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1. ABSTRACT

This is the final report for a proposal funded by the Department of Transportation to investigate the
mechanical properties of the bonding material (resin/epoxy) in relation to the durability of Carbon
fiber reinforced polymeric matrix composites (FRP) for various temperature conditions. In this
research the intention was to measure the mechanical properties of the resin and its bonding
characteristics with Carbon fiber in order to investigate its temperature dependence. Investigation of
the interface properties will require both mechanical testing (shear testing) and microscopy (optical,
and electron microscopy) techniques to examine the redistribution of stresses in the epoxy resin
material and its effect on the interfacial strength. The effect of temperature in the range of 27°C to
60°C were also carried in this investigation by performing the appropriate tests. The microscopy
analysis were achieved by using an ESEM Scanning Electron Microscope. A micro-tensile stage
was constructed as result of this project. This instrument will be used to understand the interface
behavior under different loading and environmental conditions. An important component of the
research which was added recently had to do with the influence of fire barrier coating materials. A
preliminary search identified appropriate fire retarding materials. Many different specimens were
prepared in this investigation and tested for their mechanical properties. The results showed that
there is a wide range of change in the mechanical properties of these composites when constructed in
a non-ideal condition. It was also shown that the mechanical properties degrade and mechanical
strength drops to 50% at only 60 degrees centigrade.






1.1 Background

Structural composites possessing superior strength/weight and modulus/weight characteristics
including high performance fiber (glass, carbon, aramid and hybrid) reinforced composites with
polymer matrix are being considered as alternative materials by the Department of Transportation to
reinforce concrete and also to repair prestressed concrete damaged by overweight vehicle impact.
Composite materials are being used and manufactured as reinforcing materials in the design of
structures in a variety of other applications. Conventional steel reinforced structures (e.g., bridges)
are exposed to marine environments that causes serious deterioration due to corrosion. This problem
may be eliminated by using advanced composite FRP materials as reinforcing elements due to their
excellent corrosion resistance under humid, and salt water . These results, however, lack some
important information (e.g., changes in the elastic and plastic properties at some operating
temperatures) which are used in the design of structures [4].

The construction of these composites for specific tasks requires the use and selection of the two,
fiber and epoxy resin, constituents. A large amount of research has been invested to manufacture
best fiber material possible. With the emergence of super quality carbon fibers the problem has been
reduced to find and select the best epoxy/resin possible. Two types of resins were examined in this
research (provided by the DOT research). Investigation of the interface properties require both
mechanical testing (shear testing) and microscopy (optical, and electron microscopy) techniques to
examine the redistribution of stresses in the epoxy resin material and its effect on the interfacial
strength. The effect of temperature in the range between room temperature to 60°C were also
considered in this investigation. The problem becomes even more complicated once a third
component or “fiber/epoxy resin interface” is introduced. The durability and usefulness of these
composites depends highly on the strength of these interfaces. Also their mechanical properties
under different environmental conditions are not well understood and/or documented[4].

1.2 Objective / Scope of the Work

The goal of this proposal is to investigate the mechanical properties of the bonding material
(resin/epoxy) in relation to the durability of the fiber reinforced polymeric matrix composites (FRP)
for various temperature conditions. Specifically we will concentrate on carbon fiber-FRP's. In this
proposal, mechanical properties of the resin and its bonding characteristics with Carbon fiber and
Concrete were investigated in order to arrive at a unified durability model. The proposed model will
include geometry, temperature and water moisture as its parameters, as well as those already
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mentioned. In this work the ground work to produce such a model has been initiated. It is proposed
that such results include creep and load relaxation experiments to better understand the non-linear

behavior.
In summary:

1- A complete study has been performed on composite models including the effects of hold time,
nonlinearity, and rate dependency. No new model has been developed as a result of this study but it
is intended to use these models and data produced in this report to develop a durability model in a

future project.

2- A survey has been performed on fire protecting barrier coating materials.

3- The measurements of the tensile strength of the composite and the bonding strength of the
composite/composite specimens have been completed at room temperature and two other higher

temperatures (40 °C, and 60°C) and presented in the following chapters. A high temperature facility
was used and configured to test the mechanical properties of these composites (Elastic Modulus,
strength, and ultimate strain). '

4- The construction of the micro-tensile stage has been completed. At this point the microtensile
stage can operate at very low load ranges (less than 100 Ib.) and requires a total modification in
design to be useful for the type of materials dealt in this proposal. The final design and schematics of
the construction is included in the Appendix.

5- A table top testing machine has been reconfigured to test fibers for their strength. Initial results
showed that an intensive investigation is required to find better gripping configurations to determine
the bonding strength of individual fibers.

6- A microscopic examination of the composite materials was performed and the volume fraction of

the fiber/matrix was measured and correlated to the mechanical strength.

A major part of this project was consumed in the preparation of specimens for the proper
experiments. According to the recommendations given by the department of transportation, it was
important to prepare specimens to simulate the field application of these materials. In the ideal
situation the composite materials are produced using an autoclave in order to avoid any defects and
also the least amount of air trapped inside the material. Hence, the results of mechanical
characterization reflect the range of errors involved in the use of these materials. Specimens have
been prepared for the fiber, epoxy resin and the carbon fiber reinforced composite materials. All the
tests at room temperature up to 60°C have been completed and will be presented in the following
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chapters. It is intended to prepare tensile and microscopic and expose them to different temperature
conditions inside the chamber of an Environmental Scanning Electron Microscope (ESEM). The
microtensile stage developed is incapable of introducing the required amount of load on the
composite specimen for a representative segment of the material. We are in the process of
developing a high capacity (1000 1b.) microtensile stage to produce the required loads on the
composite specimens. The mechanical testing experiments were performed on the Materials Testing
Machine (MTS) and the microscopy analysis were performed using the Environmental Scanning
Electron Microscope and optical microscope. All tests were carried out under the supervision of Dr.
Shahawy from the Structural lab of the Department of Transportation.






