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ABSTRACT
In this work, the longitudinal tensile and compressive properties of TOHO HTS 40
carbon fiber filaments was characterized experimentally. The tensile strength and modulus
were measured using a single filament tension tests using gage lengths ranging between 0.5
inches to 3 inches. The compression strength was measured using a loop test. The measured
tensile modulus had an average value of 192 GPa across gage lengths and did not exhibit
significant dependence on the gage length. The average tensile strengths at each gage length
exhibited the well-known length effects, with the strength decreasing from an average value of
4 GPa at a gage length of 0.5 inches to 2.52 GPa at a gage length of 3 inches. The average
compression strengths from the loop tests was found to be 3.86 GPa.
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CHAPTER 1
INTRODUCTION

In continuous fiber reinforced composites, fibers are the primary load carrying
constituents and occupy a larger portion of the total material volume. ‘Fiber’ is a common term
used for a single filament as well as various assemblages of filaments such as strand, tow, end,
roving, and yarn [25]. Many of the most recent advancements in composite have been in the
field of aerospace, where highly specialized fibers such as carbon/graphite fiber, glass fiber,
kevlar aramid fibers are used to create incredibly strong and lightweight components. Each
fiber type has some unique characteristics which are used in combination with the matrix, based
on the desired application.
Carbon/graphite fiber is high strength and high modulus fibers with a low coefficient
of thermal expansion. Whereas, kevlar aramid fibers are low strength and low modulus fiber.
Kevlar fibers are comparatively lighter than carbon fibers. However, kevlar fibers have good
resistance to impact abrasion, cuts etc. Lastly, glass fiber has high strength and low modulus.
Glass fibers have good chemical, temperature and impact resistance. Comparison of fiber
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strengths and modulus of different fibers are shown in figure (1.1) and figure (1.2).
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Figure (1.1) Elastic modulus range for different fiber types [28]
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Figure (1.2) Tensile strength range for different fiber types [28]
Due to their superior specific strength, specific stiffness, and fatigue resistance, carbon fibers
are preferred for aerospace applications, in spite of the cost penalty. Some applications of
carbon fiber are in the primary and secondary structures of aircraft, mid-fuselage structures,
automobile, marine and sports industries.
Carbon fibers are made from PAN precursor material, pyrolyzed at 2400̊ F and contains
93-95% carbon [25]. TOHO HTS-40 is a high strength carbon fiber manufactured in Japan and
Germany [24]. This fiber is made using a poly-acrylonitrile (PAN) precursor. Some of the
common characteristics [24] of TOHO HTS-40 carbon fiber are•

High strength and high modulus

•

Low density

•

Low fatigue

•

Chemically Inert

•

Non-corrosive

•

High resistance against acid and alkalis

•

Low thermal Expansion

•

Low thermal conductivity
2

•

Low X-Ray absorption

Over the years, the structural analysis of continuous fiber reinforced composites has been
increasing in refinement and the level of detail study. Due to the advances in micromechanics
and computational methods, the stress analysis extends all the way done to the fiber matrix and
interphase region. This level of details is required to accurately predict the initiation of damage
in the composite under various loading scenarios. The inputs to models at the microscale
include the fiber and matrix properties (e.g., modulus, strength, thermal expansion, etc) as well
as the spatial arrangement of the fibers.
The measurement of fiber properties poses several challenges owing to its geometry
and the distribution of flaws along the length. The fiber properties have been measured using
direct methods for longitudinal tension where the geometry of the filaments is suitable for such
loading. On the other hand, the compression responses are much more difficult to measure due
to the extremely slender geometry of the filaments.
In the present study, the different methods of measuring longitudinal (axial) tensile and
compressive strength and moduli of single filaments are summarized based on publications in
the open literature. The advantages, limitations, equipment, and sensors required for each test
are discussed. While one may find the average (nominal) values for strength and modulus from
the data published by the manufacturer, the information of the scatter in the data and other
material artifacts such as dependence on length, etc., is not easily available in open literature.
Such information is required in micromechanics models, which predict the homogenized
composite properties while taking into account the statistical nature of the filament properties.
In this study, the axial tensile and compressive properties of a PAN-based carbon fiber, TOHO
HTS-40, have been measured experimentally. The details of the experiments, results, and
observations are presented in this document.
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CHAPTER 2
LITERATURE REVIEW

