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Study on the Evaluation of the Interfacial Strength in the Fiber
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1. Introduction

The interface between the reinforcing fibers
and the polymer matrix plavs a very important
role in determining the final performance of a
composite.  Especially, the interfacial shear
strength is one of the most fundamental factors
in evaluating the mechanical properties and
durability on the specific environment of the
fiber reinforced composites. If the interfacial
shear strength in fibrous composites is too low,
its mechanical properties are controlled mainly
by the interface of low ghear strength; hence, it
ig hard to expect that the performance of
remforcing fiber is reflected n composites, even
uging the high performance fiber.

On the other hand, if the interfacial shear
strength 1 too high m fibrous composites, there
18 a fear of a decrease in fracture toughness of
composites because of the resistance aganst
the crack propagation. Therefore, it i1s necessary
that the interfacial shear strength of the fiber
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reinforced composites is confrolled in accordance
with the performance of material demanded for
the final purpose.

In principle, the interfacial shear strength will
be able to be controlled by the suitable
combination of fiber, matrix resin and fiber
surface modification, etc.

Then,
exactly the

it iz also very important to evaluate
mterfacial shear strength thus

controlled. For the last a few decades, several
techniques such as the pull out'™ &

fragmentation® ¥

, microbon
and indentation' test methods
have been developed to fry to measure the
interfacial shear strength correctly. Among the
number of fechnigques mentioned previous, one
popular technique is single fiber fragmentation
test. The merits of thig method are that a lot of
data are generated from one sample fest, and
easy to prepare sample comparing the other
techniques. But currently, it takes about Shrs to
test a gingle sample. Because of thig problem, a
new approach hag been developed to overcome,
many works™ have been done exploring the
effects of testing multiple fibers in a fragme
ntation test.

The objective

of this paper 18 to study
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whether the results gained at previous work
might be applied in two dimension fragmen
tation test.

In this paper, multiple fibers fragmentation
test with
fabricated. We have investigated the effect of

specimens two  dimension were
interfiber distance on the interfacial properties in
two dimension arranged multi E glass fiber/
epoxy regin composites. In additions, the effect
of sized and desized fiber in model composites

on the interfacial properties has been studied.
2. Experimental
2.1 Materials

in this study are as
follows. The fibers used were sized and desized

The materials 1zed

E glass fiber (Owens Corning). Sized fiber was
coated with 3 aminopropyltriethoxysilane(A 1100
and degized fiber meant the sized fiber washed
by water.

The mafrix resin used was epoxy (diglycidl
ether of bisphenol A, DGEBA, Epon 828, shell
con). The harder used was meta phenvlene
diamine (m PDA, Fluka chemical co.)

2.2 Single fiber tensile test

The tensile strength was measured on single
fiber with gage length of 20 mm at a crosshead
speed of 2.0 mm/min. using a tensile tester
equipped with a lpad cell of 100g. Before tensile
was
measured with an optical micrometer (VIA 100,

testing, the diameter of every sample

Boeckeler).
2.3 Preparation of fragmentation test sample

The sample preparation for
muldtt fiber testing wag similar to that described

single and

by Drzal at al‘m), and a brief description is as
follows.

(GE silicone RTV 664) mold
with eight dogbone shaped cavities (gee Fig.1)

The silicone

was used for the preparation of fragmentation
test samples.

Each cavity in the mold has sprue slots with
width of 400 m in the center of each end to aid

in aligning the fiber in the center of the cavity.
We placed single and multi fibers of E glass
through the spriue glote of a sgilicone mold
fiber was placed by hand and
milti fibers with two ditmension were placed

Single

using specific designed device as can be seen In
Fig. 1. And then fixed them in place by putting

a small drop of {five minutes epoxy resin
(Hardman Adhesives) af the far end of each
sprue slot,

The multi fiber gpecimens were prepared with
an epoxy resin cured using meta phenylene
diamine. One hundred grams of DGEBA and
145 g of m PDA were weighed out in separate
beakers. To lower the viscosity of the resgin and
melt the m PDA crystals, both heakers were
placed in a vacuum oven (Fisher Scientific
Isotemp Vacumm Oven, model 281 A) set at 6
57. Affer the m PDA crystals were completely
melted, the silicone rubber mold contamming the
fibers was placed into ancther vacuum oven
(Fisher Scientific Isotemp Vacuum Oven, model

Fig. 1 Apparatug of fiber arranging for mudti
fiher fragmentation test specimen

281 B) that was preheated to 75 T at 20 kPa,
for 20 min. Thig last procedire drieg the mold
and minimizes the formation of air bubbles
diring the curing process. At approximately 9
min before the preheated molds were removed
from the oven, the m PDA is poured into the
DGEBA and muxed thoroughly. The mixture
was placed into the vacuum oven and degassed
for approximately 7 min After 20 min, the
preheated molds were removed from the oven

and filled with the DGEBA/m PDA  resin
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mixtore uging 10 ml digposable sgyringes. The
filled molds then
programmable oven (Blue M, General Signal,
model MP 256 1, GOP). A cure cycle of 2 h at
75 T followed by 2 h of post curing at 125 T
was used.