CHAPTER 2

LITERATURE REVIEW

2.1. Composite Materials

A composite material is 2 manufactured material consisting of two or more materials combined on a
macroscopic scale to form a useful material. The key is the macroscopic examination of the material.
Different materials can be combined on a microscopic scale but the resulting material is
macroscopically homogeneous. Composites are more advantageous because they usually exhibit the
best qualities of their constituents and often some that neither possesses. The properties that can be
improved by forming a composite material include: strength, stiffness, corrosion resistance, water
resistance, weight, fatigue life, temperature-dependent behavior, thermal insulation, and thermal
conductivity [1].

There are three common types of composite materials:
1. fibrous composites - consist of fibers in a matrix
2. laminated composites - consist of layers of various materials

3. particulate composites - composed of particles in a matrix [1].

2.1.1 Fibers

Reinforcements come in a variety of forms. They can be in the form of long fibers, particles, flakes,
whiskers, discontinuous fibers, continuous fibers, and sheets. It turns out that a great majority of
materials are much stronger and stiffer in the fibrous form than in any other. These so-called
advanced fibers posses very high strength and very high stiffness coupled with a very low density

[2].

Fibers tend to have a more perfect structure in that the crystals are aligned in the fiber direction along
the fiber axis. This geometry is crucial to the evaluation of their strength and must be considered in
structural applications. An example being carbon with a density of only 2.268 g/cm’. Arranged in
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the graphitic crystalline structure, the carbon atoms are arranged in the form of hexagonal layers and
are anisotropic with a Young’s modulus in the layer plane being equal to about 1000 GPa. Along the
axis perpendicular to the layer plane Young’s modulus is only about 35 GPa. The graphitic structure
has a very dense packing in the layer plane. Thus, the high-strength bond between carbon atoms in
the layer plane results in an extremely high modulus while the weak van der Waals type bond
between the neighboring layers results in a lower modulus in that direction. Consequently, this
orientation of hexagonal planes along the fiber axis allows these fibers to possess very high strength
and stiffness with very low density. [1].

The use of fibers as high-performance engineering materials is based on three important

characteristics:

1. A small diameter with respect to its grain size or other microstructural unit. This allows a
higher fraction of the theoretical strength to be attained than that possible in a bulk form. This is a
direct result of the so-called size effect; that is, the smaller the size, the lower the probability of
having imperfections in the material. The main parameter for this is the ratio of the surface area to
the volume of the fiber. The smaller diameter will increase this ratio. The smaller size will make the
imperfections more of a concern. As a matter of fact this is the reason for distinguishing bad from
good fibers. Depending on the processing conditions the imperfections may be reduced and that may

increase the price of the fibers.

2. A high aspect ratio (length/diameter, 1/d) that allows a very large fraction of the applied
load to be transferred via the matrix to the stiff and strong fiber.

3. A very high degree of workability that is really a characteristic of a material having a high
modulus and a small diameter. Workability can be defined as the number of cycles it can be exposed
to bending or strain. This workability permits a variety of techniques to be employed for making

composites with these fibers [2].

2.1.2 Matrix

Naturally, fibers are of little use unless they are bonded together to take the form of a structural
element which can take loads. This binder material is called a matrix. The purpose of the matrix is
manifold: support, protection, stress transfer, etc. Typically, the matrix is of considerably lower
density, stiffness, and strength than the fibers. However, the combination of fibers and a matrix has
proved to have a very high strength and stiffness, yet still have low density [1].



Epoxy resin, a common polymer matrix, has many advantageous properties. It has adequate
resistance to water and a variety of chemicals, weathering, aging, and can withstand temperatures up

to about 80°C. Its very low cost is an added bonus [2].

2.1.3 Interfaces

To obtain desirable characteristics in a composite material, the applied load should be effectively
transferred from the matrix to the fibers via the interface. The interface consists of near surface
layers of fiber and matrix and any layer(s) of material existing between these surfaces. The interface
is of great importance because the internal surface area occupied by the interface is quite extensive. It
can easily go as high as 3000 cm”cm’ in a composite containing a reasonable fiber volume fraction

[2].
The important types of interfacial bonding are as follows:

Mechanical bonding

Simple mechanical keying effects between two surfaces can lead to a considerable degree of
bonding. Any contraction of the matrix onto a central fiber would result in a gripping of the latter by
the former. Pure mechanical bonding alone is not enough. However, mechanical bonding could
add, in the presence of reaction bonding, to the overall bonding. Also, it is efficient in load transfer

when the applied force is parallel to the interface.

Chemical bonding

There are two types of chemical bonding:

1. Dissolution and Wettability Bonding. Interaction between components occurs at an
electronic scale. Since these interactions are of rather short range, it is important that the components
come into an intimate contact on an atomic scale. This implies that surfaces should be appropriately
treated to remove any impurities. Any contamination of fiber surfaces or entrapped air or gas
bubbles at the interface, will hinder the required intimate contact between components.

2. Reaction Bonding. A transport of atoms occurs from one or both of the components to

the reaction site, or the interface. This atomic transport is controlled by diffusion processes. Two



polymer surfaces may form a bond owing to the diffusion of matrix molecules to the molecular
network of the fiber, thus forming tangled molecular bonds at the interface [2].

2.2 Micromechanical Behavior of Composites

In most structural design, most laminated composite structures are designed for fiber-dominated load
paths. Despite this criterion, a need exists for a fundamental understanding of the stress/strain
relationships of laminates that are loaded along matrix-dominated directions. This need arises from
three possible sources. The first is the desire for analytical methods to perform local stress analysis
of structural components (e.g. discontinuities, stress concentrations, mechanically, fastened joint,
failure zones) which may lack fibers along the primary load path. The second is the effect of the
interface on the long term effect of composites. The third is the desire to engineer new composite
materials which may require better properties in non-fiber directions. In this research we have
concentrated on matrix dominated models since in the long term it is the matrix (the resin) which
plastically deforms or creeps and finally fails. Cracks also usually propagate through the matrix.

For a complete durability model, long-term exposure to load and temperature may need to be
accounted for to accurately predict the effects on the time-independent and time-dependent
mechanical behavior of the matrix-dominated polymer matrix composites. We will include a
complete review and our final form of the model in a future project. At this point it is sufficient to
mention that the correct modeling effort is totally dependent on the initial result of our creep tests.

