, Vlaev et al.,2002 have simulated the 
behavior of this kind of complex liquid phases present in bioreactors adding different 
quantities and/ or types of polymers. 
 
The synthesis of biosurfactants is an important research field due their ability to 
produce low tension liquid phases or to form aggregates as micelles or 
microemulsions. 
 
In the bubble column reactors (non mechanical stirred contactor) a suitable gas 
distribution in the liquid phase must be reached to obtain an important stirring effect, 
as well as to create a high gas–liquid interfacial area. Both has the aim to enhance 
the gas-mass transfer rate and for this reason when oxygen transfer is the rate 
limiting step, it must optimize the increase in the gas hold-up or reduce the bubble’s 
size. 
 
The influence of surfactants upon the hydrodynamic parameters has been studied 
(Asgharpour et al.,2010; Loubière and Hébrard, 2004). The surfactants in aqueous 
solutions produce increase in the interfacial area, because they increase this value 
due to a decrease in the bubble size. This fact produces a better gas dispersion in 
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the liquid phase and enhances the stirring, increasing this way the contactor 
effectiveness. 
 
The effect of each solute (polymer and surfactant) is analyzed and the behavior 
obtained when both substances are present in the liquid phase. The system employs 
different hydrodynamic parameters, such as the gas hold up, the bubble diameter 
and the interfacial area [75]. 
 

3.3.1.6.2.  Description of Surfactant agent method 
 
Materials such as k-carrageenan (stabilizing agent) and Tween 80 (emulsifier), 
supplied by Sigma-Aldrich (CAS numbers:9064-57-7 and 9005-65-6, respectively)  
were used to carry out the experiment. The solutions were prepared by mass using a 
balance with a precision of +7 kg, bi-distilled water was employed to prepare the  
absorbent phases. 
 
The liquid phases were analyzed with the digital rotational viscosimeter (Anton Paar 
DV-1P) with two coaxial cylinders. Surface tension of the liquid phases was 
determined with a kruss K-11 tensiometer, which uses the Wilhelmy plate method. 
 
The Figure 3.60 shows a scheme of the experimental set-up used for hydrodynamic 
studies. 
 

 
 

Figure 3.60 Gas liquid experimental set-up.1.Gas cylinder, 2. Mass flowmeter controller, 
3.humidifier and thermostatic bath, 4.pressure gauge, 5. Bubble column contactor, 6. 

temperature gauge, 7. Flowmeter controller software.  
 
A bubble column contactor was used to put both gas and liquid phases. This 
contactor uses 0.9 l of liquid phase (polymer and/ or surfactant aqueous solutions). 
The air was fed at the bottom of the liquid gas contactor using a five-hole sparger. 
The inlet gas flow-rate was measured and controlled with a mass flow controller 
(Alicat Scientific, USA), calibrated for air streams by the  supplier. 
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In relation to the hydrodynamic parameters, the gas hold-up retention was 
determined using the volume expansion method, taking into account the change 
observed in the liquid phase level of the contactor equipment after gassing. Bubble 
diameter characteristics were measured using a photographic method based on 
images obtained from different zones of the bubble contactor. A Sony (DCR-
PC330E) video camera was used, carrying out the experimental procedure. The 
bubble size distribution in the column was obtained for each experiment under the 
different operation conditions (gas flow-rate, polymer and surfactant concentration)  
[75]. 
 
The experimental procedures have analyzed the joint influence of two solutes that 
allow the simulation of the bioreactors behavior for a biosurfactant production, 
regarding the gas-liquid hydrodynamics in a bubble column during the oxygen 
absorption from an air stream to the liquid phase. The results of these experiments 
indicate that the presence of a surfactant in aqueous polymer solutions does not 
produce significant changes in the rheological behavior of the pseudoplastic fluid 
produced by the polymer (see Figure 3.61). 
 

 
 
Figure 3.61 Influence of shear rate, polymer and surfactant concentration upon liquid phase 

apparent viscosity. Systems without surfactant: (¡) Cp = 1g/L, (�) Cp=2g/L, (∆) Cp=3g/L. 
Systems with surfactant (Cp=2g/L), (l) Cp=1g/L, (n)Cp=2g/L, (�) Cp=3g/L 

 
In relation to the bubbles size produced into the liquid phase, the increase in the gas 
flow-rate and the polymer concentration (in the absence of surfactant) produce 
bubbles with a large diameter. The increase in the polymer concentration also 
produces the rupture of large bubbles and then it generates small size bubbles, 
causing a positive effect upon the gas-liquid interfacial area at high polymer 
concentrations (see Figure 3.62). 
 
The addition of a surfactant to the liquid phase (aqueous polymer solutions) achieves 
the inhibition of the polymer negative effect (since it produces an increase in the 
bubbles size). Then a relatively constant value in the bubbles diameter is observed 
when the polymer concentration is varied, and so the presence of a surfactant 
produces an increase in the gas-liquid interfacial area in comparison with aqueous 
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polymer solutions without surfactant (see Figure 3.63 and Figure 3.64). Then the 
presence of surfactant has a positive effect that allows one to work with viscous 
liquids producing a large interfacial area.  
 

 
 
Figure 3.62 Bubbles photographs under different experiment conditions for polymer water-

system. Influence of gas flow-rate and polymer concentration.  
 
 

 
  
Figure 3.63 Influence of polymer concentration upon photographs of bubbles into the bubble 

column Qg=0.25 L/min, Cs=3 g/L. a.) Cp= 0 g/L, b.) Cp=1g/L, c.) Cp=2g/L, d.) Cp=3g/L 
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This phenomenon can be explained by the presence of the surfactant produces a 
decrease in bubbles size, increasing the gas-liquid interfacial area. This fact 
produces increase in volumetric mass transfer coefficient. [75] 
 

 
 

Figure 3.64 Influence of surfactant concentration upon bubbles into the bubble´s size in 
surfactant+polymer+water systems Qg=0.5 L/min, Cp=3 g/L. a.) Cs= 0 g/L, b.) Cs=1g/L, c.) 

Cs=2g/L, d.) Cs=3g/L 
. 

3.3.1.6.3.  Proposal to Surfactant agent experiment 
 

• Materials and equipments 
 
Suitable installations of air inlet or gas cylinder 
Mass flow meter controller 
Balance 
Viscosimeter 
Tensiometer 
Humidifier and thermostatic bath 
Pressure gauge 
Bubble column contactor 
Temperature gauge  
Flow meter controller software 
Video camera or digital camera 
Surfactant agent 
Polymer resin 
 
Most of the equipments of the list are found in Compolab (gas cylinder, balance, 
pressure gauge, temperature gauge) and the research group CIEFMA (Structural 
integrity and feasibility of materials center), in GOAPI research group there is special 
equipment as cameras and for image processing (Applied optics and digital 
processing group), in INTEXTER POLQUITEX Chemical engineering department is 
found equipment as viscosimeters, automatic and electronic tensiometers and 
thermostatic baths. LABSON (Oleohydraulic and pneumatic systems Laboratory) has 
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measuring chains of physical variables (mechanical and fluodynamic) and acquisition 
and data treatment systems [30]. 
 

• Personnel requirements 
 
Senior Laboratory technician with knowledge in composite materials or materials 
science or Senior Laboratory engineer with knowledge in the same areas and flow 
dynamics. 
 

• Materials selection to bubble column contactor with software CES 
Edupack 

 
The materials chosen for a bubble column contactor must accomplish the following 
requirements to enable its use in future experiments, above all will be taken into 
account when you go to select a bubble column contactor. 
 

• Must be transparent to see the bubbles movement. 
• Must have high impact resistance  
• Must be resistant to high and low temperatures. 
• The material of the bubble column contactor must be suitable to the use with 

viscous liquids and surfactants.  
• Must be resistant to the breakage. 
• Must have high mechanical strength.  

 
In the option “Materials universe” is selected the group “Bulk materials” due to it will 
be compared all the materials that correspond with the requirements before 
mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are Density, Flexural strength 
(modulus of rupture), Hardness – Vickers, Fracture toughness, Maximum service 
temperature, Minimum service temperature, Transparency. 
 
The database has selected 16 materials between 2988 materials that meet the 
requirements as Alkali barium glass, Alkali strontium clear glass, Barium silicate, 
Borosilicate-7056, Borosilicate-7251, Borosilicate-7720, Borosilicate-7740, 
Borosilicate-7760, Borosilicate KG33, Borosilicate-N16B, Low e-glass, Silica (96%), 
Silica (quartz fused), Soda lime-0070, Soda lime-0091, Soda zinc glass-2473. The 
limits are shown in the figure 3.65. 
 
In the stage 2, the Fracture toughness is compared with hardness to define the 
materials with the best characteristics for a bubble column contactor. The results are 
shown in the figure 3.66. Only were selected 5 materials that adapt properly with 
these characteristics according to the applications of use as laboratory ware and best 
fit better than the Borosilicate-7056 that is a material with less hardness than the 
other ones and Silica (quartz fused) is an especial material for high temperature 
applications. The materials that meet the requirements are: Borosilicate-7251, 
Borosilicate-7740, Borosilicate-7760, Borosilicate-7056, Borosilicate-7720, 
Borosilicate KG33, Soda zinc glass-2473. 
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Figure 3.65 Limits for selection of a bubble column contactor material [53] 
 

 
 

Figure 3.66 Fracture Toughness vs Hardness for selection of a bubble column contactor 
material [53] 
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Figure 3.67  Fracture Toughness vs Price for selection of a bubble contactor material [53] 
 
In the stage 3, the Fracture toughness is compared with price to do the final selection 
of a material for a bubble column contactor. The results are shown in the figure 3.67. 
As can be seen in the plot the low E-glass is the cheapest but is ruled out due to is 
used in applications to avoid heat loss, the silica (96%) is used for especial high 
temperature applications. The Borosilicate-7251, Borosilicate-7740 and Borosilicate 
7760 are in the same range of toughness, price and are used in the same type of 
applications to laboratory glassware for that reason any of these materials can be 
take into account when go to select a bubble column contactor. 
 

• Suggestions to Surfactant Agent 
 
Merck company26 distributes surfactants as Tween 20 (Polysorbate 20, CAS no: 
9005-64-5) and Betaine (Cocoamidopropyl betaine, CAS no: 61789-40-0) that would 
be used with the method of surfactant agent explained before and accomplish the 
characteristics of this type of methods [76]. The table 3.12 shows the properties of 
these surfactants.  
 
 
 

                                                 
26 http://www.merckmillipore.com/spain/life-science-research/tween-20-detergent-molecular-biology-
grade/EMD_BIO-655204/p_Ltab.s1L_.8AAAEWhmEfVhTm?PortalCatalogID=merck4biosciences 
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Table 3.12 Properties of Surfactants 
 
Surfactant Formula Type Mw(gr/mol) Concentration(%vol) δ(mN/M) 

Tween 20 C58H14O26 Nonionic 1227.54 0.02 
0.05 
0.1 

35.1 
34 

31.05 
Betaine C19H38N2O3 Zwitterionic 342.52 0.02 

0.05 
0.1 

39.6 
37.08 
32.08 

 

3.3.2. Resin infusion 
 
The resin infusion process is analyzed focused towards the results obtained in 
studies of preparation of samples with resin with reinforcement and without 
reinforcement previous degasification methods. The aspects related with the infusion 
process and the set up were discussed in the paragraph 2.5. 
 