The measurement of filament mechanical properties such as moduli and strength poses
several challenges experimentally due to their geometry. Even though the fibers have relatively
high strength and modulus, due to their small diameters, the measurements require careful
handling of the filaments, low range load cells, non-contact strain measurement equipment,
etc. In this chapter, the test methods, observations, and results reported by previous
investigators are presented. This chapter focusses mainly on the longitudinal tension and
compression properties of fibers.
2.1 Fiber geometry
One of the key geometric quantities required for generation of fiber properties is the
cross-section area. This requires a reliable measurement of the fiber diameter. The fiber
diameter, owing to the size of the fibers, can only be measured using optical methods. To
measure the diameter of a fiber, fibers are chopped into very small pieces and mixed with
methanol in such a way that fibers get separated into single filaments [22]. The mixture is then
poured on the microscope slide and the slide is left undisturbed to allow the methanol to
evaporate. The slide is then kept on an optical microscope base and magnification of 200x is
used to take direct images of fiber filaments on the slide [22]. The range of diameter of carbon
fibers is 2-20 m [25]. Some PAN and Pitch-based carbon fiber diameters obtained by
microscopy method are shown in figure (2.1).
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Figure (2.1) PAN and Pitch-based Carbon fiber diameters [7,20,16]
2.2 Tensile Testing
The tensile properties of fibers are measured using a simple tension test on a filament.
The tests are performed as per the ASTM test standard D3379-75 [22]. This method has been
widely used by various researchers [1,11,13,16,22] to measure the properties of different fiber
materials. Owing to the small fiber diameters, the filaments can be easily damaged due to
handling prior to the actual tensile loading. To prevent this, the filament is mounted on a slotted
sheet of paper as shown in figure (2.2).
The slot length is equal to the desired gage length and fiber filament is glued at both
ends of the slot as shown in figure (2.2). The slotted paper with the bonded filament is then
mounted in the grips of an electromechanical testing machine. The tension testing is typically
conducted under displacement control and the measurement of force requires a sensitive low
range load cell. For instance, a filament with a typical diameter of 8m and tensile strength of
6 GPa, will require about 0.3N of force to break it.
5

Figure (2.2) Preparation of single fibre specimen for axial tensile testing [22]
Before starting the tensile testing, the paper is cut from the middle of the slot. The tensile
loading is increased monotonously until the filament fails. The typical force-displacement
diagram for a filament as reported by Ilankeeran et.al., is shown in figure (2.3). The crosshead
displacement is often the only measure of filament elongation as contact based strain
measurement methods are not practical for measuring filament deformation. The crosshead
displacement is converted into filament elongation by accounting for the machine compliance.
The machine compliance is estimated by using the data from testing of filaments with different
gage lengths [22].

Figure (2.3) Load-displacement curve showing pre-load, yield point, full scale load and
elongation [22]
6

The typical elastic moduli and tensile strength of some carbon fibers are reported by various
researchers are presented in figure (2.4) and figure (2.5) [16,7,20]. The gage lengths are not

Tensile Elastic Modulus (GPa)

often reported with these values.
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Figure (2.4) Tensile elastic modulus of some PAN and Pitch-based carbon fibers [7,16,20]
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Figure (2.5) Tensile strength of some PAN and Pitch-based carbon fibers [7,16,20]
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2.3 Compression Testing
The compression testing of fibers is much more challenging than tension testing due to
the very low stability of slender fibers. The compression strength of filaments has been
measured by various investigators using different methods which induce compression loading
in fiber either directly or indirectly. These methods include the tensile recoil method
[1,2,7,20,21], the elastic loop method [3,5,18,20], the bending beam method [5,10], and direct
compression loading method [4,7,8,9,16,19]. The details of the individual test methods, their
advantages and limitations are discussed in the following paragraphs.
2.3.1 Tensile recoil test method
Tensile recoil method was proposed by Allen in 1987 [21]. In this technique, a
predetermined axial tensile load is applied to the fiber filament, which induces strain energy in
the filament. The filament is then cut by an electric charge or sharp scissor, exactly in the
middle of the gage length, as shown in figure (2.6). This results in the initiation of recoil effect
in the filament. When the fiber is cut, the tensile stress reduces to zero and strain energy is
converted into kinetic energy. The stress wave-fronts move along the fiber towards the clamped
ends and by the time these waves touches the rigid end, strain energy completely takes the form
of kinetic energy.
Once kinetic waves hit the rigid end, kinetic energy is converted back to strain energy.
During this snapback phenomenon, some amount of stress is induced in the fiber which is equal
to the applied tensile stress. If this resultant stress crosses the compressive limit, fiber
undergoes failure.
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Figure (2.6) Tensile Recoil test method [1]
There are two ways to calculate the compressive strength from the recoil test. Firstly, a number
of observations are taken with increasing values of tensile loads. Then, mean of the values of
stress under which last nonfailure and first failure are observed, is considered as the
compressive strength of the filament.
The second method of compression strength calculation is based on the probability
distribution [1]. It is assumed that the recoil failure at either end is an independent process. A
curve is plotted between the probability of failure and the recoil stress level as shown in figure
(2.7) [1]. When the fiber has the same probability of survival and failure, the mid recoil stress
corresponds to 50% probability of failure, which signifies the compressive strength. The
second method shows much fewer variations when wide stress range data are being tested as
fitted curve gives better accuracy.