The mechanics of materials approach uses simplified assumptions regarding the mechanical behavior
of a composite material. The most prominent assumption is that the strains in the fibers’ axial
direction of a unidirectional fibrous composite are the same in the fibers as in the matrix as shown in

Figure 1.
- — |
MATRX
- < I 1
-~ SESSFIBERSSS? | — 5
Oy - — — —— 1
MAT RIX |
- ——
L AL l
|

Figure 1. The fiber matrix arrangement for an element of laminated composite
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The four properties of such a composite are:

1. Young’s modulus (modulus of elasticity) of the composite in the direction of the fibers, defined

as E

E =E/V,+E,V, 1)

Where E’s are the elastic moduli of the fiber and the matrix respectively and V’s are the volume
fractions. This is known as the rule of mixtures, an expression for the apparent Young’s modulus in
the direction of the fibers.

2. Young’s modulus of the composite in the transverse direction, E,

EE,
E=——rrrm ()
V.E;+V:E, 4
3. Major Poisson’s ratio, defined as
&
V, = ——= 3
2=y (3)
Vi = V.V, + VeV, “4)
4. In-plane shear modulus, G;,
G,G
P Ty — ; (5)
V.G, +V,G,



The variations of E,, E,, V,,, and G,, with fiber volume fraction are illustrated in Figures 2-5.

0 100
V(%)

Figure 2. Variation of E, with fiber volume fraction

10
E/Em=100 E/E —10
m
Ey/E,,
E{E,~1
0
0 100
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Figure 3. Variation of E, with fiber volume fraction

10



Vf
012 /

0 100
V(%)

Figure 4. Variation ofv,, with fiber volume fraction
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Figure 5. Variation of G,, with fiber volume fraction

Following the mechanics of materials approach, it is clear that a greater volume fraction of fibers will
yield a stronger and stiffer composite. Therefore, a logical conclusion would be to use 100% fibers
and no matrix. However, this is impossible because the matrix is what provides support and
protection to the fibers, as well as a medium through which the stress is transferred. Thus, an ideal
fiber to matrix volume ratio must be determined [3]. This ideal volume fraction is related to the
processing, configuration and distribution of fibers in the composite. The main task of any modeling
effort is to calculate and optimize the present geometries to obtain an ideal fiber volume fraction.
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CHAPTER 3

MATERIALS TESTED

3.1 Carbon Fiber

Thornel Carbon Fiber T-300 12K is a continuous length, high strength, high modulus fiber
consisting of 12,000 filaments in a one-ply construction. The ply is flexible and a specific width
cannot be assigned. The diameter of each fiber is 7 microns and from that a cross sectional area of
approximately 385 microns can be calculated. The fiber surface has been treated to increase the
interlaminar shear strength in a resin matrix composite. The typical properties of this composite are
listed in Table 1.

Table 1. Typical Properties of Thornel Carbon Fiber T-300 12 K.

Property Value
———————————————————

Tensile Strength 3.65 GPé
Tensile Modulus - 231 GPa

Filament Diameter 7 um

Density 1.76 Mg/m’

Elongation at Failure 1.4%

Surface Area 0.45 m%g

12



3.2 Composite Matrix

Two types of epoxies are used as the matrix of these composites which are introduced in the

following.

3.2.1 Modified Amine Epoxy

This epoxy is manufactured by the Daubert Chemical Company, Inc. under the brand name of
Daubond DC 6323. It is a general purpose, two-part epoxy adhesive.

identification and mixing and cures at room temperature.

various substrates: wood, glass, concrete, metal, and some plastics. Typical properties are listed in

Table 2.

Table 2. TS/pical properties of the modified amine epoxy.

DC 6323 “A”

Also, it possesses good adhesion to

DC 6323 “B”

Component epoxy resin base curing agent
Color white black

Viscosity 15,000-25,000 25,000—35,000
Mix ratio by volume 1 1

by weight 1 1

Density 9.6 + 0.2 Ibs/gal 10.6 + 0.2 Ibs/gal
Pot life (4 oz.) 1-2 hours 1-2 hours
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3.2.2 Thixotropic Epoxy

This epoxy is manufactured by PTM&W industries, Inc. under the brand name PH2032.
medium viscosity, unfilled, light amber laminating resin that is designed for structural production
applications. This resin laminates very easily, and wets out fiberglass, carbon, and aramid fibers

readily. Used with PH3660 hardener, this system cures at a minimum temperature of 72°F and

should be cured at least 24 hours before moving the structure. Typical properties are listed in

Table-3.

Table 3. Typical properties of Thixotropic epoxy.

PH2032 PH3660
Component €pOoxXy resin curing agent
base
Color light amber amber
Viscosity 3700 cps 250 cps
Mix ratio by volume 3.2 1
by weight 100 27
Density [ 9.51 Ibs/gal 8.34 Ibs/gal
Pot life (4 oz.) - 50-60 min.

3.3 Fire Retarding Materials (FRM):

Every combustion and burning process requires a certain activation energy. In other words,
for each flammable material a certain amount of heat is required until the material burns
spontaneously. In principle, we can add to the composite material , Chemicals (powders, ..) that
require a high activation energy and will therefore not easily burn. Or, we can add a material that

14




requires a certain activation energy to decompose into non-harmful volatile particles. An evaporation
process requires an endothermic energy change and does not have enough activation energy that
would be needed to initiate the burning process. An initial study showed that an addition of 20% vol.
fraction of FRMs have improved not only the fire resistance but also a slight increase in strength was
observed. The resin material stopped burning as soon as the fire source was cut off. In the case of
resins with no FRM, exposure to a fire source (torch) started a self-combustion flame which
continued without the need for the source itself. Even though these results are encouraging but it
shows that other materials are needed to be considered and probably invented for a better fire

protection.

Ex4 is an intumescent flame retarding powder produced by FRC Technologies, Inc., is a proprietary
blend of polymeric phosphate, polyhydric alcohol, and polyamine. Ex-4 is a flame retarding powder
that imparts flame retardancy to water-based latex coatings, solvent based resin coatings, caulks,
mastics, and sealant. The product can also be added to various plastics and polyurethane foams as a
flame retarding system. EX-4 is listed as having an average particle size of 3-5% on a 325 mesh

screen.
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CHAPTER 4
EXPERIMENTAL PROCEDURE

4.1 Testing Machine

A Tenius Olsen, 60 kip, servo-hydraulic, tensile testing machine was used for both tension and shear
testing. A high temperature screw driven ATS machine was used for all the high temperature tests.