3.3.2.1. Sample preparation with determination of voids at resin 
components and mould cavity 

 
Vacuum injection techniques have been developed for cost effective manufacturing 
of large products in small series. The void content depends on a number of 
parameters as the vacuum level during and after the injection, resin degassing and 
mould flushing. 
 
When the vacuum injection is made in the simplest way (from side of the product to 
the other side), a concentration of voids is presented. As can be seen in the Figure 
3.68 
 
 

 
 

(a) (b) 
 
Figure 3.68 (a) Illustration of a typical void distribution, (b) The vacuum injection process [77] 
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The two major causes of void in parts made with vacuum injection are the air in other 
gaseous components in the resin and air in the mould cavity [77]. 
The air or other gaseous components in the resin are produced for the following 
possibilities: 
 

• Air or other gas dissolved in the resin. 
• Air or other gas as disti nct bubbles in the resin. 
• Low-boiling components in the resin. 
• Gas due to a chemical reaction in the resin. 

 
The following theoretical relation has been done into the solubility if gases in 
polyester resin. 
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In which, kχ : molar fraction if gas in low-molecular component, oφ : volume  fraction 

low-molecular components (styrene), L
kf : fugacity of gas, kρ : partial pressure of gas, 

kν : molar volume of gas, oν : average molar volume of molecules of the solvent, ν : 

average molar volume, kδ : solubility parameter, δ : effective solubility parameter 
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i

iiδφδ , R: gas-constant, T: absolute temperature, k: index indicating component 

of gas mixture. 
 
For example, in the polyester used for the injection of 55 ft hull, the following 
amounts of gases can dissolve. These amounts are given in molar fractions related 
to the styrene content of the resin.  
 
 
Table 3.13 The solubility of air in a polyester resin 
 

Gas okφχ (1 atm) 
(molar fraction) 

N2 9x10-5 

O2 2.6x10-4 

Ar 1.8x10-4 

CO2 2.4x10-4 

Air 1.3x10-4 

 
 
The air in the mould cavity can be divided in: 
 
1. Space between fiber filaments. 
2. Space between fiber bundles. 
3. Space between fabric layers. 
4. Space outside fiber reinforcement but under foil. 
5. Open cell core materials. 
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The breakdown is presented in micro-pores in (1) and macro-pores in (2,3,4). The 
impregnation in micro-pores is more difficult than the macro-pores. The impregnation 
of the micro-pores is mainly driven by capillary forces. The fiber stacking in a roving 
can be either cubic or hexagonal. For fibers stackings, the micro and macro pore 
volumes are calculated. 
 
A mould cavity of 1000 cm3 is considered, with different fiber reinforcements and 
estimated fiber volume fractions [77]. 
 
 
Table 3.14 The volume distribution of micro and macro pores (in cm3) 
 

 
                                                     tex 
                                      fiber volume fraction  

 Mat              Woven roving  Stitched roving  
 25          25            600                1200 
0.15        0.2            0.4                  0.5    

Fiber stacking    cubic             micro pores  
                                               macro pores                
                        hexagonal.      micro pores 
                                               macro pores 

40            55             110                135 
810         745            490                365 
15            20              40                  50 
835         780            560                450 

 
For stitched roving reinforcement, relative more volume is hard to impregnate, more 
air can get entrapped so a possible bigger risk for voids. 
 
Based on the considerations given above, a rough estimate can be made of the 
volumes of air can cause voids: 
 

• Entrapped air in the mould cavity: 1.5% to 13.5% 
• Air dissolved in the resin: 2.5% to 15% 

 
During the injection of a laminate, four stages can be identified as shown in the 
Figure 3.69 and 3.70. 
 

1. The resin experiences very low pressure close to the resin flow front. This can  
result in outgassing of air from the resin and the bubbles are formed. As the 
pressure gradient is high, the speed of the resin is high and air can get 
entrapped inside the fiber tows then the air bubbles which are formed will be 
able to migrate to the resin flow front and will be removed. 

2. As the resin flow front progresses the local pressure gradient decreases and 
the bubbles will migrate slower or even become entrapped in the reinforcement 
material. 

3. The resin at the flow front will no longer oversaturated due to outgassing in 
earlier sections of the laminate. The injection speed is so low, that air will 
become entrapped inside the fiber tows. 

4. When the process has finished. There are four procedures to end the injection: 
 

• Leave outlet open, close inlet (closing procedure 1). 
• Close outlet leave inlet open (closing procedure 2) 
• Leave outlet open, leave inlet open (closing procedure 3) 
• Close outlet, close inlet (closing procedure 4)  
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These four procedures result in different pressure distributions throughout the mould 
cavity. As can be seen in the Figure 3.69, the pressure close to the inlet port 
decreases increasing the bubble size and there is a risk of additional outgassing. The 
pressure close to resin in a decrease in bubble size and risk of additional outgassing. 
The pressure close to the resin outlet usually increases, resulting in a decrease in 
bubble size. In this region, there is no risk of additional outgassing  [77]. 
 
 

 
 

Figure 3.69 First three stages of an injection [77]  

 
Figure 3.70 Pressure distribution in the mould cavity for different closing procedures[77] 
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Two experiments were proposed [77] to determine whether this void distribution is 
primarily caused by outgassing of the resin, by entrapped air in the mould cavity or 
by combination of the two. 
 
The laminate consisted of two layers of Unifilo U812 with two layers of Saertex 935 in 
between. The resin used was a modified polyester Norpol 480 resin from Reichhold. 
All injection was performed with the following conditions: 
 

• Experimental Set-up as depicted in the Figure 3.68 b. 
• Width specimen: 20 cm, length specimen: 80 cm. 
• Injection pressure:100 mbar. 
• Temperature:20ºC 
• Resin viscosity: 275 mPa.s 
• Gel time resin: 6 hr. 

 
These conditions resulted in an injection time of 20 minutes. The closing procedure 4 
was applied. 
 
The laminates that were made during the experiments were evaluated on the void 
content. This was done by visual inspection. 
 
To check the influence of the air in the mould cavity, an experiment is conducted with 
three laminates. 
 

1. A reference laminate with no special pre-treatment. 
2. A laminate which has been flushed with styrene-vapor prior to the injection.      

The styrene-vapor will replace all the air in the mould cavity. During injection, 
the styrene in the mould cavity can get entrapped within the fiber tows, but will 
easily be dissolved in the polyester resin and react with the monomer. 

3. A laminate which has been flushed with CO2-gas prior to the injection.  
From table 3.13, it is clear that CO2-gas can dissolve in polyester resin in much 
larger volumes than air. So, the CO2-gas that will get entrapped inside the fiber 
tows will easily dissolve in the polyester resin. 

 
The three laminates made in this experiment did not show any difference in void 
content nor in void distribution. The void content near the resin inlet and near the 
resin outlet was very low, while the void content of the middle section was about 5%. 
 
By degassing the resin prior to the injection, dissolved air can be removed. The 
normal degassing procedure is applying vacuum to the resin container, but this 
procedure will not completely remove the dissolved air. If outgassing of the resin is 
the most important cause for void, the laminate made with degassed resin should 
contain less voids or no voids at all.  
 
An experiment has been conducted on two equal laminates, but with resin which was 
non-degassed and degassed with the improved method.  
 
The laminate made with the degassed resin was completely void free. The laminate 
made with non-degassed resin showed the normal void distribution, with an average 
void content in the middle section of 5 % [77]. 
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Based on the results from the experiments conducted, it becomes clear that the main 
cause for voids in the laminates is due to the outgassing from the resin. 
 
The flushing with CO2 or styrene vapor did not have any influence on the resulting 
void content. If there would have been a great influence from the air in the mould 
cavity, laminates 2 and 3 should have a lower void content than laminate 1. Since 
there is hardly any difference, the air in the mould cavity is not contributing 
significantly to the resulting void content [77]. 
 

3.3.2.2. Sample preparation with resin and reinforcement 
 
Some aspects have to be taken into account when resin vacuum infusion is 
performed. Affendi et., al indicated [4] that is essential to have bubble free resin 
before vacuum infusion can start. If the infusion starts immediately after degassing, 
any unreleased bubble may migrate into the lamination. During curing, the shrinkage 
of the resin will pull the bubble surface between the fiber tow creating higher void 
content. Therefore, the degassing time needs to be extended to allow for the bubbles 
to clear the resin. 
 
An increase in temperature reduces the epoxy resin viscosity and helps the bubbles 
to rise to the surface. This action also reduces the resin pot life. Some manufacturers 
prefer to heat the resin during infusion as this may help the resin to flow by reducing 
the viscosity albeit while shortening the curing time. Temperature elevation during 
curing also helps to localize the bubble; otherwise the bubble will disperse between 
the fibers due to the shrinkage process.  
 
Some experimental works were carried out, resin infusion (in-plane flow with no flow 
medium) with degassed and non-degassed resins (supplier PRF) were used to 
distinguish the differences in void formation along the impregnation route. A layer of 
twill woven E-glass roving (600 g/m2) and a layer of glass tissue were used to make a 
300x400 mm sample (see Figure 3.71). 
 
Degassing process using a bubble nucleation agent was conducted at 90 mbar for 15 
min. The resin was left for approximately 1 h, to let the bubbles produced during 
mixing and degassing diffuse to the sur face and then the infusion process was done 
at 110 mbar.  
 
During the infusion of both samples, the first 150 mm from the resin inlet point 
eventually became totally clear of any bubbles. Bubbles were present beyond 150 
mm. 
 
Beyond this point and in both samples, some bubbles were formed by air-entrapment 
at the crossover between the weave fiber bundles.  
 
At room-temperature cured plate made with degassed resin was found totally clear of 
bubbles and was visible the void formation at the first 150 mm from the inlet point. 
From this 150 mm point to the resin outlet point most of the bubbles were diffused 
between the fibers tows (see Figure 3.72 and 3.73). In the case of using non 
degassed resin, the whole laminate was full of voids. 
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Figure 3.71  Sample schematic diagram [4] 
 
 

 
 

Figure 3.72 Diffused micro-bubbles x40 magnification (0.1 mm/division at random 
orientation) [4] 

 
Other samples were made and cured at an elevated temperature (60ºC). After curing, 
both samples were found with the same distribution of bubbles. The first 150 mm 
area from the inlet point was found free of any visible bubble and void formation. The 
bubbles found in the region beyond 150 mm from the inlet point, seem to be localized 
(i.e. not associated with a fiber tow). They do not diffuse between the fiber tows (see 
Figure 3.74 and 3.75). Therefore, from these experiments it is found that degassed 
resin has a significant effect in the reduction of void formation especially when 
elevated temperature is not available during the curing process. On the other hand, 
curing at elevated temperature also gives a beneficial result in the effort of reducing 
voids when non-degassed resin is used. 
 

3.4. Standards 
 
In this part will be revised the standards UNE 1172 textile-glass reinforced plastics-
Determination of textile glass and mineral filler content and UNE 7822 Textile glass 
reinforced plastics–determination of void content, counting methods. The first one will 
be useful to determine the volume fraction through the burn-off test and the second 
one will explain how to get the void counting by means the method of statistical 
counting. The requirements suggested to effectuate the tests will be evaluated 
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according materials, equipment and personnel required. The materials needed to the 
burn-off test will be evaluated with the software CES-EDUPACK 2012. 
 