9

Figure(2.7) Probability of failure versus mid recoil stress with logistic model fit [1]
Based on the concept of the probability distribution, there is another way of calculation [2]. In
this approach, stress ranges are selected, and the average of highest and lowest values of stress
ranges are taken into consideration for testing fiber filaments. Then, a graph of percentage
survival of fiber halves and applied stresses are plotted as shown in figure (2.8). The stress
value which corresponds to 50% of fiber halves survival is assumed as compressive strength.

Figure (2.8) Probability of survival and failure versus mid recoil stress [2]
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Tensile recoil test method is based on some assumptions [2],
•

It is considered that fiber obeys Hook’s law.

•

Fiber is rigidly clamped at each end of gage length, and the fiber has zero initial
velocity.

•

Fiber has uniform tensile stress along its length at failure with the exception that the
stress is zero at the location of breaking.

This method is acceptable to a great extent due to procedural simplicity and ability to produce
repeatable results. On the contrary, there are some disadvantages of this method, such as an
indirect interpretation of compressive property and artificially derived failure of fiber.
Since dynamic impact and buckling takes place in the filament, this method underestimates
compressive strength [7]. The tensile compressive strength of some PAN and Pitch-based

Compressive Strength (GPa)

carbon fibers obtained from tensile recoil method is shown in figure (2.9).
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Figure (2.9) Compressive strength of carbon fibers obtained from tensile recoil method
[2,7,20,21]
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2.3.2 Elastic loop test method
Elastic loop method was first used by David Sinclair, in 1950, to measure the tensile
strength of glass fiber. In the elastic loop method, the fiber is bent into a loop and the size of
the loop is gradually reduced by pulling both the ends to observe first kink band at the bottom
of the loop, as shown in figure (2.10). In 1980, M. G. Dobb and others concluded that kink
bands form just before the elastic instability of the fiber and critical bending stresses are
developed at the bottom of the loop when the size of the loop is reduced [5]. The radius of
curvature is measured by the circle drawn inside the loop.

Figure (2.10) Elastic Loop Method experimental set up [5]
When the fiber is bent in a loop and stretched to a smaller size, fiber experience compression
on the inner side of the loop and tension on the outer side. Compression on the inner side of
loop breaks the lateral bond between the molecules and results in micro-buckling and shear
slip in molecular chains [3]. This buckled material cave into an angled kink band. An image of
a kink band is shown in figure (2.11). Hence, the load at which first kink band is observed is
considered as the compressive load that the filament can withstand.
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Figure (2.11) Picture of Kink Band on a fiber [3]
This method states that for elastically deformed fibers in a loop, the ratio of major (verticalaxis) to the minor (horizontal-axis) is 1.34, irrespective of any modulus anisotropy that can
occur between the tension and compression side of the looped fiber [3]. When the fiber enters
the plastic region, the ratio of major to minor axis increases rapidly. The point at which fiber
leaves elasticity is termed as the critical point. At this point, failure takes place on the
compression side of the fiber, at the location of minimum radius of curvature. Size of the loop
and fiber deformation is recorded by micrographs taken by the microscope.
For small size loops, fiber filament is looped and trapped in oil between a coverslip and
the microscope slide. Light oil must be used to avoid friction because the fiber filament is very
delicate. Now, the loop size is reduced gradually by pulling the ends of the loop with the help
of fixtures, as shown in figure (2.10). This process is continued until first kink band is observed
at the bottom of the loop. During this process, micrographs are taken at various stages using an
optical microscope. Strain in fiber is calculated with the help of loop geometry at the critical
point and equation (2.6).
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𝒆𝒄𝒓 =

𝒓

(2.6)