4.2 Manufacture of Composite Samples

We began by covering a flat working area with two layers of wax paper to prevent sticking by the
epoxy. Two rectangles of carbon fiber material, approximately 24" x 18" in size, were cut from the
large roll and about 400 mL of epoxy was prepared which was enough to cover the rectangular fiber
material. Not all the epoxy was used for this purpose and the exact amount of the epoxy used for
this purpose cannot be determined since parts of it was released and accumulated on the edges. Two
layers of carbon fiber were used because the Department of Transportation applies two layers when
working with this material. One-third of the epoxy was spread out evenly onto the wax paper in an
area large enough for the first layer of carbon fiber material. The carbon fiber was then laid out over
the epoxy and pressed down so that the epoxy seeped through and the fibers were saturated. This
process was repeated once more with a second layer. The remaining epoxy was spread out and the
composite was covered with wax paper. A heavy cylinder was then used to roll out any air bubbles
present within the layers. The composite was allowed to cure for at least 24 hours. The procedure
is briefly shown in figure 6. ‘

After curing, the composite sheet was marked and cut into 6" x 1" strips and 2" x 1" tabs. These
strips and tabs were lightly sanded. The sanding was necessary because the composite material had
a very smooth texture and the epoxy used in constructing the samples would not adhere very well.

The tension composite samples consisted of one 6" x 1" strip and four 2" x 1" tabs. A 2" x 1" tab
was attached to each end of the strip with its respective epoxy as seen in Figure 7.

16
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Figure 6. The two stages of specimen preparation.
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4.2.1 Tension Composite Samples

v

6" tabs

side view

top view

Figure 7. Specimen-tab geometry for the composite sample preparation

The specimens are then cut using a special sawing machine as shown in Figure 8. The specimen .
geometry was acquired from the ASTM standard D3039/D3039M. These standards require that the
minimum length be the sum of the gripping plus two time the width of the gauge length.

18



Figure 8. The location of the tab materials and the specimen preparation process.
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4.2.2 Shear Composite Samples

The shear composite samples consisted of four 6" x 1" strips and four 2" x 1" tabs. They were
attached together with epoxy as shown in Figure 9. The samples were designed to test the shear
strength of the epoxy in between strips 1 & 2 and 3 & 4 (see figure) at mid length of the sample
(overlap area) holding it together. Overlaps of 0.5" and 0.75" were used to determine an area that
produced the best results. Also, the same epoxy used in making the composite was used in

construction of the samples.

T il

6"

6"

top view side view
Figure 9. Schematic diagram for the shear lap specimens
4.3 Testing Procedure:

After the samples were allowed to cure for at least 24 hours at room temperature, they were tested for
their shear and tensile strengths. Each sample was placed in the grips of the Tenius Olsen tensile
testing machine. A constantly increasing force was applied until the sample failed.
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CHAPTER 5
EXPERIMENTAL RESULTS

5.1 Room Temperature Experiments

5.1.1 Tensile tests

The tensile test was performed on five samples of each composite material made with modified amine
epoxy and Thixotropic epoxy. All samples were approximately the same width and length (=1.16 x
6 inches) but because of the differing viscosities of the two epoxies the modified amine samples were
thinner (0.050 inches in thickness compared to 0.075 inches for the Thixotropic samples. The
results of Tables 4 and 5 show that the Modified Amine samples were much stronger with an average
tensile strength of 52.5 ksi as compared to the of 29.8 ksi for the Thixotropic samples.

Table 4. Tensile properties of composites (modified amine)

Width Thickness Area Load Strength
(in) (in) (in”) (Ibs) (ksi)
1 1.150 0.05 0.058 A 3075 53.5
2 1.125 0.05 0.056 3180 56.5
3 1.150 0.05 0.058 3070 534
4 1.200 0.05 0.060 3150 52.5
5 1.150 0.05 0.058 2685 46.7
Ave 1.155 0.058 - 3032 52.5 Bl
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Table 5. Tensile properties of composites (Thixotropic)

Width Thickness Area Load Strength
(in) (in) (in?) (1bs) (ksi)
1 1.075 0.075 0.081 2355 29.2
2 1.225 0.075 0.092 2805 30.5
3 1.175 0.075 0.088 2600 29.5
4 1.150 0.075 0.086 2365 27.4
5 1.225 0.075 0.092 2955 32.2
—Ave 1.170 o 0.088 2616 29.8

5.1.2 Shear Test

The shear test was performed on two sets of samples. The first set was made up of five modified
amine samples and five Thixotropic samples with a shear area of approximately 1.16 inches by 0.50
inches (overlap). The second set was the same as the first except they had an overlap of 0.75 inches.
The difference in overlap between the two sets was to determine the geometry of a sample that would
produce optimum results. It turned out that the samples with an overlap of 0.75 inches produced
inconclusive data. The composite material failed in tension before the epoxy failed in shear. This
overlap proved to be too large. The samples with an overlap of 0.50 inches were successful. The
Thixotropic epoxy had a slightly larger shear strength than the modified amine. The samples with an
overlap of 0.75 inches did not perform as expected but did demonstrate some interesting
characteristics. The Thixotropic samples could carry more load, but failed more catastrophically.
Upon failure, the Thixotropic samples sent flying shrapnel through the air while the modified amine
samples simply broke. The results of the shear tests are listed in Table 6, and 7.
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Table 6. Shear Properties of Composites (modified amine)
Width Overlap Area Force Shear
Strength
(in) (in) (in?) (Ibs)
(ksi)
A 1.175 0.50 0.588 3280 2.8
B 1.150 0.50 0.575 3525 3.1
C 1.150 0.50 0.575 3600 3.1
D 1.200 0.50 0.600 1360 1.1
E 1.150 0.50 0.575 3485 3.0
Ave 1.165 0.50 0.583 3050 2.6

Table 7. Shear Properties of Composites (Thixotropic)

Sampl Width Overlap Area Force Strength
e
(in) (in) (in?) (1bs) (ksi)

A 1.225 0.50 0.613 4465 3.6

B 1.125 0.50 0.563 4240 3.8

C 1.225 0.50 0.613 4160 3.4

D 1.150 0.50 0.575 3920 34

E 1.150 0.50 0.575 3800 3.3

Ave 1.175 0.50 0.588 4117 3.5
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5.2 Varying Temperature Experiments:

These experiments were performed in a screw driven ATS machine. The set-up allowed a
temperature variation from room temperature to 60 degrees. The results show a large variation in
the data due to the inconsistencies in the specimen preparation. Since the method used to prepare
samples was to simulate the preparation of repair materials, the preparation for different specimens
did not occur at the same pressure (in general the pressure were applied by hand) and temperature.
The fibers were also not pulled to the fullest length during cure. The ideal technique of autoclave
would have produced ideal specimens. Figures 10-15 show the stress strain results for the three
temperature ranges. The experiment was repeated for at least 10 different samples to provide a wide

range of experimental data. All tests were performed at a loading rate of 107/sec. Since the method

used to prepare samples was to simulate the preparation of repairing materials, the preparation for
different specimens did not occur at the same pressure (in general the pressure were applied by hand)
and temperature. The fibers were also not pulled to the fullest length. The ideal technique of

autoclave would have produced better specimens.

MA-20

60000

50000 A

i)

40000 -

0 2 4 6 8 10

strain (%)

Figure 10. Stress-strain curve for mechanical testing of Modified Amine material at room

temperature.
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Figure 11. Stress-strain curve for Modified Amine material at 40 degrees C.
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Figure 12. Stress-strain curve for Modified Amine material at 60 degrees C.
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Figure 13

. Stress-strain curve for Thixotropic material at 20 degrees C.
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Figure 14. Stress-strain curve for Thixotropic material at 40 degrees C.
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Figure 15. Stress-strain curve for mechanical testing of the Thixotropic material at 60 degrees C.

The initial nonlinearity for most of the specimens can be explained based on the fact that the initial
deformation is consumed to straighten the fibers. As a result the final linear stage is the load transfer
through the Carbon fibers and the initial load transfer occurs through the epoxy matrix. The result
of the high temperature mechanical tests can be summarized in tables 8 and 9. The results show that
both the strength and Elastic Modulus degraded with the increase in temperature. There was a huge
variation in the data (approximately up to 50% standard deviation) in some cases. It was however
possible to make some conclusion based on the median of the data. At 60 degrees the strength
decreased by 50% in both parameters. The elastic modulus decreased substantially for the case of
Thixotropic material (from 0.5E6 psi to 0.1 E6). In the case of Modified Amine however a decrease
of 40% was observed. There was no observable change in the ultimate strain for the case of
Modified Amine. The ultimate strain however did reduce to approximately 50% in the case of
Thixotropic material.
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Table 8. Mechanical Properties

of Modified Amine material

Temperature Elastic Modulus Strength Ultimate strain
(Degrees C) (10° psi) (ksi) (% strain)

Room 1.240.1 55+5 5+0.5

40 1.340.1 5045 5+0.5

60 0.71+0.1 2446 5+0.5

Table 9. Mechanical Properties of Thixotropic material

Temperature Elastic Modulus Strength Ultimate strain
(Degrees C) (106 psi) (ksi) | (% strain)

Room 0.51+0.08 2743 7.5+1

40 0.46+0.1 2345 6.5+1

60 0.2540.15 1244 5.5£1.5
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5.3 Carbon Fiber Volume Fraction

To investigate the large variation in the experimental data Scanning Electron Micrographs of the
Composite specimens were obtained using the ESEM environmental Microscope. Figures 16 and 17
are the result of this investigation for the two types of matrix materials. In the cross section of the
carbon fiber composite the fibers that run both perpendicular and parallel to the cross section are
visible as well as the epoxy material. The fibers appear as dark regions. Fibers running parallel to
the cross section appear as light elongated strands that weave around the dark regions of

perpendicular fibers. The epoxy makes up the remainder of the micrograph.

Figure 16 shows that there are clearly two separate regions in the matrix of the composite. One
region belongs to the fibers in the tensile direction of the material. Figure 17-a,b are the micrographs
for this region for the two types of materials. Both figures 16a and b are obtained at a magnification
of 10,100. Figure 17a is the micrograph belonging to the Modified Amine material and 17b is that of
Thixotropic. It is obvious that there is a reaction zone between the fiber and the Thixotropic material.
The fibers are not round and there exist a large amount of degradation at the fiber matrix interface.
Two types of measurements were performed from these micrographs. From the large regions
(Figure 17 at a magnification of 50X) the total volume fraction of the fibers in the loading (tensile
direction was measured. From Figure 16 the localized volume fraction of the of these fibers are
found separately. The volume fractions of the fibers in the concentrated (localized) areas of the
specimens are basically the areas inside the plys and obviously denser region of fibers. The regions
between the plies are not as densely populated. An average volume fraction of 10% was measured as
the total volume fraction of the fibers in the tensile direction. This means that the strength of the
fibers have been reduced (approximately) by 90%. This results in an average strength of 525 ksi for
the Modified Amine and 300 ksi for the Thixotropic composite. = The result of this study is

summarized in Table 10.

Table 10. Measured Values of the Volume Fractions

Epoxy Type Global Area Localized Total Volume
Fraction Area Fraction Fraction

Thixotropic 21.8% 44.1% 49 %

Modified 31.2% 34.0% 51%

Amine
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Figure 16- Scanning Electron Micrographs of a) Modified Amine and b) Thixotropic matrix
composite material at a magnification of 10,100X.
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5.4 Mechanical Property Based on the Micromechanics of the