 
 

Figure 3.73 Diffused micro-bubbles x 100 magnification (0.1 mm/division) [4] 
 

 
 

Figure 3.74 Localized micro-bubbles under x 40 magnification (scale 0.1 mm/division at 
random orientation) [4] 

 
 

 
 

Figure 3.75 Localized micro-bubbles under x 100 magnification (0.1 mm/division) [4] 
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3.4.1. ISO 1172:1996 Textile Glass- reinforced plastics. Determination of textile 
glass and mineral-filler content. Calcination methods 

 
The standard ISO 1172:1996 specifies the method A for determining the content of 
glass fiber when are not present the mineral fillers. This standard applies to glass 
fiber laminates, loaded and unloaded made of thermoplastic or thermosetting resins. 
In general, the methods are not applicable to the following types of reinforced 
plastics: 
Those containing reinforcements different from glass fiber, those containing materials 
at the test temperature are not entirely broken (eg. those not based on silicone resin), 
those containing inorganic fillers that degrade at a temperature below the minimum 
calcination temperature. 
 

• Method principle 
 
A test specimen is weighed and then calcined at a defined temperature. The test 
specimen is weighed again and is obtained the content in non combustible material 
(glass + load) determining the mass difference of the mass of a specimen before and 
after of the calcination in one of the following ways: 
 
a.)In the case of materials not containing mineral filler, the glass content is calculated 
directly from the difference in mass (method A). 
 
The test method requires that all weightings be made to constant mass after repeat 
the calcination and/or the drying. In cases where they have been regularly tested 
known materials can be determined experimentally for a minimum time to the 
calcination and drying stages, with the aim to assure that has reached a constant 
mass. 
 
Notes: 
 
If the tested material contains a resin that is combustible under the test conditions which are not 
degraded for calcinations, then, the lost in the ignition is equal to the resin content. Should be 
considered that the content in resin calculated of this way includes the combustible part of the other 
components in the composition (glass size, pigments, etc), but this part is usually small in comparison 
with the resin content.  
 
In the cases that there are loads that decomposes to the test temperature, is not possible to obtain an 
exact determination of the glass content, resin or load. 
 

• Sample collection 
 
The determination of the glass contents and loads must be carried out in parallel, in 
two test specimens most identical possible. The result of the test is the average of 
the measurements in the two test specimens, since it the difference between the two 
measurements is less than 5%. If is not the case, a third test specimen must be 
tested with the previous conditions . Then, three values must be taken to calculate the 
test result. 
 
With the aim to carry out an evaluation test whose result be as representative as 
possible of glass content and the elemental unit load or laboratory sample may be 
necessary to repeat this test with a certain number of times, at specific locations 
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elemental unit examined. The number of times and the actual locations will be 
defined in the product specification or for the person that requires the analysis. In the 
last case, the number and the situation will be decided for the experience or as the 
result of a previous work. 
 
To the test different to the elemental unit, are taken test specimens that are 
representatives of the material under test as the circumstances it allow. 
 

• Sample preparation 
 
The test specimens must be fully representative of the piece or lots examined. 
 
It is recommended that the test pieces are cut in a way that allows place them within 
a silica or porcelain crucible. 
 
The mass of each test specimen must be found within the range of: 
 
2g to 20g for prepegs and molding compounds, 2g to 10g for laminates, for each test 
result, are used a minimum of two test specimens. 
In the case of prepegs and molding compounds containing solvents or free 
monomers, be careful to avoiding the lost of volatile matter. For SMC, the protection 
film of the laboratory sample or specimen should not be removed before starting the  
test procedure. All laboratory samples of prepregs and molding compounds, 
including SMC, should be stored in a sealed plastic bag impermeable to the steam 
immediately after having been taken. 
 

• Determination 
 
The choice of method used to determine the load contained in glass depends on the 
presence or absence of the load. As was previously exposed, the method A applies 
to the determination of glass contents when there is not loads. 
 
Method A 
 
Materials 
 

• For this method is not necessary the use of reagents. 
• Normal laboratory devices. 
• Weigh scale, graduated to 0.1 mg. 
• Silica or porcelain crucible, of a suitable size to contain a test specimen. 
• Muffle furnace, located in a ventilated hood able to maintain the temperature 

selected in +20ºC. 
• Desiccator, containing a suitable desiccant agent (i.e, silica gel). 
• Ventilated drying oven, calibrated to 105ºC+3ºC. 
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Operating procedure 
 
For each specimen proceed as follows: 
 
Crucible preparing. The crucible is weighed clean, dry with an accuracy of 0.1 mg in 
the weight scale. In the muffle furnace is placed, according to the calcination 
procedure is placed in the chosen temperature and is left for 10 minutes. After 
cooling to room temperature in the desiccator verifies that the mass is unchanged. If 
there has been a change, these operations are repeated until a constant mass is 
reached. 
 
Calcination 
 
The clean and dry crucible is weighed and is prepared as the operation procedure. 
The mass in gr is recorded as m1. 

 
The test specimen is placed on the crucible and is dried in the ventilated drying oven 
to 105ºC to a constant mass. Is cooled to room temperature in a desiccator and is 
reweighed. The mass was recorded in grams as m2. 
 
In the case of test specimens that contains volatile matter, must be careful with the 
avoiding of volatile matter. Therefore, the drying step is omitted. The test specimen is 
removed of the sealed plastic bag impermeable to the steam and any protective film 
is removed. The specimen is placed in the crucible, is weighed and the mass is 
recorded in grams as m6. 
 
The crucible containing the test specimen is placed in the muffle furnace preheated 
to a temperature of 625ºC and is heated to a constant mass. 
 
To reinforced products with glass or load that are not resistant this calcination 
temperature, a temperature between 500ºC and 600ºC can be used according to the 
specification for the glass or filler. It is essential to maintain the chosen temperature 
constant + 20ºC. 
 
Let cool the crucible with the residue in the desiccator to room temperature and 
weighed again. The mass in grams is recorded as m3. 

 
Expression of results 
 
Is calculated for each test specimen, the glass content of glass Mglass expressed as a 
percentage of the initial weight, using the equation 3.20 
 

  100
12

13 x
mm
mm

M glass −
−

=       (3.20) 

 
Where, 1m  is the initial mass, in grams, of crucible dry, 2m  is the initial mass, in 
grams, of crucible dry plus the dry test specimen, 3m is the final mass, in grams, of 
the crucible plus the residue after the calcination. 
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For samples containing volatile matter, if the drying step is omitted, it is replaced in 
the equation 3.20 by m6, where m6 is the initial mass in grams of crucible dry plus the 
test specimen without dry. 
 
If the results of individual measurements differ by more than 5% in relative value, is 
carried out a further determination in a third test specimen taken from the same place 
in the elemental unit or laboratory sample. The test results are expressed as the 
average of two (or three) individual measurements [78]. 
 

• Materials selection to crucible with software CES Edupack 
 
The materials chosen for a crucible must accomplish the following requirements to 
enable its use in future experiments, above all will be taken into account when you go 
to select a laboratory crucible.  
 

• Must be high temperature resistant. . 
• Must be a material with thermal conductivity properties. 
• Must be a material with thermal expansion properties. 
• Must be a material with high hardness. 
• Must be a material with high elasticity.  
• Must be a good insulator material. 

 
In the option “Materials universe” is selected the group “All materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are: Density, Price, Hardness – 
Vickers, Maximum service temperature, Thermal conductivity, Thermal expansion 
coefficient, Electrical resistivity, Transparency. 
 
The database has selected 3 materials between 3798 materials that meet the 
requirements as Ceramic Tile , Facing Brick, Sandstone (2.61). The limits are shown 
in the figure 3.76. 
 
The material that best fits with the requirements is the Ceramic Tile due is used for 
laboratory applications. 
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Figure 3.76 Limits for selection of a material for a crucible [53] 
 

• Equipments required to tests of standard ISO 1172 
 
Most of the equipments before mentioned in the standard ISO 1172 as the weigh 
scale, the muffle furnace, the desiccator and the ventilated dry oven, included the 
laboratory devices are found in Compolab. 
 

• Personnel required to tests of Standard ISO 1172 
 
Senior laboratory technician with knowledge in composite materials. 
 

3.4.2. ISO 7822:1999 Textile Glass reinforced plastics. Determination of void 
content. Loss on ignition, mechanical disintegration and statistical 
counting methods. 

 
There are three methods to the determination of the void content of plastics or 
composite materials reinforced with textile glass whose constituent are of solid 
nature. 
 

• Method A- mass loss for ignition 
 
This method applies to composite materials from which are known the effects of the 
mass loss in the ignition tests over the materials . The greater part of the matrix and 
textile glass reinforcements are found included in this class. 
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The method does not apply to the composites from which are unknown the loss mass 
effects, in the ignition test over the resin, the reinforcement and any load. This can 
include silicone resins that don´t burn completely and loads consisting of oxides, 
carbonates, etc. that can increase or decrease mass. Must be observed that the loss 
mass tests over individual materials, produce apart the same results but not 
necessarily the same results if the materials are combined. 
 
The accuracy of this method is of +2.5% in volume. 
 

• Method B- Mechanical disintegration  
 
This method applies if the composite can be disintegrated, for example, for crushing 
in a press that all the voids closed are connected with the exterior part of the 
composite material. The method is destructive and has limited application if the 
matrix material shows a ductile behavior in compression, unless can be make it more 
brittle of an artificial way (i.e, cooling). 
 
The method is specially suited if the densities of constituent materials are unknown 
or can be not determined. 
 
The method ignores the influence of any volatile constituent that may evaporate  
during and after of the disintegration. In this context must be carefully selected the 
conditioning of the test. The method neither takes into account any cutting or void 
exposed in the surface of the sample. The accuracy of this method is of +1% in 
volume. 
 

• Method C- Statistical counting 
 
This method applies to composites that have a void content lower or equal to 1% in 
volume. The method C is the more suitable to this study. 
 
Method principle 
 
Method A- Mass loss for ignition  
 
Determination of resin densities, determination of the reinforcement, the load(s) (if 
there is) and the composite material. Determination of the resin content and calculus 
of composite theoretical density. Comparison with the composite density measured. 
The difference between both densities indicates the void content. 
 
Note: The resin density in this method, is supposed that is the same in the composite that in the 
molded mass. The differences in curing, heating, pressure and molecular forces that comes of the 
reinforcement surface makes that the density of the resin in the composite be different of the density 
of the resin in bulk. 
 
Composites containing inorganic loads require special care. A careful determination 
of load content and density if must be maintained the method accuracy 
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Method B- Mechanical disintegration  
 
Mass determination and volume before and after of the disintegration of a sample of 
reinforced plastic with fiber to obtain the void content for density difference. 
 
Method C- Statistical Counting 
 
Overlay of a grid square of 20 to 200 dots in a micrographic section of the material to 
test. Statistically the dots proportion of the grid are overlay in voids correspond to the 
content of voids of the material. The counting method can be manual, semiautomatic 
or automatic using suitable equipment [79]. 
 
Equipments 
 
Method A 
 

• Micrometer with an accuracy of +1µm. 
• Weigh scale with an accuracy of + 0.1 mg. 
• Muffle furnace able to maintain to 625 ºC+5ºC. 

 
Method B 
 

• Disintegrator (a press in its simplest form) in that the test material is 
delaminated and crushed to the voids are connected in the exterior part of the 
composite material. It is advisable use a die closed manufactured in hardened 
steel, as is shown in the Figure 3.77.  

 
 

 
 

Figure 3.77 Disintegration die [79] 
 

• Air or gas pycnometer, suitable to measure the original material volumes and 
of the disintegrated material with an accuracy higher than + 0.1mg. 