𝑹𝒎

𝑒𝑐𝑟 = critical compressive strain
𝑟 = fiber radius.
𝑅𝑚 = minimum radius of curvature at the location where last kink band is observed in the
loop.
Scanning electron microscopy method is conducted by Sukru Fidan [5] to observe very small
fiber deformation that cannot be conducted by optical microscope method. Fibers are bent in
different sizes of loops and placed on the specimen holder. Sizes of the loops are intentionally
kept nearly the same as the size of the loop in which first kink band is observed in optical
microscopy method. Now the loops are coated with 10 nm layer of Au/Pd, to avoid charging
in the electron beam. Then observations are taken using scanning electron microscope at 20KV.
Kink band is observed at the bottom of the loop and then only one arm of the loop is traced till
the last kink band is observed on the fiber surface. Now micrographs of the loop are taken at
the location where the last kink band was observed. At the same time, a circle is drawn into the
loop and radius is measured as minimum radius, and critical compressive strain is derived by
equation (2.6).
Elastic loop test is an inexpensive method and measurements are easily calibrated.
Compressive deformation is observed on the compressed side of the fiber, so there are no issues
with surface irregularity. A tensile compressive strength of some pan and Pitch-based carbon
fibers obtained from elastic loop method is shown in figure (2.12).
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Figure (2.12) Compressive strength of carbon fibers obtained from elastic loop method
[3,5,18,20]
2.3.3 Bending beam test method
In 1985, De Teresa [5] used bending beam test to study compressive failure
mechanism of polymer fibers. In this method, the measured compressive load is applied to
initiate kink band in the fiber. With this attempt, the researchers tried to explain compressive
failure mechanism in the extended chain polymers due to elastic micro-buckling instabilities.
In this method, fiber is bonded to the surface of an elastic rectangular plexiglass beam
and the beam is bent as shown in figure (2.13). Considering that the fiber is perfectly bonded
to the beam, strain observed at the surface of the beam would be equal to the strain in the fiber
at the same location. By keeping the beam in the same position, kink band formation is
observed with the help of an optical microscope. The last kink band formed is known as the
critical kink band. At this point, the strain is called critical compressive strain which is then
multiplied by tensile elastic modulus to calculate the compressive strength of the fiber.
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Figure 2.13 Schematic diagram of bending beam test apparatus [5]
A single fiber is mounted onto the surface of the beam. Several layers of urethane are coated
on the beam and allowed to dry for at least a day. Shrinkage of the coating film is not expected
because the thickness of the coating is very small as compared to the thickness of the beam. As
a measure of precaution, each fiber is measured with an optical microscope, for any possible
unwanted fiber deformation due to bonding and handling, before each test is conducted.
Now, the beam is clamped in the fixture. A circular wedge is placed between the beam
and the base plate of the fixture to deflect the beam, and it is gradually moved closer to the
clamped end of the beam. At any point, the diameter of the wedge is considered as the
deflection of the beam. It is considered that deflecting rate of the beam is very important in
terms of strain growth rate in fiber. Therefore, the beam is loaded slowly to make sure that fiber
beam bonding and the coating is less affected. By holding the beam in the bent position, fibers
are examined with an optical microscope. Ultimately, the strain is calculated by linear beam
theory formula, as shown in equation (2.7).
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𝑒(𝑥 ) =

3𝑡𝑑

𝑥

3𝐿

𝐿

(2.7)

2 (1 − )

t = thickness of the beam
d = wedge diameter or deflection of the beam
x = the distance from the clamped edge to the location where the strain is calculated
L = the distance from the clamped edge of the
beam to the wedge centre
The critical compressive strain is calculated by using the distance ‘L’ in place of ‘x’ in the
equation (2.7). Tension and compression load distribution on the beam, when load ‘P’ is
applied is shown in figure (2.14).

Figure (2.14) Tensile and compressive load distribution on the beam [10]
This method has several advantages such as, along with the simplicity of procedure and eases
to measure, this method gives precise results. Axial stress gradient along the fiber is very useful
to measure strain at different stress values. Moreover, this gradient can be easily varied by
changing wedge size or placing the wedge near the clamped end. However, if there is any
surface irregularity exists in the fiber, this method may give results that are near to accurate
and not exact.
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2.3.4 Bending beam test method with Laser Raman microscope
A modified version of bending beam theory was introduced by C. Vlattas and C.
Galiotist to make it more accurate [10]. In this technique, laser beam microscope is used to
measure critical compressive strain and molecular deformation during and after the failure.
Also, the compressive modulus and critical compressive stress are calculated based on the
strain dependence of individual fiber Raman frequencies [10].
In bending beam method, failure can be detected only when kink band is observed
optically and the film shrinkage is not taken into consideration while calculating the results. To
overcome these drawbacks, a modified version of bending beam method was introduced. In
this method [10], fiber is subject to load and molecular deformation is observed by scanning
the fiber with laser Raman microscope (LRM). LRM is used in such a way that the Raman
frequencies show higher values in case of compression and lower values for tension.
Similar to a typical bending beam test, the fiber filament is bonded on an elastic bar
with the help of an acrylic adhesive and the film is dried for several hours. The cantilever beam
is deflected with the help of flat screw. Deflection in fiber is observed in-situ, with laser Raman
microscope placed above the fiber, as shown in figure (2.15).

Figure (2.15) Schematic diagram of experimental set up of bending beam test [10]
18

Before testing, all the fibers are examined without bonding fiber to the beam. If any specimen
is found to experience stress due to shrinkage or mishandling, then it is rejected. Raman spectra
is 515 nm argon ion laser. A microscope must be used to focus laser beam incident on the fiber.
Maximum laser frequency should not exceed 1-2 MW to prevent the fiber from overheating.
Typical cantilever compression plot is used to find out desirable results. This graph is
plotted in a way that y-axis represents the difference of Raman frequencies of embedded fibers
and stress-free fibers tested before the experiment. Whereas, the x-axis represents compressive
strain calculated along the fiber with the formula used in bending beam test as shown in
equation (2.8).

