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Abstract

This paper exhibits single fiber fragmentation test (SFFT) method for evaluating interfacial
strength between fiber and matrix composite. Two types of SFFT specimens i.e. with and
without an agent material for strengthening the interface were used for the tests. A specimen
manufacturing was conducted precisely in order to assure a uniformly interfacial strength. The
specimens were imposed by a tensile force using micro-tensile test machine until the process
of fragmentation was on saturated condition. The fragmented lengths were then measured and
analyzed further by using Kelly-Tyson model in order to obtain the interfacial strength. Testing
results showed that SFFT can differentiate interfacial strength from two types of the specimens.
Several SFFT weaknesses including improving methods and their analyses previously
proposed were also discussed.

Keywords: Single fiber fragmentation test, fiber-matrix interface, interfacial strength,
composite failure.

Introduction in fiber manufacturing. The fiber surface is
always coated by an agent-material to
strengthen the t, on sizing process [6-9]. In
other hand, porosities which can cause

micro cracks have to be avoided.

The main problem in utilizing a
composite based on fiber and matrix as
load-bearing structures is a complexity in
predicting a composite failure [1-3]. The
failure is started from cracks occur on the

fiber, matrix, and interface which are then
integrated and propagated [4]. Not like
mechanical properties of fiber or matrix
which has been researched
comprehensively, interfacial properties
have not obtained special attention even
though it could bring a significant
contribution to the composite failure [5].
Figure 1 shows characteristics of fiber
surface  which can affect interfacial
properties particularly interfacial strength
(to). For evaluating optimal to, each surface
characteristic has to be controlled properly
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Figure 1. Fiber surface characteristics
A lot of testing methods for evaluating to

have been proposed such as single fiber
fragmentation test (SFFT) [10], push out

809



Proceeding Seminar Nasional Tahunan Teknik Mesin XV (SNTTM XV)

Bandung, 5-6 Oktober 2016

PM-005

test [11], pull out test [12], dan micro bond
test [13]. Among those testing methods,
SFFT is known as a common method used
for evaluating t.. Compared with other
methods, SFFT is considered relatively
easy to be conducted. SFFT also produces
actual stress transfer between fiber and
matrix of a real structural composite
condition. However, the SFFT usually
provides high variation of t, value even for
the same testing procedure and the same
type of specimen [14].

In this paper, the procedure of SFFT is
reviewed. Firstly, t, evaluation using SFFT
is demonstrated. Two types of SFFT
specimens, which are the specimen with
agent-material and without agent-material
of an interface, were manufactured. The
shear stress on interface was analyzed by
using Kelly-Tyson model [10]. From
testing results, potential errors on SFFT
method caused by simplification of model
analysis are comprehensively discussed.
Moreover, several proposed improvements
with modifying the method and its analysis
are also demonstrated.

Single Fiber Fragmentation Test

Specimen preparation. SFFT
specimens must be manufactured with high
dimensional accuracy in order to assure
reliable testing results. Figure 2 shows
manufacturing process of the specimens.
After determining the specimen dimension,
a positive aluminum mold was created.
Note that specimen cross section (2 x 2 mm)
had to be created with small tolerance. High
precision CNC machine can be used to
create the positive mold. Further, a negative
mold made by silicon rubber liquid was
created by using positive mold. After
waiting for 1 day, the silicon rubber became
solid and ready to be used for creating
specimen.

The specimens used in this paper was
made by single carbon fiber produced by
TOHO Tenax Co. Ltd., and epoxy produced
by Konishi chemical Co. Ltd. Two types of

specimens were manufactured  with
different fiber surface treatment. For the
first specimen, the carbon fiber received
from manufacturer was used directly. This
means the fiber surface still contained some
agent-material. Meanwhile, the carbon
fiber for the second specimen was
conditioned beforehand by soaking it into
acetone for 5 hours and rinsed by water.
This treatment was conducted to remove
the agent-material on the carbon fiber
surface, thus making the second specimens
did not contain any agent-material.

Epoxy was inserted in negative mold
followed by single carbon fiber. The tip of
carbon fiber was imposed by a load in order
to keep the fiber in straight position when
the epoxy shrunk during the curing time.
After 7 days, the specimens were taken
from the negative mold. A top surface of the
specimen was gradually polished by using
sand papers of P600, P2000, SC800/2400,
and SC1200/4000 until the thickness of
specimen reached 2 mm. Moreover, to
increase  transparency, the  surface
specimens were painted by silicon oil. The
specimens were then checked using
microscope. Only the specimen with clearly
seen and straight carbon fiber was used for
the tests.