Constituents

Based on the micromechanics approach (section 2.2), it is possible to calculate the mechanical properties
of the two types of composites at different temperatures. Such an approach relies on the correct
measurement of the mechanical properties of the constituents. The mechanical properties of the fiber
material has been reported in the literature (Table 1). The mechanical property (Elastic modulus and
strength) for the two types of epoxy resins have been measured for the three different temperatures
(Table 11). The results show that the elastic modulus and strength for the epoxy materials are quite
lower than the Carbon fiber. Based on the rule of mixture analysis, the final mechanical property was
calculated and presented in table 12. Figures 18 a,b are the stress strain curves for the two types of
epoxies at room temperature. The comparison to the measured values shows that there is a large
discrepancy . We believe such a difference lies on the difference in the microstructures produced using
the processing technique in this work. Some of the differences can be associated to the differences in

volume fraction

Sample Epoxy Temperature Volume Ultimate Elastic
Fraction Strength Modulus

Celsius ksi ksi
001 TH 20 0.52 2.5 06.2E+6
005 TH 20 0.58 19.4 - 51.4E+6
015 MA 20 0.49 45.0 19.6E+6
002 MA 20 0.51 52.1 42.8E+6
005 TH 40 0.57 16.0 30.6E+6
007 TH 40 0.65 24.8 52.4E+6
009 MA 40 0.33 22.9 12.4E+6
001 MA 40 0.53 54.5 37.6E+6
010 TH 60 0.45 8.5 53.1E+6
008 TH 60 0.55 16.0 81.2E+6
015 MA 60 0.47 19.5 75.0E+6
005 MA 60 0.66 24.2 01.2E+6

Table 11. Experimental Results for the mechanical properties of the

composites at three different temperatures.
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Material Modulus Modulus Ultimate Strength

Measured Calculated Measured
Units MPa MPa MPa
Carbon 2.31E+05 2.31E+05 3.65E+03
Modified Ammine 829.6 1.18E+05 46.6
Thixotropic 658.1 1.14E+05 41.9

Table 12. The calclated values using the rule of mixtures
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Figure 18-a Stress-Strain Curve for the epoxy Thixotropic tested at room
temperature
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CHAPTER 6

CONCLUSION

The results showed that the Modified amine samples were stronger than the Thixotropic samples in
both the shear and tension tests. The Modified Amine samples had an average tensile strength of 52
ksi and an average shear strength of 3.5 ksi, while the Thixotropic samples had an average tensile
strength of 30 ksi and an average shear strength of 2.7 ksi. The Modified Amine samples proved to
be stronger. The tensile sample and shear sample with an overlap of 0.5 inches proved to provide
optimum results. The high temperature test results show that for both materials both the strength and
Elastic Modulus degraded with an increase in temperature. At 60 degrees C the strength decreased by
50% in both cases. The elastic modulus decreased substantially for the case of Thixotropic material
(from 0.5E6 psi to 0.1 E6). In the case of Modified Amine however a decrease of 40% was
observed. There was no observable change in the ultimate strain for the case of Modified Amine.
The ultimate strain however did reduce to approximately 50% in the case of Thixotropic material.
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Lontents:

Page 1
Page 2
Page 3
Page 4

Page 5-14

Page 15

Page 16-18
Page 18-18

Machining Inventory for the Micro-Tensile Stage
Micro-Tensile Stage Machined Parts Assembly View

~b

g‘

Manufactured Parts Inventory for the Micro-Tensile Stage
Micro-Tensile Stage Manufactured Parts Assembly View

Machining Designs

Power and Gear Train Assembly View

Power and Gear Train Analysis
Pre-manufactured Part Information

Machining | or the Micra-Tensile Stage:

Part # | Part Name Quantity | Description Material
Tensile Stage Housing Parts:
P-TFO1 | Inner Gear Brace 1 See Page 05 Aluminum T-6
P-TFO2 | Outer Gear Brace 1 See Page. 06 Aluminum T-8
P-TFO3 | Outer Brace 1 See Page 07 Aluminum T-8
P-TFO4 | Base Plate 1 " See Page 08 Aluminum T-8
P-TFOB | Gear Spacing Block S] See Page 08 Aluminum T-8
Tensile Stage Grip Parts:
P-SG01 | Specimen Grip Clamp e See Page 11 SS 304
P-SG02 | Right Specimen Grip 1 See Page 12 SS 304
P-5603 | Left Specimen Grip 1 See Page 13 S5 304
P-8G04 | Load Cell Grip 1 See Page 14 SS 304
P-5G05 | Specimen Pin 2 See Page 11 5SS 304
Tensile Stage Power Train and Misc. Parts:
P-TFOS | Grip Power Screw 2 See Page 10 Hardened
Steel
P-TFO7 | Input Shaft Adapter 1 See Page 10 Brass
P-TFOB | Input Drive Shaft 1 See Page 03 Hardened
Steel
P-TFOS | Long Gear Shaft 1 See Page 08 Hardened
' - Steel
P-TF10 | Short Gear Shaft 1 See Page 08 Hardened
Steel
P-TF11 | Step Motor Input 1 See Page 03 Brass

Shaft
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Manufactured Parts Inventory:

ltem Description Part # Quant | Price $
Gear One Spur Gear: Pitch DIA:0.875": Teeth:56 Berg 2 10.88
Press.Ang. 20;  Quality:10 P64S28-56
(A) | Page 208, Berg B92 Cat. 21.76
Gear Two Spur Gear: Pitch DIA:1.25™: Teeih:80 Berg 1 12.94
Press.Ang. 20;  Quality:10 P64528-80
(B) | Page 208, Berg B2 Cat.
Gear Three Spur Gear: Pitch DIA:0.50: Teeth:32 Berg 1 8.90
Press.Ang. 20;  Quality:10 P&4S28-32
(C) | Paoge 208, Berg B92 Cat.
Slip Clutch In Line Slip Ciutch: Variable Siip Torque o | Berg 1 130.94
50in.oz; Pin Hub Style; 1/8” Bore CO16-1-50
(D) | Page 503, Berg B92 Cat
Flanged Ball | ABEC-7 Stainless Steel Bearings; Press In Berg 8 14.51
Bearing Fit; Bore:0.25"; Chamfer: B2-7
(E) | Page 540, Berg B92 Cat 116.08
Teflon Flanged Press In Fif Bearing; Bore 0.188” Berg 2 2.22
Bearing (F) | Page 546, Berg B92 Cat B%-6 4.44
Speed 20:1 Speed Reducer;Shaft Rotation "Some” | Berg 1 370.22
Reducer (G) | Page 336, Berg B92 Cat RX11-5
Universal Stainless Steel Universal Joint; Bore:1/8” Berg 1 53.19
Joint (H) | Page 495, Berg B92 Cat UJ-1
Load Cell 100Ib Load Cell, Condifioner and Sensotec 1
(L) | associated support devices. “Model 317 | AL311
LvDT LVDT Sirain Gage, Conditioner and RDP 1
(Jy | associated support devices. Group
D-5 Series
Screws
#4-40 (1) Set Screw for Part {P-TF07]  Lengih,0.15" 2 Stock
#5-40 (2) Set Screw for Parf {P-SG03}  Length: 1/27 1 Tock
#6-32 (3 Cap Screw for Speed Reducer Length: 3/8" 3 Stock
#8-32  (4) Cap Screw for Part {P-SG01}  Length; 5/8” 4 Siock
#10-32 (5) Cap Screw for Part {P-TF01}  Length; 1.07 3 tock
#10-32 (6) Cap Screw for Pari {P-TFO1}  Length; 1.5" 3 Stock
#10-32 (7) Cap Screw for Part {P-TFO1}  Length; 3/47 3 Stock