• Weigh scale, with an accuracy of + 0.1 mg. 
• Freezing unit (if is required) such as box or bottle with insulation, supplied with 

solid carbon dioxide or liquid nitrogen. 
• Suitable sheet material, such as alumina or polyethylene.  
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Method C 
 

• Microscope, with x400 magnifications and equipped with counting grid oculars 
or a device that allows the simultaneous vision of a sample and a counting 
grid located next to microscope in the table. 

• The equipment to the preparation of micrographic sections, includes: 
A cutting machine, a polish machine, a mold to enclose the section in 
transparent resin, an ultrasonic cleaning bath (COMPOLAB laboratory has this 
type of equipments). 

 
Preparation and number of test samples 
 
Method C 
 
The test samples must have the shape of a parallelepiped of 40 cm of length and 10 
mm of width, the thickness in function of the thickness in function of the structure that 
have been cut the test samples, with a maximum value of 15 mm. The number of test 
samples to choose depends of the number of needed sections and the nature of the 
structure to test, each test sample can give several sections. 
 
5 sections of test probes must be prepared at least. The operations of polishing and 
enclosing of the sections in cold polymerizable resin must be performed according 
with the procedures used in the micrograph. 
 
The general conditions for the polishing of the sections are the following: 
 
Speed: 200 rpm 
Force: About 5 N for sections (500 gf) (for sections of ø 25 mm) 
For a time of 3 min, is necessary to  use a grain of 400(35µm) and abundant water. 
For a time of 5 min, must be used a grain of 800(22µm) and abundant water. 
For a time of 15 min must be used Alumina 12-H(Al2O3) slightly diluted with an 
almost doughy consistency. These conditions may be varied depending of the 
reinforced plastic used with the aim to quit the scratches of the polished face. 
 
Operative Procedure 
 
Method C 
 
Determination of the needed parameters to perform the measurements  
 
The magnitude content in voids ϕv is determined through a fast preliminary exam 
using the microscope applying the grid to one of the sections three times, examining 
a different “field” each time. 
 
A relative error is selected, ev and is determined a total number of observation points, 
P, through the figure 3.78. In the case of manual count, the relative error is chosen in 
a way that the number the points to count Pϕv be less than 100. 
 
A grid is selected taking into account considering that as the content is lower in 
occlusions larger should be the total number of points in the grid. 
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Figure 3.78 Measurement error of the total number of points Vs Voids content [79] 
 
Is calculated: 
 

• The total number of fields: 
 

  
N
P

N =2       (3.21) 

 
Where N, is the number of points of the grid chosen; 
 

• The number of fields for each section: 
 

  
AC
SA

N =3       (3.22) 

 
Where SA , is the Section Area and AC is the Area covered for the grid, 
 

• The number of sections n to perform: 
 

  
3

2

N
N

n =       (3.23) 

 
Void content measurements: Is counted the total number N1 of grid points that are 
superimposed in a hole in the fields N2 of the microscopic sections n. 
  
The fields distributed over the same section must not overlap each other. 
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Calculation and data expression 
 
Method C 
 
The voids content, ϕv, expressed as volume percentage, is calculated using the 
formula: 
 

  
P
N1

v  =ϕ       (3.24) 

 
Where 1N , is the total number of counted points with voids and P is the total number 
of points examined. 
 
Test Report 
 
The test report must include the following information: 
 

• A reference to this international standard and the method used (A, B or C); 
• An identification and description of the material used; 
• A description of the samples taken; 
• The number or determinations; 
• The results of each single determination and the average of the voids content 

as the volume percentage; 
• any additional information;  
• In the method c must be included the number of sections performed, the test 

sample position and the measurement parameters ev and P [79]. 
 

3.5. Sample preparation for the microscopy 
 
The preparation and procedure for the micrographic specimens of polymer composite 
materials requires special care. As the polymer matrix composites have hard fibers 
and a soft polymer matrix, the fiber to the matrix can be maintained without edge 
rounding or distortion. In the figure 3.79 are shown the views of specimens with 
different magnifications and sections. 
 

3.5.1. Specimen mounting  
 
The specimen is prepared and polished without the use of permanent mounting resin 
or material. 
 
The holders of automated polishers (see Figure 3.80) allow the easy fixturing of the 
specimens by mechanical clamping or grids. After polishing the specimens may be 
removed and directly viewed, the original sample identifications are easier to discern.  
 
A rectangular holder is recommended and works very well for laminates and 
honeycomb composite materials. With this type of specimen is necessary to use 
support pieces to protect the edges. After polishing, these scrap pieces are easily 
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removed. Using this method void analysis and ply-count specimens may be prepared 
quickly with excellent results. 
 
The hand polishing in unmounted specimens is difficult due to the long and narrow 
nature of composite samples to maintain a high quality flat surface free of artifacts. 
Additionally the edges are susceptible to tearing the polishing cloth. This is the least 
favorable specimen preparation method [80]. 
 
 

 
 

Figure 3.79 Views of specimens with different magnifications and sections [80] 
 
 

 
 

Figure 3.80 Automated polisher holder. With 1.4” x 3” openings [80] 
 
Fragile materials, multiple samples, or samples with surface features require support 
to ensure a planar surface. The use of a mounting medium such as epoxy, polyester 
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or acrylic resin is necessary. Of these resins, epoxy is preferred since it has the least 
shrinkage during curing. Room temperature curing resins are often ideal; however, 
they frequently need to be cured at least 8 hours at 20°C, as oven curing may 
increase shrinkage. 
 
The mould can be placed in a vacuum impregnation chamber (See figure 3.81) to 
insure full impregnation of the specimens. The use of moderate vacuum to remove 
entrapped air, followed by pressurizing, is highly effective for sample preparation and 
good adhesion. 
 

 
 

Figure 3.81 Vacuum impregnation chamber [80] 
 

3.5.2. Plane grinding 
 
For automatic grinding, the diamond discs provide excellent results. After the 
specimen has been ground with the diamond discs, it is ready for fine polishing.  
 

3.5.3. Polishing 
 
Polishing (micromachining) is cheap and effective if is performed correctly. Al2O3 can 
be used on most composites with fiber hardness less than of Al2O3. Is necessary a 
fine balance between the concentration in the lubricant (distilled water) and its proper 
application for efficiency and quality of the micromachining and depends of cloth 
type, rpm of the platen and applied force. A correct balance will block the cutting 
material into the cloth achieving a clean cutting between the soft resin and hard 
fibers. 
 
A premixed colloidal solution must be added to the cloth to control the Al2O3 (Note: 
Never apply dry aluminum oxide to the cloth) . After this step (application of 3µm 
levigated alumina slurry), the surface will be free of artifacts that can be seen at 100X 
magnification (see Figures 3.82, 3.83 and 3.84). It should be noted that although 
diamond abrasives can also be used effectively, they are not recommended since the 
cost is much more significant. 
 
The right concentration of Al2O3 is critical. There is a tendency to over concentrate 
the mixture. In this case, the Al2O3 will roll, becoming an ineffective cutting material. 
In addition, the rolling action will erode the resin from around the fibers leaving the 
fibers rounded and the surrounding resin undercut [80].  
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Figure 3.82 Transmitted polarized light of 120-grit Al2O3 particles. It is easy to see how the 
particles in the silk polishing cloth can become cutting tools [80] 

 
 

 

 
 

Figure 3.83 Bright field illumination (200X 
magnification) of a composite specimen after 

alumina polish: Note the interferometer 
bands on the longitudinal fibers. This is one 
way to check the flatness of the polish [80]. 

 

 
 
Figure 3.84 Same specimen repolished with 

6-µm and 1-µm diamond on a Nap cloth. 
Note the round fiber interface and the lack 

on the interferometer bands on the 
longitudinal fibers [80].  

 
This condition destroys the surface plane. It is better to use a less concentrated Al2O3 
solution to accomplish the micromachining polishing. A ratio of 5 g of 0.3 µm Al2O3 to 
1 liter of distilled water and 12 g of 15 µm Al2O3 to 1 liter of distilled water has been 
found to be optimum (see Figure 3.85). 
 
The lubricant dissipates the heat from the polishing and acts as a carrier of the 
abrasive material (Al2O3). The lubricant consists of distilled water and needs to have 
a low viscosity to prevent hydroplaning during polishing. 
 
Any contaminant in the lubricant can cause deep gouges so avoid using tap water 
due contains abrasive particles. 
 
There are many types of cloths for polishing, as Dacron and Nylon but cloths made of 
silk are recommended. Silk cloths allow the fastest removal dates. Struers DP-Dur is 
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a silk cloth with and adhesive back. This cloth is tougher that plain silk and works 
very well for automated polishers. 
 
The typical speed of the platen is 300-100 rpm for platens of 200 to 300 mm. In some 
equipment the higher surface speed/pressure helps lock the Al2O3 into the cloth 
causing excess buildup of Al2O3. Higher sample surface speed, whether increased 
through wheel speed, wheel diameter, or counter specimen rotation will increase 
removal rates. 
 
The force on the specimen needs to be high enough to eliminate the hydroplaning (> 
60 Newton), but is often limited for the capacity of the equipment. A fully loaded 
automatic head (six mounts in the specimen holder) can have as much as 80 cm2 of 
contact area with the platen. It may be possible to apply enough pressure without 
overloading the equipment. For hand polishing, the pressure is limited by the ability 
of the operator to hold the specimen under control. 
 
The right application of the all components may be accomplished in several ways. 
The key is the introduction of the colloidal Al2O3 mixture at the right rate. 1 to 2 drops 
per second will cool the sample and supply a wide amount of abrasive. Since silk 
cloths have no nap to retain lubricant, caution must be exercised. 
 
Damage to the samples may occur in 4 to 10 seconds if the platen is allowed to run 
dry [80]. 
 
 

 
 
 
Figure 3.85 A small bottle of Al2O3 suspension for hand application (left). The large bottle 
(right) has a mixing apparatus for the Al2O3 suspension. This is mounted on top of the 
polisher and the suspension is dripped on to the platen surface (polishing surface) [80]. 
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3.5.4.  Final Polishing 
 
The final polish, step 4, is optional just to remove any cold-work left in the polymer 
matrix (Struers OP-Chem cloth, 25% OP-A/75% water suspension, < 10 Newton 
complementary dir.). This step is a transition from micromachining using napless 
cloths and high-pressure to one of lapping with low speed and low pressure. 
 
The most efficient process includes a premixed 0.05- or 0.06 µm colloidal Al2O3 
suspension diluted with distilled water in conjunction with a napless cloth. The critical 
parameters of fine polishing are very low vertical force, complementary rotation of the 
sample relative to the platens rotation, and a low disc speed. If the vertical force is 
too high, the fiber-resin interface will display cupping. In addition, if the platen speed 
is too high, the sample will become difficult to control if it is being hand-polished, and 
the sample will want to stick to the platen. It should be noted that it is hard to control 
the sample when hand-polishing in a counter direction during this step. When hand 
polishing or automated polishing is done, platen speeds <120 rpm with a 
complementary sample rotation give ¼ µm (or better) surface in 30 to 180 seconds 
[80].  
 
This could also be performed using a neoprene cloth (pad). The more traditional 
technique of final polishing with either a high or low-nap cloth is not recommended. 
 
After as little as 20 seconds, rounding on the fiber-resin interface can be greater than 
1 mm. This effect can be seen in Figure 3.83 when compared to Figure 3.84. 
 

3.5.5. Proposal to sample preparation 
 
The following steps summarize the rough and fine polishing steps for both hand and 
automated techniques. 
 