𝑒(𝑥 ) =

3𝑡𝑑

𝑥

3𝐿

𝐿

(2.8)

2 (1 − )

This Raman frequencies v/s compressive strain curve can be plotted for both compression and
tension. It has been observed from experiments that up to some point graph depicts linear
increment in values. Continuingly, it starts dropping and tends to achieve much lower values.
The significance of this behaviour is that till the point where Raman frequencies increases
linearly, the applied compressive strain is sustainable for the fibers. In other words,
intermolecular bonds are contracted but do not fail. Now, if the stress is increased, kink band
is formed as the result of damage in intermolecular bonds. Kink band formation executes
relaxation of intermolecular bonds which result in the drop of Raman frequencies. An example
of Raman frequencies v/s compressive strain graph is shown in figure (2.16). This graph is
plotted for Kevlar 29 fiber with tensile modulus value of 80 GPa [10].
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Figure (2.16) Raman frequency shift as a function of compressive strain for a Kevlar 29 fiber,
represents Onset of visible kink band formation [10]
Then, the value of % compressive strain, obtained from the figure (2.16) is used to calculate
compressive strength assuming Hookean behaviour till failure, Bending beam technique with
laser Raman microscope can provide data in both tension and compression field. Critical
compressive strain calculation is more accurate in this technique.
Tensile compressive strength of some PAN and Pitch based carbon fibers obtained

Compressive strength (GPa)

from bending beam methods is shown in figure (2.17).
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Figure (2.17) Compressive strength of carbon fibers obtained from bending beam method
[5,10]
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2.3.5 Direct axial compression test method
In an attempt to avoid indirect measurement and assumptions, direct method was
introduced by researchers where the load is applied directly to the filament with no
constrictions around the fibers. Fibers are observed directly by an optical microscope to detect
failure [4].
Kazuhiro Fujita and others measured compressive strength with apparatus consists of
two bases on which fiber ends are bonded with the help of epoxy resin. One base is connected
to the load cell and another one is connected to three-dimensional drive actuator to achieve
smooth displacement and avoid off-axis loading. An optical microscope is fitted to observe the
fiber behaviour as shown in figure (2.18). Voltage is applied to the actuator which induces
strain in fiber filament and the applied load is experienced by a load cell. The load is gradually
increased until the shear failure or buckling failure is observed in fiber through the optical
microscope.

Figure (2.18) Experimental set up of direct axial compression test [4]
Fujita, Shioyama, and Sawada [4] studied many Pitch-based and PAN-based carbon fibers and
concluded that almost all pitch-based carbon fiber shows shear failure whereas, Pan-based
shows buckling failure. Secondly, they found out that gauge length-diameter ratio for this test
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should be less than 10 for PAN based carbon fibers and less than 5 for Pitch-based carbon
fibers. Length- diameter ratio is an important thing to be considered to avoid buckling effect.
2.3.6 Direct measurement with bending beam test method
A method was reported by Naoyuki Oya, David J. Johnson in 1998, to eliminate the
effects of buckling which is one of the drawbacks of direct compression methods [16]. Carbon
fiber of about 45-200 mm gage length is mounted on the fixed sample stage. The experimental
setup consists of an elastic material cantilever beam attached to the strain gauge and an
elliptical cam, as shown in figure (2.19). The elastic beam moves as the elliptical cam rotate
(DC motor is connected to the cam). While cantilever beam bents, it applies the compressive
force to fiber filament. Compressive load experienced by the fiber is proportional to the strain
applied to cantilever beam and it is observed by the strain gauge attached to the beam.

Figure (2.19) Schematic diagram of direct method [16]
Using this method, fiber specimens were examined with different gage lengths for different
fibers and they concluded that strength was highest at the gage length of 45 micrometers, as
shown in figure (2.20).
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Figure (2.20) Resultant graph plotted for longitudinal compressive strength with respect to
different gage lengths [16]
2.3.7 Direct measurement method
There was another method used by N. Oya, D. J. Johnson with H. Hamada and others
in 2000 [7], to measure compressive strength directly under the microscope. In this method,
fiber filament is glued on the brass stage with the help of a super glue. A portion of the filament
(20-500 micrometers) is kept out of the brass stage with the help of a microscope and the length
is considered as the gage length. Then the brass stage is placed on the assembly of DC motor
with micrometer screw thread and mechanically moved with the speed of 0.13 micrometer per
second [7]. At a certain distance, a cantilever beam is fixed with the strain gauge attached to it
as shown in the figure (2.21).
As the gear rotates, fiber filament gets in contact with cantilever beam and ultimately
gets compressed axially. Strain gauge detects the deflection experienced by the cantilever
beam. These signals are amplified and calculated digitally in terms of force. With the help of
force-time graph obtained in a computer, longitudinal compressive strength is observed by
dividing ultimate force with the cross-sectional area of the specimen.
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Figure (2.21) schematic diagram of experimental set up of direct measurement method [7]
This process takes place under a light microscope and fiber failure is observed in the form of
kink bands or splitting. Some pictures of in situ observation of fiber behaviour under
compression are shown in figure (2.22).