TR
e
e :l’,é'

)
LR
s AR
LN NS
&\ 3)

X

M X
SR
3,

icro—Tensile Stage
Assembly View

Manufactured Parts




/S0 S58WPDIY] 83.0]d

.000°€
.99971 _
mmﬁo.I 881 ~— 0007 naU0s
"o e Ot | LEEET 201t <oy doj
“04 Tl K )
0520 - ; N
G
e o
mw
0002 Jal
s PIaR )
23 mqm
0522 X ] Gs 00
mauds | £ 3
ee-0m wog dog T nooq
SLL2 MOUDS

11038( U4833.0d }[og
MBIA FUO 4

-~

2e-0l “og dog ~

.08vie
06262
629072
—— LCE9PT —
0007 gk . Eachia
ST e i
—a ﬁ.
% GE)
BILT i
_ . o
829072 : R 7
| ) - ; EE d ¥
S8[0H JNO 4 e, FED T
.00000- — . s

( . SBI0H JNO 4
a.og ,20000+ 05090 c00 wndeq

oeJ0f ,GL0

1tu3eq_8oH
1-asu] Burunag
HATA U0 4

LE20Pe

.0002

[00S¢

LS 0PvY
——— .0SCT —

- 00TPvY

pogeq Buundoy Jang

(9-1'IV}:[RIBL 04 (1) Auong
MOIA QU0 4

A0 VB USBUIL (O] ~c])



/S 0SS8UDIY | 8]0

.0Q0€
. ,999T1 ———o
L0007 —
LEEEQ
L0520
. ,00072
% 7 ; 7
L0622
r T 4 2 !
— 0827 ——
SLL2

110380 U48130d 310
AN U0

S8I0H-g MauDS
cE-0l# 403 Tiia

08V1E

—— 062572
.8290¢ ———-1
SEYT ——f

T
GRNTEREI

: L0011
¥ \ bl
. Slet
5 , : ¥ - HIe !ll.'l&
) ; sl .2_:
: . 4 Seq0e
(= A S s _ _
S0 NG 4
5310} JNO 4 oo 00000~ e
.00 Mydag g .20000+ .0S0S0
a4og .GL0 1038 aloH
14asu] Buiuoag
MBIA U0
L0820P0vY ~ _ 000¢€ ;_

00T POy

fr Xy
SN TIN

.000¢<

0067¢

no3aq Butiydop Ja1n
MAIA U0

080 POy
LOGET —

(9-LIVy:101481.04 (1) “uong

DN KT IO BT ST N



LLVE
BYTE
£387¢

L205858UDY | 83.0]d

e ST e

BRI

,;_ __S.of;om
R ’ o ’ AQDINPBY U@@Qm

a[Du] 2104 LG/ (QS0H 98Uy MaUDS MO\ JDOY

2E-9if 04 BJOF 4BIUNOY PUD ([t

-

m .000€ |~ .c20poy

62601
! LOOST
S12T
_ .0002
|
.5280%¢ 00872
|
L0500y oo.:W&/;
LGGT — .
[o3a( . b .0G972
c%m%cmcwmm L b9y 002 0Mdag
- F——— .£30°¢ L00E0VIT ewog ~ T rogaq Buuyoop wayng (-1 TV) D80 KIpiuony

MBIA U0 8204 @33N0 (C0AL-c)




JSL0Mdeg
SaloH
28Uy |
‘Mmeuds
2E-0Ti#
404 o)

10213 USQ]
spu3 uyog
Toye( 310g

MIIA PU3

o0 ™

‘MOUDS 8- V04 doy

Lotyog

nogaeq Touoy) {— 00072 lllv_
Y20 malp do| .000¢

aping
BB Y

'S8304 3307 puy wosyof evy Gunoly ebe3
S| WO JLEXD] By SLILENSTaY Y

Ry

1019 MBUDS BPING BuiM
MBIA PUq 401y

MIIA WOLL0f BY) Wouy ,pul 03 pud,
soaubeq gl pe3030g 1.28lqn

1
3
EAHY

(9~ 1TV TOI8L 0K (I3H)uon[)
93Dl 8s0g (pQll-dd}

6L00,

i

S
6610

L0802

L0881

10391
aping juswaully
MAIA WOL.Q.0¢



L6290 6ue (01 41~
529G T BuaT (G0AL-d)

_ yy8uan |
| | |

A 0620 VIa S (Y208 )y quon(
1dOUS 881§ pauap.an S| FIOYS “0ag (O141-d BO4L-d)

,00€ Yybuan

auoNbs
LG2T0 340YS

,829C0 SSauydy | (SST) DIUSL DKW Ty AuonQ
F40YS pNdu] Jorop doaS (T14L-d)

MEUDS
2E-0lH  —_
S04 Tl A

. 00872

L0S0VIT 7

et ettt B T ek pd e oa bk, TRLROE

AR G Aol KL et e En s B0 5% 3 4 A3 Wl 81 b MKAL N B 4 o A S, B0 LA § AT

(9-1 ‘TV)TOB1 0 Q) quong
201 BuidDds UosY (9041 ~d) 4 LOS2T0 VIA D (Tyauony
14OUS 0SS PauspUID) 140US OAT AL (80LL -




I 06L0 i
L2960 —

SL010

0620
.S20rpdag o
Uid 39S 0§ — |
Ob-Vi do) 3oy

EIT
U0 4
HOIA
“08Yy 3
LSLEOrdag L0G0VIq l\ )

062 0vIq acq

(SS04g) [Old@3 U, {([yguong
£03dopy 3404S 4Ndu] (£041~d)

| LS89

g€ - .G20 1 40US et - .G20 S8T0VIA
PR8UY} PUOH 3487 POPDAAYILON G20  PDauy] pudH 34Biy 03 PO

(18835 PAUSPIDH) [Ol@3 D) (2) FUON()



060 y3Busn
00600 vId

(FOESSy[DIBY O (2} uong
ulg uBwdsds (GO9S-d)

L1E0 4o
SSLDIY|.