Testing method. The created specimens
were then tested by using micro-tensile
testing machine. The testing applied tensile
speed of 0.0067 mm/minute. Low speed
was used to avoid viscoelastic behavior of
epoxy and ease detection of crack position.
Figure 3a shows schematic tensile test of
the specimen. On initial condition, carbon
fiber was still perfectly connected. If a
tensile force (F) was increased, the fiber
would have cracks and formed a lot of
fragments. The fiber cracks occurred
because the fiber stiffness was higher than
matrix stiffness. The fiber fragment
disconnected continuously as long as length
of fiber fragment (L) was longer than
critical length of the fragment (Lc). On
certain F, a new fragment would not form
again even though F was increased. This
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condition is called saturated condition in (a)
which all L is shorter than L.. The L F« b g »F
distribution in saturated condition follows ) .
Eg. 1. ‘ — Y »
t<L<L (1) — R
(b)
o/ \ L,

Figure 2. (a) specimen dimension (unit:
mm), (b) positive mold, (c) negative mold,
and (d) specimen

Furthermore, by using normal distribution
approach for L, the relationship between an
average length of fiber fragment (L) and L.
can be formulated as follows,

T z:IL'\L1LL‘ _3

L="—=3L )
where N is a number of fiber fragment.

Figure 3b shows stress distributions in

the fiber of initial and saturated conditions.
On the crack position, the fiber stress is
zero. Kelly-Tyson modeled stress on a fiber
fragment in one dimension as shown in
Figure 3c. The fiber stress distribution (o)
and shear stress in the interface (ts) can be
seen in the Figure. The relationship
between fiber strength (o'us) and t, can be
formulated as follow,

f
to = 2 (3)

2L

where d is fiber diameter.

v

Figure 3. (a) fragmentation process, (b)
stress curve in fiber, and (c) Kelly-Tyson
model

c'ws can be calculated by recording a
strain (ea) for each fiber crack. The fiber
crack density (n) can follow a power
function as shown in Eq. 4.

1 (a\" 1 (Erea\™
n=r(Z) =% @

where E;s is elastic modulus of carbon fiber,
oo 1S characteristic stress, Lo is length of
measured area, and m is Weibull modulus.
oo and Lo can be determined from n - ¢
curve obtained from the testing. Further,
o'uss is finally calculated by using Eq. 5.

Q)

1
o= g ()™
Outs = 00 L
c

Crack detection. For obtaining n - ¢,
curve, L distribution, and L, crack position
and &2 when the crack occurred have to be
observed and recorded carefully. Figure 4
shows diagram of micro-tensile test
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machine used for SFFT. The photoelastic
apparatus was installed for detecting fiber
crack positions. The apparatus consisted of
polychromatic light source, polarizer,
analyzer, microscope, camera, and
computer for data recording. A specimen
was positioned between polarizer and
analyzer. The polarizer orientation was
parallel to fiber orientation and load
direction whereas analyzer orientation was
perpendicular to them. These orientations
produced dark figure at initial condition
because the polychromatic light would be
perfectly filtered by polarizer and analyzer.

1
Data - ~____—— Microscope
recorder —

—t—«— Analyzer

~r :
Load cell — !

Specimen _
ot
m"i"‘ Polychromatic
: light source
Figure 4. Diagram of micro tensile test with
photoelastic apparatus

™~ Motor actuator

_— Polarizer

For detecting fiber crack by using
photoelastic concept, matrix of the
specimen have to be transparent and have
temporal birefringent behavior ie. a
material which have two refractive indexes
if F is imposed. Most of polymers for
example, epoxy, have this behavior. These
refractive indexes represent maximum and
minimum principal stress difference in
matrix and cause light interference so that
the light can be captured by the camera
when a fiber crack occurs. It is noted that
isoclinic phenomenon, a condition when
principal stress orientation equals to
polarizer orientation, can appear, which
causes dark condition remain occurs.
Therefore, only light around fiber crack
region, which the principal stress
orientation is different with polarizer

orientation due to shear stress, can be
captured by the camera. Furthermore, €2 can
be calculated and recorded from load cell.

Results and Discussion

Interfacial strength. Figure 5a and 5b
shows initial and saturated conditions of
specimens which are captured by camera.
By increasing microscope magnification,
the fiber crack position and L can be clearly
seen (see Figure 5c). The light indicates
stress concentration in the matrix around
the interface can be seen. There is also dark
region on the tip of fiber crack that indicates
debonding interface occurs along Lg.

Figure 6a and 6b show curve to & for
specimens with agent-material and without
agent-material. From this curve, m
parameter and oo In Eq. 4 can be
determined. Table 1 and 2 show parameters
obtained from the curve of each specimen.
It is noted that used Er is 240 GPa, which is
based on TOHO Tenax datasheet. In
saturated condition, L is then measured and
plotted as shown in Figure 7. From the
Figure, L of specimen with agent-material
is shorter than that of without agent-
material. The short L indicates strong
interfacial bonding and vice versa.