Figure (2.22) Kink band formation and post kink splitting of fiber filament under direct
compression [7]
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The tensile compressive strength of some PAN and Pitch-based carbon fibers obtained from
different direct methods is shown in figure (2.23).

Compressive strength (GPa)

3
2.5
2
1.5
1
0.5
0

Fiber
Figure (2.23) Compressive strength of carbon fibers obtained from direct method [4,19,8,7]
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CHAPTER 3
RESEARCH OBJECTIVE
The objective of this research is to measure mechanical properties of single carbon fiber
filament-‘TOHO HTS-40’. In an effort to advance the existing understanding and behaviour of
single fiber filament when subjected to different loadings, the following attempts were made;
➢

Fiber filament behaviour was examined under tensile loading. Tensile testing was
conducted to measure the maximum tensile stress that a filament can withstand.
Tensile modulus and failure strain of fiber filament was measured using different gage
lengths to examine effects of gage length on tensile properties.

➢

Compressive strength of single fiber filament was measured by bending the fiber in a
loop, by using the elastic loop method. Loop dimensions were used to measure the
compressive strength.
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CHAPTER 4
EXPERIMENTAL PROGRAM

The experimental program was conducted in 3 groups. Firstly, the diameter of the
filament was measured. Secondly, the fiber was examined under the application of axial tensile
load. Lastly, compressive properties of the fiber were measured using elastic loop method.
4.1 Diameter measurement
Fiber diameter is a very important parameter to be measured before the conduction of
tensile and compressive testing. The diameter of fiber filament was measured using an
advanced optical microscope (Zeiss Axio Imager microscope) with the magnification of 500×.
Images of 10 fiber filaments were captured and their diameters were measured directly by the
Axio vision software [2]. Some images of the fibers and measured diameters are shown in
figure (4.1).

Figure 4.1 Fiber diameter images taken from optical microscope
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Lastly, mean of the diameters of 10 fiber filaments were calculated to be considered as the
diameter of the fiber for further calculation, as shown in the table (4.1). Hence, the diameter of
TOHO HTS 40 carbon fiber was ranging from 7.2-8.4 m and the average of 10 observations
was 7.71 m.
Table 4.1 Observations of the diameter of fiber filaments
Filament No.

Diameter (m)

1

7.615

2

7.333

3

7.99

4

7.621

5

7.99

6

7.358

7

7.87

8

7.63

9

7.225

10

8.44

Average

7.71

4.2 Tensile Testing
The test was performed with a set up that consists of one fixed slider (free movement
across the axis of the filament) to avoid off-axis loading, one moving slider (free movement
along the fiber filament) for application of load, a force transducer load cell (Interface model
ULC-0.5 N with 0.5 N maximum capacity [14]). A load cell was fixed on a screw threaded
base, an extensometer was used with test work 4 software support as shown in figure (4.2) and
figure (4.3). A spring was attached between the load cell and the slider for smooth and slow
application of load.
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Figure (4.2) Tensile testing experimental set up

Figure (4.3) Schematic diagram of tensile testing experimental set up
The specimens were prepared by sticking a fiber filament on the paper by using a super glue.
A slot in the paper was cut in such a way that cut out was exactly equal to gage length of the
specimen, as shown in figure (4.4).
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Figure (4.4) Schematic diagram of test sample for tensile testing
Before, starting the test, load condition was set to zero. One end of the paper was attached to a
fixed base and another end to the moving slider base. Now the paper was cut carefully from
the middle of the slot. The tensile load was applied to the filament by moving the slider and
load applied was experienced and recorded with the help of load cell. Fiber extension was
recorded by using laser extensometer in graphical form with the help of ‘Test work 4’ software
application.
Set of 10 experiments were conducted for each gage length ranging from 0.5 to 3 inches
in order to analyse the effects of gage length on tensile properties of the fiber. Output was
obtained in the form of force(N)-extension(in) graphs as shown in figure (4.5).
0.16
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0
0