#»aUDS dog

it w0 Taq R

2€/1 30 \adag
VaAY diug pan

MBIA
JUOU

-
—

maip doj|
~ LG2T
e t,ﬁmoﬁ
SLBO ————e
tmmmo R
~— tmﬁmo i
6120

A ARARO AT
78 QY SRR TP B S A TR VA )

U 385 I0g
1140 86600

anoug /S

0U9-A

MaJDS don
8 404 T

[POESS] Jolie3 ol 12] "juonQ
dwoty divg uawidads [109S-d]




: {SS304)

NIYrrL apguiriEty LriiL)

1), Material

DL/

ant

Ract0.313"

‘ Qu

ight Hand
Thrread

025 - 32

oSN

o)

e x

P ol
S
P gmo
s O LG
Lr[\M-__ o
AR
“58%

(/JDD'

Thread

Right Hand
0ed" - 3¢

Rad0.313"

118-32 Tap
Depth0.312”

Depth 0.0313"

g
o
<
<
&
<
O
o
>
&
<
o
>

e et
G, 2 e
e

—

=0
=
e
oo ga
[
[opINeN
O .
o/

#8-32 Tap

0.312”

Depth

0.375"

— 07507 —~



I \\Om N. O =

’ \\mmwmo
MISA .
1400 GLED
o :
6120 |
o3 Sor Bres W 0 2leomdeq A SLE
do] 2e-84
| LGLB0
- LIE0 0 da( B
DaUY - AEOT
MBIA ADSY divig ®>O(_OI.> | o
Lleovydeq 11038 88s
,0Ca04de] do] 2¢-8i do| op-cit
doj 2e-014
\\mamo I \\mwmﬂ.ﬁ e
._ —— ,0pQT —— MIAIA

- 580 — LU0 4

\\m._.‘mo *U,D& RN

EECen I

i 0520

>>®LUV/ vt
“0g TIVa

g
,5G20

pelZey
!

LIE0PVY -~

{(FOESSHTOSY DR ([}:3u0n(]

Al uatnMade 1 aatt /oNnac i




F— ,9GIT ———vj
. I \\mmOH T

| oo LSL0
L1E0P0Y L e SO
mm'i\\mm.o
poaUY |
PUOH 3487
LS04 deg L0G2]
do) 2e-01#
mml\\mm.o
Ud@i._.
PUOH 1487
L1E000y — G bﬁu
MEIN (POESSTOIELOK  (TrHuon()

LU diig 37 (FOIS-




sBulios .
N\ 0 BN — M — Mg 5 mwmewm
3 7 .
[180 P0OoT \ ang u S \\
aup
4089

MEUDS JSMO

<. MBUDS UBMO
> d uawdads ug
P00 QIO0] }404S wosq BuoT —

83U JDaqg

3404S 3Ndu]

J030p days Ja.dopy

1-404S ysacH.nn//

~
/I

~ 1404

.//// SALU(] 3.Ndu]
MBIA ATQUESSY
UIDU | D8O pUD JaMO,

AP -

gmu:bmm pasds >



Gear 3

Reducer

i

Specimen

“ Power Screw

[ Scope Motor Out

{ Power Screw |

[ Speed Reducer

5

41
i

Gear

| Power Screw |

n)/s

Gear 1:PE4S28-56
Teeth: 58

Pitch Dia. 0.8750"
0.0. 0..8086" '

100Ib.

Gear 2:P64528-80
Teeth: 80

Pitch Dia. 1.25"
0.b. 1.281"

Power Screws: 0.25" 32
Desired Strain Rate: 10E-5{in/i
Guage Length: 3/8"
Desired Tensile Load Produced:
Scope Motor Rotational Rates:

0.1312 rpm

0.2625 rpm

0.5243 rpm

1.0489 rpm

2.0887 rpm

4.1885 rpm

Gear 3:PB4528-32
Teeth: 32

Pitch Dia. 0.5"

0.D. 0.531"

Gear Qual. 10
Press. Angle 20
Stainless Steel 303




Screw 0.25"DIA. 32 turns/in

Strain Rate 1.00E-04 (in/in)/s
Gauge length 0.375 in
0.5 Grip Velocity 1.88E05 in/s 0.5 because both grips are moving and we

are interested in power screw velocity required
to make one grip move half of the velocity.

TeV:7sa Hotation required to produce desired strain rate.

g 5% G

2% Rotation of Gear One.

wl*rl=w2*r2
radius of gear one 0.4375 in
radius of gear two 0.625 in

Brassay Hotation of Gear Two.

w2 r2=w3*r3
radius of gear three 0.25 in

BB ”gphiﬂ,ﬁgﬂ Hotation of Gear Three.

0.131234 rpm

S o DB30T S Speed Reduction at lowest input possible.

OO pOWersSErew i S eE i EEEE T=(Fd /2)(1+pi*u*d)/(pi* d-u*1)
F= 50 Ib :

d= 0.228703 in
u= 0.05 assumed friction
= 0.03125 in

| Torque require to produce a loading of 100Ib
n specimen. :

Reproduced from
. {best available copy.




|Gear One | Cat, #

1/4 bore 3/16 Face |P64S28-56 : I Srafen EEY Gt

1/4 bore 1/4 face  [P48U66-42 e B e 0]
[Gear Two

]
1/4 bore 3/16 face P64S28-80
1/4 bore 1/4 face P48U66-60

[(Gear Three |

1/4 bore 3/16 face P64S28-32
1/4 bore 1/4 face P48U66-24

[Slip Clutch |
|Ball Bearing | B2-7
|Teflon Bearing | B9-6
|{Speed Reducer | [RX11-5 ]

{U-Joint | UL-1

Reproduced from
best available copy. &
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