Table 1. m and o, for specimen with agent-

material
No. Specimen m (-) oo (MPa)
1 Specimen 1 10.27 3354.5
2 Specimen 2 7.09 3299.8
3 Specimen 3 8.26 3635.7
4 Specimen 4 8.96 3217.3

Table 2. m and o, for specimen without
agent-material

No. Specimen m (-) a0 (MPa)

1 Specimen 1 29.35 3622.2
2 Specimen 2 24.08 3766.4
3 Specimen 3 12.14 3637.2
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Initial condition

Saturated condition

Interfacial debonding One fiber fragment
length (L,)

L Fragment length (L)

A 50pum
Figure 5. (a) initial condition and (b)
saturated condition of fragmentation, and
(c) measurement of fragment length
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Figure 6. Fiber crack density to strain for (a)
specimen with agent-material and (b)
specimen without agent-material

L distribution of the specimen with
agent-material seems narrower than
conditioned specimen. This result indicates
that the slip condition in the interface in
which the interfacial debonding appears
without fiber crack initiation might occur
when the interfacial bonding is weak. This
condition is proven by calculating L. using

Eg. 2. According to Eqg. 1, L should not be
over the L value, which is calculated by
using Eq. 2. However, on several specimens
especially the conditioned specimens, there
are fiber fragments which are longer than
Lc. It means potential slip condition in the
interface has happened.

Furthermore, by using Eqg. 3 and 5, o'uts
and t, can be obtained and plotted on Figure
8a. o'us showed decreasing on conditioned
specimen. It occurs because the bonding
layer of the interface is not only used for
strengthening the interface but also for
increasing o'us.  On Figure 8b, to shows
decreasing almost 50% for conditioned
specimen. It is noted that mechanical
keying caused by the roughness of fiber
surface give a prominent contribution to to
value on the conditioned specimen case.
This means the mechanical keying
significantly contribute to t, value
particularly for shear mode crack.

From testing results with two types of
specimens, SFFT can differentiate a quality
of interfacial bonding. The spread of testing
results of around 20% also shows that SFFT
is reliable to be used for evaluating to. This
issue is important particularly in evaluating
the effectiveness of adhesive layer of
interface on fiber manufacturing industries.

Improvement of Method. Although
SFFT can differentiate t, for two types of
specimens  with  different treatment
qualitatively, SFFT actually still has
problem of accuracy. The testing accuracy
i.e. the true value of to is still arguable.
There are several reasons as follows;

e Kelly-Tyson model that is usually used
on the SFFT is too simple because it
does not consider interfacial
debonding phenomenon.

e In analyzing SFFT, the saturated
condition of fiber cracks is required
whereas this condition always occurs
on the range of plastic deformation of
matrix. For the matrices having low
ultimate tensile strain, the saturated
condition might not occur.
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e On SFFT analysis, slip condition is not
considered although it is possible
especially on low to.

e The effects of interfacial stiffness are
not considered on the SFFT analysis.
Most of the models assume rigid
condition for the interface [15].
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Figure 7. Fragment length distribution for
(@) specimen with agent-material and (b)
without agent-material
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Figure 8. (a) fiber strength and (b)
Interfacial strength

From explained problems, there are a lot
of improvements proposed by researchers
in order to increase the testing accuracy.
For example, Kim et al. defined shear
strength  parameter for  considering

debonding process and friction after
debonding in the interface [16]. Wagner et
al. proposed a model based on energy
balance and defined interfacial toughness
[17]. Kimura et al. refined Wagner model
by considering plastic deformation near the
interface [18]. On the recent researches,
interfacial crack is always explained by
using cohesive zone mode [19]. This model
has been proposed by many researchers
such as Nishikawa et al. [20], Ma-
Kishimoto [21], Willam et al., [22] dan
Budiman et al. [23]. The cohesive zone
model based on traction-separation law is
believed as ideal model for explaining
interfacial crack.

For applying cohesive zone model, a
direct observation of stress around the
interface is required. The stress, which has
relationship with to, can be observed by
modifying photoelastic apparatus [24-26].
An analysis using image processing
technique is also required in order to assure
clear stress observation [27].

It has to be emphasized, even though
there are a lot of improvements have been
proposed, SFFT still becomes basic testing
for obtaining to. Most of the modifications
are focused on proposing models and their
better analyses for obtaining more accurate
results. However, the basic concept of
SFFT is still used due to its advantages.

Conclusion

SFFT as a method to evaluate t, has been
reviewed in this paper. From two types of
specimens with different fiber surface
treatment, SFFT has ability to evaluate the
quality of interface properly. However, this
method still has to be modified further for
better accuracy. The main problems of
SFFT are comprehensively discussed in this
paper including examples of proposed
improvement. Furthermore, standardization
of SFFT method is urgently required to
provide a uniform analysis so that the
results can be compared quantitatively.
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