0.002

0.004

0.006

0.008

0.01
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Figure (4.5) Force-extension graph obtained from tensile testing
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4.2.1 Elastic modulus measurement
Force-extension coordinates were used to plot stress-strain graphs by dividing the force
by cross-section area and extension by respective gage lengths as shown in figure (4.6). The
slope of best-fitted trendline of the curve is the value of tensile elastic modulus. Hence, the
average of slopes obtained from the stress-strain curve was considered as the elastic modulus
value as shown in figure (4.6). Stress-strain graphs plotted using different gage lengths are
represented in Appendix-B.
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Figure (4.6) Stress-Strain graph plotted with 0.5 inches gage length
The tensile test was conducted with 5 different gage lengths of 0.5, 1, 1.5, 2 and 3 inches to
study effects of gage length on tensile properties of the fiber. It was observed that with the
increase in gage length, stress-strain graphs tend to show more scattered values. The gage
length has considerable effects on the linearity of the graph, as shown in figure (4.7). Hence,
for better understanding and measurement of fiber properties, it is recommended to use shorter
gage lengths while conducting the tensile test.
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Figure (4.7) Stress-strain graphs plotted for different gage lengths
Furthermore, figure (4.8) explains the fact that gage length of the specimen does not affect the
value of elastic modulus. A graph was plotted to demonstrate values of average elastic modulus
with respect to gage lengths. Average value of elastic modulus obtained from different gage
lengths was 192 GPa.

Figure (4.8 ) Elastic modulus measured using different gage lengths
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4.2.2 Failure strain measurement
Failure strain of the fiber was determined by dividing maximum extension of the filament by
gage length. A constant decrease in strain value was observed with the increase in gage
length as depicted in figure (4.9). Hence, average failure strain of the fiber was obtained as
1.7 % with the strain decreasing from an average value of 2.2% at a gage length of 0.5 inches
to 1.3% at a gage length of 3 inches.
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Figure (4.9) Failure strains measured using different gage lengths
4.2.3 Tensile strength Measurement
Tensile strength is the maximum tensile stress (force per unit area), a material can
withstand when subjected to a pure tensile load. The tensile strength was calculated by
multiplying maximum strain with elastic modulus obtained from different gage lengths. A
graph was plotted for tensile strength with respect to gage length as shown in figure (4.10).
The tensile strength value for the fiber filaments was 2.52-4.00 GPa as shown in figure
(4.10). A constant decrease in tensile strength with increasing gage length depicts that strength
of the fiber is dictated by the presence of flows distributed randomly along the length of the
fiber. Shorter gage length shows higher tensile strength value because of absence of larger
flows.
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Figure (4.10) Tensile strengths measured using different gage lengths
4.3 Compression Testing
The experimental set up for elastic loop test is shown in figure (4.11). A microscope
slide was placed on the illuminated light base and 2 sliders were fixed on both the sides of the
microscope slide (with accurate horizontal and vertical alignment). A calibration slide was
placed beneath the microscope slide to measure the loop dimensions.
Carbon fiber filament was placed in light oil and a loop of about 1mm length was made on the
microscope slide by sticking ends of the filament on the slider bases as shown in the figure
(4.11).

Figure (4.11) Schematic diagram of elastic loop test set up [5]
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In this work, a lens with the magnification of 100-150× and Dino Capture software was used.
Pictures of reducing loop were captured with an interval of 1 second with the help of a
microscope. In all the pictures, loop geometry was defined by the length of the loop (L) mm
and diameter of the loop (D) mm as shown in figure (4.12). Images of fiber loops captured
from the microscope is shown in figure (4.12).

Figure (4.12) Fiber loop images with dimensions
The elastic loop test is based on the fact that L/D ratio of loops is 1.34 (considered as the elastic
region) at the critical point and starts increasing after this point, as shown in figure (4.13).
Failure was observed to occur on the compression side of the looped fiber at the critical point.

Figure (4.13) L/D - Length graph from loop test method
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Loop dimensions were noted at the critical point in order to calculate the compressive strength
of the fiber. The value of 𝑒𝑐𝑟 was the critical compressive strain obtained from the elastic loop
test (equation 4.4). 𝑒𝑐𝑟 was then multiplied by tensile modulus to obtain the value of
compressive strength of the fiber. The average of 10 values, as shown in the table (4.2), was
considered as compressive strength of filament.

𝑒𝑐𝑟 =

𝑟
𝑟𝑚

=

𝑓𝑖𝑏𝑒𝑟 𝑟𝑎𝑑𝑖𝑢𝑠

(4.4)

𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑙𝑜𝑜𝑝

Table (4.2) Values of Length and diameter of a loop at critical point
S No.