Method 1. Hand polishing: 
 
1) 70 micron Diamond Platen or Struers MD-Piano 120 
2) Struers MD-Piano1200 or 600grit SiC paper 
3) 15 µm levigated alumina slurry (12 g Al2O3 to 1 l distilled water), silk cloth, 1,000 
rpm 
4) 0.3 µm levigated alumina slurry (5 g Al2O3 to 1 l distilled water), silk cloth, >300 
rpm counter rotation 
5) Optional step, finish with a premixed solution of 25% Struers OP-A 0.05 or 0.06 
µm levigated Al2O3 75% diluted with water, Struers OP-Chem cloth, and 
complementary direction. 
 
Method 2. Automated polishing: 
 
1) Struers MD-Piano 120 
2) Struers MD-Piano 1200 diamond disc 
3) 0.3 µm levigated alumina slurry (5 g Al2O3 to 1l distilled water), Struers DP-Dur 
satin silk cloth. 
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4) Optional step, finish with a premixed solution of 25% Struers OP-A 0.05 or 0.06 
µm levigated Al2O3 75%, Struers OP-Chem cloth [80]. 
 

• Materials and equipments 
 
Alumina for polishing (15µm, 3µm). 
Holders 
Epoxy resin 
Vacuum impregnation Chamber 
Diamond discs 
Distilled water 
Silk cloth 
Neoprene cloth 
 

• Personnel requirements 
 
Senior Laboratory technician with knowledge in composite materials or materials 
science  
 

• Materials selection for mounting medium with software CES Edupack 
 
The materials chosen as mounting medium must assure a planar surface to the 
samples. These must accomplish the following requirements: 
 

• Must have high mechanical strength. 
• Must have good adhesion and wetting. 
• Good moisture resistance. 
• Resistance to room and high temperature. 
• Must have minimum shrinkage during the curing. 
• Must be resistant to corrosive fluids attack. 

 
In the option “Materials universe” is selected the group “Polymers-All” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are: Density, Price, Base, 
Compressive strength, Hardness-Vickers, Fracture toughness, Glass temperature, 
Maximum service temperature, Minimum service temperature, Durability: fluids and 
sunlight. 
 
The database has selected 2 materials between 810 materials that meet the 
requirements as Epoxy resin (cycloaliphatic), Epoxy resin (high heat). The limits are 
shown in the figure 3.86. 
 
Although both materials are useful as mounting medium and between other 
properties have the same range of linear molding shrinkage (0.1-1%). The material 
that best fits with the requirements is the Epoxy resin (cycloaliphatic) due is used for 
applications as potting, casting, encapsulating and impregnating. 
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Figure 3.86 Selection of criteria for materials to mounting medium [53]. 
 

• Materials selection for plane grinding 
 
The materials chosen for plane grinding must be suitable to be used in grinding and 
cutting tools. These must accomplish the following requirements: 
 

• Must be a material with high hardness. 
• Must have high wear resistance to high temperatures. 
• Must have good thermal conductivity. 
• Must be a good insulator. 
• Must have high tensile strength. 

 
In the option “Materials universe” is selected the group “All-materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
 
The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are: Density, Tensile strength, 
Hardness-Vickers, Fatigue stress at 107 cycles, Maximum service temperature, 
Electrical resistivity, Durability: fluids and sunlight. 
 
The database has selected 5 materials between 3798 materials that meet the 
requirements as Alumina (99.5 ) (finegrain), Alumina (pressed and sintered), Alumina 
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bio-ceramic, Alumina Saphikon sappire monocrystal (100 micron,f) and Diamond. 
The limits are shown in the figure 3.87. 
 
The material that best fits with the requirements is the Diamond due is used for 
applications as cutting tools, abrasion, wear resistant surfaces. 
 
 

 
 

Figure 3.87 Selection of criteria for materials to grinding plane [53] 
 

• Materials selection for polishing with software CES Edupack 
 
The materials chosen for polishing must accomplish the following requirements to 
enable its use in future experiments, above all will be taken into account when you go 
to select one of them. 
 

• Must have high abrasion resistance. 
• Must have high compression resistance. 
• Must have high tensile strength. 
• Must have high bending strength. 
• Must be a material with high hardness. 

 
In the option “Materials universe” is selected the group “All materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned.  
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The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are: Density, Price, Flexural 
modulus, Compressive strength, Hardness-Vickers, Fracture Toughness. 
 
The database has selected 4 materials between 3798 materials that meet the 
requirements as Alumina (85) (410), Alumina (85) (H880), Alumina (88), Alumina 
(90). The limits are shown in the figure 3.88. 
 
The material that best fits with the requirements is the Alumina (85) (H880) due to is 
used for manufacture of wear parts and has high mechanical strength and abrasion 
resistance. 
 
 

 
 

Figure 3.88 Selection criteria for polishing materials[53]. 
 

• Materials selection for final polishing 
 
The materials chosen for final polishing must accomplish the following requirements 
to enable its use in future experiments, above all will be taken into account when you 
go to select one of them. 
 

• Must be a material with high tensile strength. 
• Must have high resistance to low and high temperatures. 
• Must be a material with high toughness. 

 
In the option “Materials universe” is selected the group “All materials” due to it will be 
compared all the materials that correspond with the requirements before mentioned 
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The option “limit” allows select the criteria to choose the material. The properties 
taking into account for this purpose in the stage 1 are: Density, Yield strength, 
Tensile strength, Fracture toughness, Maximum service temperature, Minimum 
service temperature. 
 
The database has selected 1 material between 3798 materials that meet the 
requirements as silk. The limits are shown in the Figure 3.89. 
 
The material that best fits with the requirements is the silk due to their typical uses as 
fabrics and clothing.  
 
 

 
 

Figure 3.89 Selection criteria for final polishing materials[53] 
 

3.6. Microscopy samples characterization 
 
This section, together with the information obtained in the section 3.4 and 3.5, it can 
be begun the determination of conditions to the microstructural characterization of 
samples with microscopy (volume fraction, spatial distribution, discrimination, number 
and area of voids). The requirements of equipments, materials, software and 
personnel required will be evaluated. 
 
The microstructural characterization for composites is critical, because of the many 
possible arrangements between the reinforcing phase and the matrix. The 
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parameters most commonly described are the volume or mass fraction of the 
phases. This is a direct consequence of the strong influence that the volume fraction 
of the reinforcing phase has on the properties of the composites. 
 
However, for heterogeneous materials like fiber-reinforced composites, the influence 
of the microstructure on the engineering properties is critical, and besides the volume 
fraction, the complete understanding of composites properties requires the 
determination of several microstructural parameters such as size, orientation and 
spatial distribution of the fibers and of possible defects. In fact, voids are a common 
feature appearing during the usual manufacturing processes; the voids are stress 
concentrators and can act as crack initiation points [7]. 
 
The two most common metrics used to characterize a composite material are the 
fiber volume content (VF) and void content (Vo). 

3.6.1. Fiber volume content measurement 
 
The fiber volume fraction (VF) gives an indication of mechanical performance as well 
as the level of compaction and therefore part consolidation. 
 
Several methods for measuring VF have been classified for standards organizations 
and/or used in the literature, they are: 
 
Standard ISO 1172:1996 – Determination of glass content (method A). 
 
 As was mentioned before in the Section 3.4.1, a burn-off test can be performed eight 
times for each process from various locations in the laminates [78,81]. 

 
Combustion ASTM D 2734-70, ASTM D2584 
 
The resin is burned off of the fibers. Again, the VF is determined from before and after 
mass measurements and the component densities. This has worked well for glass 
fibers. 
 
Microtoming: optical image analysis (no standards) 
 
Polished cross-sections of the sample are examined with light microscopy or 
scanning electron microscopy (SEM). Carbon fibers are ideally suited for light 
microscopy due to their opaqueness and light reflectivity when polished. Epoxy resin 
is transparent and transmits incident light [82]. 
 
Two types of optical analysis methods are used to analyze binary digital images: 
 
Areal method: an image analysis program counts the number of black pixels 
compared to white pixels, thus determining the volume percent of each constituent. 
This relies on a gray-scale threshold to differentiate the various shades into fiber 
resin. Manual setting of this threshold hinders accuracy due to operator subjectivity. 
However, many algorithms are available to automate thresholding  [82]. 
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Fiber counting method: each fiber is counted, usually with an image analysis 
program rather than manually. The radius of carbon fibers is tightly controlled by their 
manufacture. A VF value is calculated by multiplying the cross-section area of a 
single fiber by the fiber count, and then dividing by the total area of the image. 
 
Two types of optical analysis methods are used to analyze binary digital images: 
 
In the areal method, an image analysis program counts the number of black pixels 
compared to white pixels, thus determining the volume percent of each constituent. 
This relies on a gray-scale threshold to differentiate the various shades into fiber 
resin. Manual setting of this threshold hinders accuracy due to operator subjectivity. 
However, many algorithms are available to automate thresholding. 
 
In the fiber counting method, each fiber is counted usually with an image analysis 
program rather than manually. The radius of carbon fibers is tightly controlled by their 
manufacture. A VF value is calculated by multiplying the cross-section area of a 
single fiber by the fiber count, and then dividing by the total area of the image. 
 
Optical image analysis can examine spatial non-uniformities in the material. This can 
also characterize more about the fibers that their concentration, such as their position 
in relation to each other, degree of clustering and size/shape of the fibers. This is 
useful for textile modeling such as building meso-scale fabric models for theoretical 
predictions of behavior in programs like Wisetex. 
 
But both areal and fiber count methods are time consuming, and do not accurately 
represent the bulk material unless many measurements are made. Automated 
scanning methods are available to speed up the process, but difficult to setup for 
either accurate thresholding (areal method) or fiber delineation (fiber count method) 
across every image. A problem with the fiber count method is the image analysis 
software’s interpretation of fibers completely in the image and fibers only partially in 
the image, due to location along an image-edge.  
 
The accuracy of the fiber counting method increases as the image magnification 
decreases. The fibers on the edges represent less of the total number of fibers in the 
image. This also depends on an accurate measure of the average fiber cross-
sectional area. In contrast, the areal method is more of a stand-alone measurement 
method, but requires very high quality images obtained at higher magnification to 
obtain accurate results. Optical techniques are not yet covered by any standards 
organization, underlying the lack of precision or repeatability with such 
measurements. 
 
The nuclear bombardment with neutrons is other method but this requires much 
more dedicated capital investment. Hence, no technique is particularly applicable for 
all types of composites or characterization needs. Experimental error can still be 
further minimized for any of these methods [82]. 
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3.6.2. Void content measurement  
 
Standard ISO 7822:1999 
 
The void analysis is conducted using a statistical counting method, as was 
mentioned before in the Section 3.4.2. Is recommendable to take eight samples from 
various locations on each part and potted in casting resin. After this step the surface 
is polished and studied under a microscope. Image-pro software is used to measure 
and count void content [79,81]. 
 
Density comparison (ASTM D2734) 
 
The density of the sample is measured before burning, digestion, or casting the 
sample in epoxy for VF measurement. The density measurement method most used 
is liquid displacement ASTM D 792-66 (Specific gravity and Density of Plastics by 
Displacement). A sample is weighed in air and then in a liquid (usually water). The 
experimental density of the material is then determined by the difference of weights. 
A no void theoretical density can also be calculated from the results of VF testing by 
the rule of mixtures with each component. The difference between the measured and 
theoretical densities represents the amount of voids, VO. 

 
This method is prone to measurement error; it lumps the usual error in the preceding 
VF measurement with the error of density testing of the composite. Carbon-epoxy 
composite materials show some water absorption, and their surfaces have an affinity 
for air bubbles which increase the buoyancy of the sample. 
 
In comparison to other methods where voids are directly measured, this method 
gives an easily obtained bulk measurement of the void content without the need for 
many tests of the same sample. But as with the non-optical VF measurements, it 
prevents one from characterizing any through-thickness gradients in the constitution 
of the sample. Optical image analysis is the best method when this is required. But 
for most applications requiring VF and VO data, the bulk average of the sample is 
more applicable and easier to obtain [82]. 
 
Microtoming: optical image analysis (no standards) 
 
Over the last decade, the areal method in optical image analysis has been the most 
popular of VO measurements. A sampling of images representing the part is 
examined for the darkest areas signifying voids. As with areal VF measurements, a 
gray-scale threshold must properly delineate the void areas. A study comparing 
v0measurements by the density-comparison method and the optical image analysis 
showed the optical method to have greater accuracy as it is a direct measurement of 
the actual void. 
 
C-scan ultrasound 
 
Ultrasonic inspection is the most non-destructive used technique to detect defects. It 
is often used in tandem with the density comparison test for validation purposes. This 
is because ultrasonic scans cannot detect voids that have diameters of less than 1 
µm. For imaging of smaller voids, optical image analysis must be used. 
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Two other methods in the literature for VO measurements are ultraviolet light and high 
voltage insulation measurements. 
 
Absolute void content is quite difficult to measure regardless of the technique used, 
as evidenced by the frequent quotation of negative void contents. High variation 
exists in void measurement with each of these methods. A portion of the variation is 
assumed to lie in the difficulty of accurately measuring void content for a composite 
material in bulk. A concentration of voids may be predicted to be either inter- or intra-
tow based on processing parameters. But within either case, the location of voids is 
randomized, and much more random than the fiber structure. Void content has been 
reported to also vary in the through-thickness direction based on processing 
parameters. For measurement methods based on small areas of the part, such as 
microtoming, this implies that results must be averaged over many measurements 
[82]. 
 

3.6.3. Image acquisition  
 
To characterize the microstructure in respect to the distribution of voids, fibers and 
spatial orientation, is desirable to obtain images combining high magnification and a 
large area of analysis. These requisites are not fulfilled by a single image. Therefore, 
is necessary to capture several images, with the same magnification, and to join 
them together generating a mosaic image. 
 
For void characterization, to observe the samples is recommended to use a Zeiss 
AxioPlan 2 motorized optical microscope. The use of this computer-controlled 
equipment, with a motorized x-y-z sample holder, allows controlled sample 
displacement and the acquisition of a sequence of images with any spatial 
distribution and with automated focus control [7]. The images can be captured using 
an AxioCam HR digital camera, with 1300 x 1300 pixels  resolution. 
 
The procedure for a complete visualization of each sample revealing the spatial 
distribution of voids and the measurement of features is the following: 
Image mosaics can be constructed joining low magnification images using a 5x 
objective lens (Zeiss EPIPLAN, NA = 0.13). These images covered an entire cross-
section of the samples, from the outer to the inner diameter. 
 
For fiber and layer characterization the images, the samples can be observed by 
scanning electron microscopy using the backscattered (BSE) mode of image 
formation. BSE was preferred instead of secondary electrons imaging, because the 
intensity of the BSE signal is a function of the atomic weight of the elements on the 
sample. Therefore, a good contrast is obtained between the polymeric matrix and 
glass fibers. Moreover, the images do not show topographical information, which is 
beneficial in the image processing steps, as residual artifacts from sample 
preparation are blurred [7]. 
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3.6.4. Spatial distribution of voids  
 
Voids can be discriminated by their grey shade. As seen in Figures 3.90 an example 
of a circumferential sample and 3.91 the axial sample , they appear darker than the 
fibers and the polymer matrix. However, small regions of fibers damaged during 
sample preparation exhibit similar contrast, and may lead to wrong results. 
Therefore, an image processing and analysis routine can be developed to 
discriminate the several kinds of dark regions appearing on the images, and 
recognize the voids. The results are shown in Figure 3.92 for a representative field in 
Figure 3.90a. 
 
Once voids are reliably recognized, their spatial distribution can be measured. This 
analysis can be performed on the mosaic images, with two different methods: local 
mapping and neighborhood analysis. In local mapping the mosaic images were 
scanned with an analysis window of 250 x 250 pixels and, for each window, two 
parameters were obtained: void count and void area fraction. To avoid multiple 
counting of objects at the edges of the windows, a guard frame was used in which 
voids touching the bottom or left edges of the window were not considered. Thus, if a 
void straddles an edge between windows it will be counted only once. These 
parameters were then plotted as contour maps as shown in Figures 3.93 and 3.94 for 
the circumferential and axial samples, corresponding to Figures 3.90a and Figure 
3.91a [7] 
 
 

 
 
Figure 3.90 Circumferential sample. (a) Mosaic image obtained with a 5X objective lens (2.1 

µm/pixel). (b) Digital magnification of the area outlined by the white rectangle [7] 
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Figure 3.91 Axial sample. (a) Mosaic image obtained with a 5X objective lens (2.1 µm/pixel). 

(b) Digital magnification of the area outlined by the white rectangle [7]. 
 

 
 

Figure 3.92 Void discrimination. (a) Original image (5X objective lens, 2.1 µm/pixel). (b) 
Detected dark objects (green and red). (c) Magnified view of the region outlined in (b) – voids 

are shown in green while red objects are smaller than 40 pixels in area and correspond to 
broken fiber tips [7]. 
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Figure 3.93 Local mapping for circumferential sample. (a) Void count. (b) Void area fraction. 
Horizontal and vertical units refer to the count of 250x250 pixels windows in each direction 

[7] 
 

 
 
Figure 3.94 Local mapping for axial sample. (a) Void count. (b) Void area fraction. Horizontal 

and vertical units refer to the count of 250x250 pixels windows in each direction [7] 
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3.6.5. Proposal for microscopy samples characterization 
 

• Materials 
 
The materials for the microscopy were explained in the previous sections 3.4.1, 3.42 
and 3.5.5. The selection of these materials with the software CES EDUPACK was 
presented in the same sections.  
 

• Suggestions for microscopy equipments and characterization software 
 
Zeiss AxioPlan 2IE Mot Microscope System27 
 
The Zeiss Axioplan 2 is a high-end imaging platform for complex research. It is 
optimized for light transmission and high contrast fluorescence imaging. This 
complete system comes fully configured for ideal performance, range and 
functionality.  
 
The Zeiss AxioPlan 2 IE Motorized Microscope system is completely integrated with 
a modern camera and software technology. The new cube-mounted filter sets can be 
quickly removed or added to the Axioplan 2 imaging filter turret for ease the 
alignment (Push&Click mechanism). 
 
ICS Optics: ICS (Infinity Color-corrected System) optics aim at achieving the best 
possible performance with the least possible number of optical elements. As every 
optical element contributes to limiting the system’s light transmission, minimizing the 
number of optical components means maximizing the overall optical performance.  
 
ICS optics and SI (System Integration) have improvements in optical performance 
with regard to image contrast, brightness and detail resolution. ICS optics provides 
high apertures and long working distances needed for different applications. This 
system comes complete with Zeiss Plan-Neofluar® Objectives in 10X, 40X, and 
100X magnifications. This series of microscope objectives is suitable for fluorescence 
microscopy, with a high NA for improved throughput and resolution. They have 
excellent UV-NIR performance (340-1000nm) and a long working distance. This 
optical system is ideally suited for metallurgical research and materials inspection. 
 
WiseTex Software 
 
The most promising source of theoretical permeability data is the Wisetex software 
developed at KU Leuven. The WiseTex software package is an integrated textile pre-
processor for the description of the internal geometry of textile structures based on a 
unit cell model. The modelling requires information of the internal geometry of the 
material, such as micrograph-measured thicknesses and widths of the tows after 
placement on the mandrel. The LamTex program in WiseTex then incorporates 
nesting effects into the ply interfaces. Calculations with FlowTex, based on Navier-
Stokes equations (inter-tow) and the Brinkmann Equation (intra-tow), produce 
permeability data for the unit cell. The characterization work requirements for this 
modelling method are probably too much to apply to all industrial fabrics. But it 

                                                 
27 http://physics.ucsd.edu/neurophysics/Manuals/Zeiss/AxioplanBrochure.pdf 
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generates a good understanding of the fabric structure and gives an estimate of 
permeability that can be used for validation of experimental data [81]. 
 

• Personnel requirements 
 
The laboratory must have technical and scientific staff with the suitable training in 
advanced microscopy. A materials science engineer with experience in composite 
materials or a senior technician with experience in these fields can accomplish the 
tasks of characterization. 
 
 



4. Conclusions  155 

Chapter 4 
 

CONCLUSIONS 
 
 
This chapter will be devoted to the conclusions summarizing the final effects, results 
in the resin and the analysis of methods or procedures as well as necessary 
requirements. 
 

4.1. Variables implied in the degasification 
phenomenon 

 
 
The autoclave curing process is the most often production procedure for the 
manufacturing of structural laminates. The presence of voids in the final part has a 
detrimental impact on the mechanical properties of the composites. Hence the 
removal of voids is quite critical in many advanced composite aerospace structures. 
 
Cure cycle parameters such as temperature and pressure affect the void content of 
carbon/epoxy laminates. The temperature schedule recommended by the 
manufacturers should avoid any modification that affects its performance. Factors as 
the magnitude of cure pressures and the moment of applying pressures substantially 
influence the production of laminates with low porosity and high performance 
squeezing out the entrapped air, water vapor and excess of resin [40]. 
 
The effects of cure pressure on void contents were studied. The void content and 
cure pressure present a relationship exponentially decreasing. An applied autoclave 
pressure was necessary to reduce the void percentage to an acceptable level (see 
Figure 3.6). 
 
The resin viscosity affects the resin flow and also affects the transport of voids and, 
to a limited degree, their formation and growth. An optimum curing cycle has been 
established by altering the moment of applying pressure within the range of minimum 
viscosity. If an appropriate pressure is applied the cure cycle is reduced for about 1 h 
(see Figure 3.4). 
 
Experiments were carried out to show whether the first dwell time is the optimum 
time for increasing the autoclave pressure within the range of minimum viscosity and 
it was found that the time span would be chosen between the 50 and 90 min and the 
level of porosity is less than 1.5% (see Figure 3.7) [40]. 
 
The curing time regards to the temperature have an influence in the final results of 
the resin. 
 
The simplest and extended equation to describe the evolution of the viscosity of 
epoxy resins with time under isothermal conditions is the exponential 
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tK

T
Te0ηη =  (4.1) 

 
where T0η  is the initial viscosity to the temperature T at which the test is made and 
kinetic constant tKT  also to the corresponding temperature [39]. 
 
Another relationship is established between variables is Pressure Vs Temperature  
 
A multi-phased pump-vent process is used to avoid the resin expansion. Such 
expansion is minimized when the resin is mixed under vacuum. The over pump may 
produce breakdown in epoxy resin, should take special care [25]. The boiling point 
decreases as pressure decreases on resin (see Figure 3.8) 

 
Both degassing and boiling process sometimes dovetail but they are two separated 
processes; thus boiling is to be avoided. The ultimate pressure of pumps provided 
with degassing system is often in excess of the required degassing processing 
pressure, reaching the boiling point. The customer needs to determine the boiling 
point for the product of resin that is using and what the vacuum limit is for their 
process. Involved personnel needs to be sure that enough pressure is pulled to 
“break the gas bubbles” and what degassing pressure is required for that particular 
epoxy resin through experiments and must have into account the minimum pressure 
allowed below which the epoxy resin is damaged. 
 