Length (L)

Diameter (D) L/D

(mm)

(mm)

Compressive strain Compressive Strength
(𝑒𝑐𝑟 )

(GPa)

1

.699

.518

1.349

0.015

2.85

2

.617

.459

1.344

0.017

3.22

3

.435

.320

1.35

0.024

4.62

4

.486

.361

1.346

0.021

4.10

5

.865

.641

1.349

0.012

2.31

6

.425

.317

1.34

0.024

4.66

7

.522

.387

1.348

0.020

3.82

8

.517

.385

1.342

0.020

3.84

9

.462

.344

1.34

0.022

4.30

10

.405

.301

1.345

0.026

4.91

AVG

.543

.4033

1.34

0.020

3.86
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CHAPTER 5
RESULTS AND CONCLUSION
Tensile and compressive tests were conducted on ‘TOHO HTS 40’ carbon fibers to
investigate the behaviour of the fiber when subjected to tensile and compressive loading. The
following prominent observations were made from the experiments.
1. The average diameter of fiber filament measured with the help of an optical microscope
was 7.71 m.
2. The tensile test was conducted with 5 different gage lengths of 0.5, 1, 1.5, 2 and 3 inches
to study effects of gage length on tensile properties of the fiber. It was observed that with
the increase in gage length, stress-strain graphs tend to show more scattered values. Hence,
for better understanding and linearity in the measurement of fiber properties, it is
recommended to use shorter gage lengths.
3. Average tensile elastic modulus, determined by the slope of the stress-strain curve was 192
GPa. It was observed that gage length of the specimen does not greatly affect the elastic
modulus. However, there is a slight variation in elastic modulus obtained from different
gage lengths.
4. Average failure strain of the fiber was measured as 1.7% with the strain decreasing from
an average value of 2.2% at a gage length of 0.5 inches to 1.3% at a gage length of 3
inches. It was observed that strain of the fiber decreased with increase in gage length.
5. The tensile strength, calculated as the product of strain and elastic modulus obtained from
different gage lengths was 2.52-4.00 GPa. A decrease in tensile strength was observed with
increase in gage length, because of the presence of flaws distributed randomly along the
gage length. Shorter gage length shows higher tensile strength value because of the absence
of larger flows [25].
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6. Calculation of the compressive strength is a length independent process. The average
compressive strength of the fiber, calculated using elastic loop method was 3.8 GPa.
7. Table (5.1) shows the range of properties for carbon fiber family and ‘TOHO HTS-40’
Carbon fiber. Table (5.1) demonstrates that experimental results are in good agreement with
existing carbon fiber properties in open publications.
Table 5.2 comparison for Pan-based Carbon fibers with experimental results of Carbon fiber
TOHO-HTS 40
S. no.

Property

1

Diameter

2

Elastic Modulus

3

Failure strain

4

Tensile Strength

5

Compressive

Carbon Fibers

Carbon fiber

Carbon Fiber

(PAN-Based)

(TOHO-HTS 40)

(TOHO-HTS 40)

[23,27]

[26]

(experimental)

5 - 8 m

7 m

7.2-8.4 m

200–520 GPa

230 GPa

181.68-210.42 GPa

0.6 – 2.2 %

1.80 %

1.7-2.2 %

1.8 – 5.7 GPa

4.2 GPa

2.52 – 4.00 GPa

0.8 – 4 GPa

2.3-4.6 GPa

Strength
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CHAPTER 6
FUTURE WORK
Results of diameter, elastic modulus, failure strain and tensile strength are in
good agreement with the existing recorders [26]. However, the compressive strength of
‘TOHO HTS 40’ carbon fiber is not reported in the open publication. Hence, there is a wide
scope for determining the compressive strength by using alternative techniques such as
recoil method, bending beam method and/or direct method.
In this research, elastic loop method was used to measure compressive
properties. This method states that ratio of major to minor axis of the fiber loop in the elastic
region is 1.34 and increases rapidly as the fiber enters in the plastic region [3,5]. As shown
in figure (4.14), L/D ratio of the loop constantly decreases till 1.34 (critical point) and starts
increasing after the critical point. However, ideally L/D ratio should be 1.34 in the elastic
region, to overcome this experimental limitation, it is recommended to keep loop arms as
short as possible to maintain the loop arms alignment. This can be achieved by keeping the
loop’s major axis along the length of the microscope slide or by using a smaller size
microscope slide.
Loop dimensions were measured using an optical microscope to determine the
critical point. Alternatively, the critical point may be determined by observation of kink
bands using scanning electron microscopy [5].
It is recommended to determine shear modulus of fiber filament for the detailed
examination of fiber properties. Some factors may influence the compressive strength and
shear modulus simultaneously, such as lattice imperfection, molecular bonding etc [1].
The density of filament is suggested to be determined since it gives the value of specific
modulus and specific strength of the fiber [25] and used in micromechanics modelling and
analysis extensively.
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APPENDIX-A
The following figures shows calibration of fiber diameter, measured by optical microscope.
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APPENDIX-B
The following figures shows the stress-strain graph obtained from tensile testing using different
gage lengths.
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APPENDIX-C
The following figures shows the L/D Vs Length(mm) graph obtained from compression testing.
The graphs shows sudden increments in values after the L/D reaches value of 1.34 (critical
Point).
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