The effects of time, vacuum and its results on the production of bubbles were 
analyzed in the study of Afendi to epoxy resins [4].  
 
The solution was degassed under vacuum at 90 mbar absolute, with a bubble 
nucleation agent for 15 min. After the degassing process, it was found that the 
mixture contained a lot of micro-bubbles in suspension. To measure how much 
dissolved gas has been extracted from a resin solution after being degassed, the 
chemical content (gas remaining) was found with the method of the dissolved oxygen 
meter, normally used for measuring water-based solution.  
 
The oxygen content of the degassed resin dropped from the range of 85–96% down 
to a range of 53–64% after 15 min degassing with bubble nucleation agent. The 
same procedure of testing has been carried out on different samples with variation of 
prolonged exposure to vacuum and different methods of degassing such as air 
sparging or bubble nucleation [4] 
 
Stenelholm [44] referenced the effect of vacuum treatment for tool steels. The steel 
samples were analyzed for their composition as well as the number and the size 
distribution of inclusions and the inclusion composition, also were measured the 
oxygen activities in the steel melt. 
 
In order to see how the inclusion characteristics evolved during vacuum degassing 
the vacuum treatment process was interrupted at five predetermined points of time. 
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Oxygen activity samples were collected before and during interruption of the vacuum 
degassing process. During the firsts 10-15 minutes of the vacuum treatment the total 
oxygen decreased more than 50% (see figure 3.13). 
 
 

4.2. Efficiency of Degasification Methods 
 
The Ultrasound Degasification Method can be performed if factors as the ultrasonic 
frequency, amplitude, resin viscosity are moderated by temperature and liquid 
properties 
 
The effect of ultrasonic power on the viscosity of the resin can be explained for the 
enormous energy from cavitation, which destroys the link through the physical action 
between two molecules and decreases the inner friction force. So the result of all 
these actions is the viscosity of the resin decreases. 
 
The enormous energy from the ultrasonic cavitation accelerate the movement of the 
molecules and decrease the viscosity of the resin system and the energy increases 
with the increase of ultrasonic amplitude, so the viscosity of the resin system tends to 
decrease with the increase of the ultrasonic amplitude [24].  
 
For high viscosity epoxy mixture resins is necessary to reduce the viscosity by 
heating when applying an ultrasonic horn in order that the damping is low enough 
that the sonotrode can vibrate with the resonance frequency. 
By contrast, during sonication the epoxy resin is heated up and has to be cooled 
externally to keep the resin below the temperature of degradation.  
 
Other important factors to consider are the residence time of resin in ultrasonic field, 
bubble distance of travel to reach surface and burst, pressure above resin surface, 
and staging interval energy level and frequency [45]. 
 
Documented studies performed experiments [49] with ultrasonic degasification to 
remove gas occlusions from epoxy resin ultrasonic of heat insulated floor elements.  
 
5 kg of epoxy resin were prepared without hardener, in a metal container. The epoxy 
resin was preliminarily exposed to ultrasound by an ultrasonic device, at a frequency 
of 22±1.65 kHz and intensity of not less than 15–20 W/cm2 during specified period of 
5 minutes, the temperature of processed medium rose up to 50 º C – 60ºC; no less 
than of 95% of dissolved gases were removed. Generated gas occlusions become 
smaller, move along heating element and leave the space between the stone flags. 
 
The CES EDUPACK software has found that the most suitable material of the 
laboratory ware or beaker where the resin will be mixed to enable its use in future 
experiments is the PMP (general purpose) due their applications for chemical 
laboratory equipment (see Figures 3.20-3.28). The resin selected to be used with this 
procedure is the epoxy resin (high heat) due to is a material commonly used in the 
manufacture of fiber laminates to aerospace applications, automotive and naval 
applications. It has a good dissipation factor and a dielectric constant which makes it 
compatible with applications of frequency (see Figure 3.29). 
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The ultrasonic transductor is composed for parts as a piezoelectric material, resonant 
masses or backing.  
 
For the selection of the piezoelectric material was used the software CES EDUPACK 
and the database has found that the PCT (27% glass fiber and mineral) or Valox is 
the most compatible with the applications of frequency (see Figure 3.30). The most 
suitable material to resonant masses or backing layer is the PPA Polyphthalamide 
(40% mineral) due is optimal for sources of ultra-compact resonant transducers. 
 
The vacuum degasification method is based on the exposition of the resin to partial 
vacuum. According Henry´s Law, the gas solubility decreases as the pressure is 
reduced. At absolute vacuum the gas solubility is zero. If the pressure is decreased, 
the resin will become over-saturated and gas should come out of solution. But the 
dissolved gas is dispersed as molecules and not as bubbles. Therefore, gas will only 
come out of solution if bubbles or bubble nuclei are already present in the resin. 
What in fact will happen when the pressure is reduced, is that the bubbles, which 
have been whipped in during mixing of the resin, will increase in size (Gas Law). With 
increasing size, the rising speed of the bubbles also increases (Archimedes' Law). 
This will result in a foaming resin, suggesting that the resin is being degassed or "de-
bubbled"[21]. 
 
To test the effectiveness of a degassing procedure, the amount of gas dissolved in 
the resin prior and after degassing has to be determined. An indirect method to 
measure the void content in the resulting laminates is used due to there is not a 
reliable method to determine the amount of gas dissolved. 
 
As indication if a degassing procedure was effective, four experiments were 
conducted with injections on Unifilo based in previous findings of a high void content, 
mainly due to outgassing of gaseous components in the resin. Four procedures were 
tested; Non-degassed resin, "Normal" degassed resin, Degassing with Scotch Brite, 
Sparging. 
 
The laminates consisted all of 3 layers of Unifilo 450gr/m2. The degassing pressure 
was 10 mbar and the injection pressure was 50 mbar. After injection, first the resin 
inlet hose was closed, and the outlet pressure remained 50 mbar. After curing, the 
laminates were tested visually of void content and distribution. The laminates made 
with non degassed resin were with a high void content with a random/Bi-linear 
distribution; the laminates made with normal degassed resin were with a high void 
content and presented a Bi-linear distribution. The laminates made with degassed 
resin with Scotch Brite and with the sparging method showed no voids. 
 
The CES EDUPACK software has found two possibilities for materials to the 
selection for a vacuum chamber, the low alloy steel-AISI 4135 air melted, quenched 
and tempered or the low alloy steel-ASE 4130 cast, quenched and tempered (see 
Figures 3.36-3.41). As cover of the vacuum chamber, the software found 1 material 
that meets the requirements. The material selected was epoxy resin (high heat), this 
material is used for applications of moldings mainly for electrical components, 
encapsulation and potting (see Figure 3.42). The software CES EDUPACK was 
consulted for the selection of a material with nucleation properties that can be used 
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as filter. The software suggested Concrete (Insulation lightweight), limestone and 
polyamide/nylon 6 (see Figures 3.43-3.45). 
 
Many viscous liquids contain a great number of bubbles as a consequence of their 
production process, undesired chemical reactions, ageing and intensive manipulation 
with them. Some polymeric liquids and glass melts are examples of such liquids 
where the bubble-removal process, if necessary, is extremely slow [72]. 
 
The highly viscous fluids have high resistance to the flow, therefore are energy 
consumers, the advantage of the centrifuge degasification is it does not require liquid 
flow. The surface immobilization is an ideal condition that leads a decrease in bubble 
velocity but for the action of gravitational motion of bubbles its behavior is different 
[32]. 
 
For fluids of high viscosity the bubble motion is the limited to creeping flow. In these 
conditions, if the bubble surface is free which enables gas circulation inside the 
bubble. 
 
For the method of centrifugal degassing was used a laboratory centrifuge. The 
diameter of the test tubes in the centrifuge was 14.5 mm. Were used sugar solutions 
containing potato syrup and sodium chloride of density 1460 kg/m3 of different 
viscosities of 30, 300 and 3000 Pa.s. The temperature was measured before and 
after centrifuging, the surface tension was 0.084 N/m for all three solutions. Bubble 
diameters were measured by a cathetometer, taking six measurements of the upper 
and lower edge of the bubble at constant time intervals of 15 s to eliminate the effect 
of the bubble rise during the measurement. The cathetometer was used to measure 
the bubble position in the test tube before and after centrifuging. 
 
The bubble diameters ranged from 0.44mm to 4mm, expected results optimal for 
immobile surfaces (Bond´s critical bubble diameter calculated for experimental liquids 
was 4.8 mm). The distance from the axis of rotation to the liquid surface, ro varied 
from 30 to 38 mm, the depth of the liquid in the test tubes from 62 to 70 mm. Upon 
introducing the bubble into the liquid, its velocity in the gravitational field was 
measured in order to find whether the bubble surface was free or rigid. Next, it was 
put into the centrifuge and centrifuged at 500, 600, 800, 1000, 1500, 2000 or 2500 
rpm for 1 to 4 min. 
 
Results of the preliminary measurements carried out on bubbles of diameters ranging 
from 1 to 3 mm, did not confirm the immobile surface model. 
 
At diameters less than about 1mm (depends on rotational speed applied) the bubble 
velocity is in most cases lower than the theoretical one (the time of movement is 
longer) due to the immobilization of the surface as the gravitational field, takes place 
only in smaller bubbles. The time of the movement of even very small bubbles at a 
higher rotational speed approaches the theoretical value determined under the 
assumption of a free surface. i.e. the bubble of diameter 0.44 mm was moving as a 
free one (texp/ttheor=1), as can be seen in the figure 3.48 this effect is also influenced 
by the rotational speed. 
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According to the results, the small diameter bubbles behave as partially solid 
spheres. 
 
The effect of centrifugal force on the bubble surface is essential from of point of view 
of degassing by centrifugation, also is significant in mass transfer between the liquid 
and a bubble or drop of another liquid which is due to a remarkable decrease of 
mass transfer coefficient for the additional resistance to diffusion introduced by a rigid 
surface film and due to the suppression of circulation in the bubble [32]. 
 
The software CES EDUPACK was used to do the selection of the test tubes to 
enable its use in future experiments. The Borosilicate-7056 was chosen by their 
applications to laboratory glassware (see Figures 3.50-3.52). 
  
Resins with different viscosities of the brand Struktol based on nitrile rubber epoxy 
prepolymer (DGEBA or DGEBF) were suggested to be used with the method of 
centrigugal degassing. 
 
In the Surfactant agent method, the key elements are the surfactants which are 
chemical agents that are actives in surface. The surfactants perform various 
functions: moisten, emulsify, disperse and solubilize, produce or avoid the formation 
of foam and affecting certain rheological properties [33]. Surfactants are amphiphilic 
compounds which can reduce surface and interfacial tensions by accumulating at the 
interface of immiscible fluids and increase the solubility, mobility of hydrophobic or 
insoluble organic compounds [73]. 
 
The foam is a dispersion of gas, usually air within a liquid. The air is dispersed into 
the liquid through the input of mechanical energy. Gas bubbles may also be 
introduced for the displacement from a porous surface or through direct injection.  
 
Defoamers are generally formulated systems that work destabilizing the bubble wall 
so the bubble can break and release the trapped air. Conventional defoamers are 
formulated with carrier agents. 
 
The liquid phases used in bioreactors are highly viscous. Researchers have 
simulated the behavior of the liquid phases present in bioreactors adding different 
quantities and/or types de polymers. 
 
In the bubble column reactors a suitable gas distribution in the liquid phase must be 
reached to obtain an important stirring effect, as to create a high gas interfacial area 
with the aim to enhance the gas-mass transfer rate, when oxygen transfer is the rate 
limiting step, it must optimize the increase in the gas hold-up or reduce the bubble´s 
size.   
 
The effect of each solute (polymer and surfactant) is analyzed and the behavior 
obtained when both substances are present in the liquid phase. The system employs 
different hydrodynamic parameters, such as the gas hold up, the bubble diameter 
and the interfacial area [75]. 
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In the surfactant agent method materials such as k-carrageenan (stabilizing agent) 
and Tween 80 (emulsifier) were used to carry out the experiment. The solutions were 
prepared by mass and bi-distilled water was employed for the absorbent phases. 
A bubble column contactor was used to put both gas and liquid phases. In relation to 
the hydrodynamic parameters, the gas hold-up retention was determined using the 
volume expansion method. Bubble diameter characteristics were measured using a 
photographic method based on images obtained from different zones of the bubble 
contactor. 
 
The results of these experiments indicate that the addition of a surfactant to the liquid 
phase (aqueous polymer) achieves the inhibition of the polymer negative effect 
(since it produces an increase in the bubbles size). Then a relatively constant value 
in the bubbles diameter is observed when the polymer concentration is varied, and 
so the presence of a surfactant produces an increase in the gas-liquid interfacial area 
in comparison with aqueous polymer solutions without surfactant. Then the presence 
of surfactant has a positive effect that allows one to work with viscous liquids 
producing a large interfacial area [75]. 
 
The software CES EDUPACK was used to select the suitable material for a bubble 
column contactor, criteria as fracture toughness were taken into account. 
Borosilicate-7251, Borosilicate-7740 and Borosilicate-7760 are in the same range of 
toughness, price and are used in the same type of applications to laboratory 
glassware for that reason any of these materials can be take into account when you 
go to select a bubble column contactor (see Figures 3.65-3.67). As suggestions to 
surfactant agent were proposed Tween 20 and betaine produced by Merk company.  
 
In the resin infusion process is important determine if the voids are presented at resin 
components or in the mould cavity, in documented studies [77] were carried out 
experiments to study these aspects. The experiment has been conducted on two 
equal laminates, with resin which was non-degassed and degassed. 
 
The laminate made with degassed resin was completely void free. The laminate 
made with non-degassed resin showed the normal distribution, with an average void 
content in the middle section of 5%.  
Based on the results from the experiments conducted, it becomes clear that the main 
cause for voids in the laminates is due to the outgassing from the resin. 
 
The flushing with CO2 or styrene vapor did not have any influence on the void 
content. Therefore, the air in the mould cavity is not contributing significantly to the 
resulting void content. 
 
Some aspects have to be taken into account when resin infusion is performed in the 
sample preparation with resin and reinforcement. If the infusion starts immediately 
after degassing, any unreleased bubble can migrate into the lamination. During 
curing, the shrinkage of the resin will pull the bubble surface between the fiber tow 
creating higher void content. Therefore, the degassing time needs to be extended to 
allow for the bubbles to clear the resin. 
 
Some experimental works were carried out, resin infusion (in-plane flow with no flow 
medium) with degassed and non-degassed resins (supplier PRF) were used to 
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distinguish the differences in void formation along the impregnation route. A layer of 
twill woven E-glass roving (600 g/m2) and a layer of glass tissue were used to make a 
300x400 mm sample.  
 
Degassing process using a bubble nucleation agent was conducted at 90 mbar for 15 
min. The resin was left for approximately 1h, to let the bubbles produced during 
mixing and degassing diffuse to the surface and then the infusion process was done 
at 110 mbar. From this experiments it is found that degassed resin has a significant 
effect in the reduction if void formation especially when elevated temperature is not 
available during the curing process. On the other hand, curing at elevated 
temperature also gives a beneficial result in the effort of reducing voids when non-
degassed resin is used. 
 
 

4.3. Requirements determined for a future 
experimental study 

 
The proposal for the ultrasonic degasification experiment indicates that equipments 
as a frequency generator and an ultrasonic transducer are elements necessary for a 
future experimental study. In this line of thought, checking the specifications the 
frequency generator must provide a frequency in the range of 22+1.65 kHz. The 
research group of Terrassa TIEG (Industrial Electronics) has a signal RF generator 
model SML01 (Rohde & Schwartz) which is within the scope, it provides a range of 9 
kHz to 4 GHz and this equipment can be used for this test. 
 
Taking into account the materials selected through the CES EDUPACK software for 
ultrasonic transductors, is proposed also for ultrasonic resin degassing the use of the 
module BSP-1200 bench scale produced for the company Industrial Sonomechanics.  
 
The ability of a bench-scale ultrasonic processor to operate at high vibration 
amplitudes is essential. The required amplitude for many processes is between 60 
and 100 microns at the frequency of 20 kHz. 
 
In the batch mode, the processed liquid is contained in a reservoir or dedicated batch 
container that may already be a part of the setup used in the process. Batch mode os 
commonly used for such processes as ultrasonic degassing of oils, paints, epoxies 
and other liquids, 
 
Regarding the personnel requirements, these tests must be performed by trained 
NDE (Nondestructive Evaluation) personnel due to the expertise needed to conduct 
and interpret the test results is beyond the composites manufacture [50]. 
 
The proposal to vacuum degassing experiment determines as requirements a 
suitable air inlets and the use of equipments as a vacuum pump to perform the 
vacuum resin degassing. Although these two elements are found in COMPOLAB 
laboratory is recommended the use of a high capacity vacuum pump as the produced 
for the company easycomposites (model ECVP4300) that are suitable for degassing 
applications or very large resin infusion/vacuum bagging projects. The fast pull-down 
of this vacuum pump is essential when is working with highly reactive resins and 
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silicones where achieving full vacuum inside the chamber within around 30 seconds 
is very useful. 
 
Trained personnel is required for these tasks, such as a senior technician with 
knowledge in composite materials or materials science or senior engineer with 
knowledge in the same areas. 
 
The proposal to centrifugal degassing experiment recommends the use of laboratory 
equipment and according to the information provided in the brochure of innovation of 
Campus of Terrasa [30] the GBMI (Molecular and Industrial Biotechnology Group) 
has medium speed laboratory centrifuges that could be provided for futures 
experiments, although is suggested the Digital centrifuge Nahita model 2640/8 ECO 
that accomplishes with the purpose and specifications to do testing with viscous 
fluids. Another special instrument needed for these tests is a cathetometer, is 
recommended the cathetometer series 626 Model NCM-A-1000 produced for the 
manufacturer Nippon Optical Works. As another option is suggested the 
cathetometer model 5160 of the branch Eberbach distributed for the company 
Thomas Scientific. 
 
A senior technician with knowledge in composite materials or materials science or 
senior engineer with knowledge in the same areas and flow dynamics can perform 
the tasks of centrifugal degassing. 
 
In the proposal of Surfactant agent experiment are needed requirements such as 
suitable installations of air inlet or gas cylinder, a mass flow meter controller, a 
balance, a viscosimeter, a tensiometer, a humidifier and thermostatic bath, a 
pressure gauge, a bubble column contactor, a temperature gauge, a flow meter 
controller software, a video camera or digital camera, a surfactant agent, a polymer 
resin for its further implementation. 
 
Most of the equipments of the list are found in Compolab (gas cylinder, balance, 
pressure gauge, temperature gauge) and the research group CIEFMA (Structural 
integrity and feasibility of materials center), in GOAPI research group there is special 
equipment as cameras and for image processing (Applied optics and digital 
processing group), in INTEXTER POLQUITEX Chemical engineering department is 
found equipment as viscosimeters, automatic and electronic tensiometers and 
thermostatic baths. LABSON (Oleohydraulic and pneumatic systems Laboratory) has 
measuring chains of physical variables (mechanical and fluodynamic) and acquisition 
and data treatment systems [30]. Regarding personnel requirements, a senior 
laboratory technician with knowledge in composite materials or materials science or 
senior laboratory engineer with knowledge in the same areas and flow dynamics is 
trained to perform these tests. 
 
According the standard ISO 1172:1996 for determination of textile glass and mineral-
filler content, materials as a crucible are needed to perform the calcination 
procedure. The software CES EDUPACK was used to select which is the best 
material to perform these tests. The material that best fits with the requirements is 
the ceramic tile due is used for laboratory applications (see figure 3.76). 
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The equipments required to tests of standard ISO 1172 as a weigh balance, a muffle 
furnace, a desiccator and a ventilated dry oven, included the laboratory devices are 
found in COMPOLAB. The personnel required to perform these tests is a senior 
laboratory technician with knowledge in composite materials. 
 
The preparation and procedure for the micrographic specimens of polymer composite 
materials require special care. The procedure is composed for parts as the specimen 
mounting, plane grinding, polishing and final polishing. With the support of tools as 
CES EDUPACK were determined which were the best materials for this process.  
 
The materials chosen as mounting medium must assure a planar surface to the 
samples. The database selected to this part of the procedure the epoxy resin 
(cycloaliphatic) due is used for applications as potting, casting, encapsulating and 
impregnating (see Figure 3.86). 
 
The materials chosen for plane grinding must be suitable to be used in grinding and 
cutting tools. CES EDUPACK found that the material that best fits with the 
requirements is the diamond due is used for applications as cutting tools, abrasion, 
and wear resistant surfaces (see Figure 3.87). 
 
The software CES EDUPACK was used to find the appropriate material for the 
polishing. The material that best fits with the requirements is the alumina (85) (H880) 
due to is used for manufacture of wear parts and accomplish with the characteristics 
of abrasion resistance (see Figure 3.88). 
 
The software CES EDUPACK was used to find the appropriate material for final 
polishing. The material that meets the requirements is the silk due to their typical 
uses as fabrics and clothing (see Figure 3.89) 
 
In the proposal for microscopy samples characterization specialized equipment is 
required such as an electronic microscope. Actually, the research group CIEFMA 
(Structural integrity and feasibility of materials center) has an AFM Digital 
Instruments Multimode with a resolution of 0.1 Å (high) and area of 13x13 µm, AFM, 
STM, MFM, LFM, fluid cell and electronics microscopes of tracking and transmission. 
Also possess a high scope optical microscope for the observation of mechanisms of 
deformation and propagation of cracks in situ and an optical microscope with image 
analyzer software [30]. Therefore, the CIEFMA research group has the necessary 
infrastructure and technology to perform the tests although is suggested for the 
microscopy equipments as Zeiss AxioPlan 2IE Mot Microscope System and the 
WiseTex software for characterization.  
 
Regarding personnel requirements, the laboratory must have technical and scientific 
staff with the suitable training in advanced microscopy. A materials science engineer 
with experience in these fields can accomplish the tasks of characterization. 
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ANNEXES 

 
Annex A: Specifications 
 

• Epoxy Data Sheet 
• Sicomin Resin 
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Annex B: Laboratory Practice 
 

• Manufacture of a flat laminate of fiberglass and epoxy resin by vacuum 
infusion process (COMPOLAB Laboratory, Terrasa) 
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