were placed ito a

24 Fragment test

Fragmentation test was carried out using
fragmentafion fest machine as shown in Fig 2.
Before testing, samples were polished to avoid
stress concenfration at the edge part of sample
by emery paper of # 800 and # 2400, And then
samples were marked the standard gauge length
of about 10 mm to measure real strain by
permanent pen with blue color. When specimen
wag ingtalled, we adjusted that grip wag not
miuch fight The specimen was loaded in fension
by the sequential application of step strain. The
number of total stran step was 28 and total
strain was 2.4 mm. The strain rate was 85
/sec and the average deformation at each step
was 857 um through the whole sample length
between the sample holders at both sides. The
applications  of
successive step stram was 10 min. The image

delay time between the
was gcanned at before loading and every strain
step using movable camera and then 1t was

saved automatically in a compirter.
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Fig. 2 Schematic of single fiber fragmentation
test Machine

The image scanning length was 23 mm. After
28 steps, sample was uninstalled. Real straing at
each step were calculated using gcanned images
of each step asg the standard gauge length of
about 10 tmm marked on the sample before
testing and the real strain of every sample was
about 6.0%.

To measure fragment length, the sample was
installed by
microscope with a micrometer. The image was
scamed uging a CCD camera (Optronics LX 450
camera) and

tranglating  frame under the

RGB  Remote Head microscope
monitor (Sony, PVM  13440),

The position 1s monitored by a lnear variable
differential transformer (LVDT) (Trans Tek,
Inc. model 1002 0012) commected to an A to D
board (Strawberry Tree, Inc) in a computer,
The location was aligned with a cross har in
the microscope as geen on the video monitor,
and the position of the LYVDT was digitized info
the computer.

The standard uncertainty i relocating a point
reproducibly iz +1.1 m. The bridge is aftached
to the same computer via a serial connection. A
cugtom rrogram was developed to continuougly
record changes in the displacement.

2.5 Interfacial shear strength calculation

We calculated the interfacial shear strength
using following equation (1)'

The distribution of fragment lengths have
been determined to be satisfactorily described by
a two parameter Weibull analysis, cauging the

expression for the interfacial shear strengtht,

r=r(1-1) (1)
to be come where o and fare the shape and
gcale  parameters, respectively.  tTwas  the
Gramma function.

In eq(l), wis the average fiber tensile

strength at the critical fiber length needed to
calculate mterfacial shear strength. However, in
this equafion, we used to the single fiber fensile
strength at 20 mm of gauge length. One goal of
this study is to discuss about the effect of
interfiber distance on the interfacial properties in
fragmentation test.
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3. Results and discussion

3.1 Single fiber tensile test

The table 1 shows the fensile strengths of
gized and desgized E glaggs single fiber. The
tensile strength of sized fiber is shown stronger
than one of desized fiber. Thig iz probably that
desized fiber is easier to get damage when they
rith  againgt other during procesging
operations. Generally it i3 known that the most

each

important factor determining the tensile gtrength
of the glags fiber iz the damage of fiber
gurface.

Fig. 3 shows the relationship between failure
probability and single fiber tensile strength.
Solid lines are oplotted by the Weibull
distribution equation with two parameters. We
can see that the experimental vwaliies are
according to the Weibull distribution equation

with two parameters.

3.2 Single fiber fragmentation test

Fig. 4 plot of a falure
probability as a function of aspect ratio of the
fiber fragment in the sized gingle fiber fragm
enfation test. Solid lnes are plotted by the
Weibull digtribution equation with two parame
ters. We can see that experimental values and
Weibull digtribution equation with two param

repregents  the

eters are good accordance. It is shown that
the range of aspect ratio iz 15 to 37.
Fig. 5 shows the plot of a fallure probability

as a function of aspect ratioc of the fiber

Table 1 Tensile strength of single fiber

Fiber Sized fiber Desized fiber
Tensile strength
2.10+0.57 1.63+0.44
(CPa) O+0.5 63+0

Table 2 Interfacial shear strength of E glass
fiber/epoxy resin

Fiber Sized fiber Desgized fiber
Interfacial shear
46.70+2.59 A0.69+2.60
strength (MPa)

Failure Prob=hility

& Sized her
Theory line
2 Desked dber
=— Theory line

T T T
o 1 z El

Single Fiber Tensile Strength[GFa)

Fig. 3 Plot of a failure probability vs single

Fitar fanoila ofvancth
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10 z0 3o 0 50

Aspect Ratio (L/D)] of Fiber Fragment

Fig. 4 Failure probability vs. aspect ratio of
fiber fragment in the sized single fiber

Frrr i mamt o Fimnn oot

Failure Probability

10 z0 3o 0 EL]

Aspect Ratio (L/D)] of Fiber Fragment

Fig. 5 Failure probability vs. aspect ratio of the
fiber fragment in the desized single fiber
fragmentation test

fragment in the desized single fiber fragmen
Solid lines are nplotted by the
Weibull distribution equation with two param

tation test.

eters. We can see that the experimental values
and the Weibull distribution equation with two
parameters are good accordance. It ig ghown
that the range of aspect ratio is 12 to 33. These
aspect ratio are nof much important to compare



DB Lee and C. K. Moon

for different kind of fiber in fragmentation test
owing to it depend on such as the fiber tensile
strength, diameter and interfacial shear strength.

Fig. 6 represents the normalized number of
fiber breaks as a function of applied strain in
sized and desized single E glass fiber /epoxy
regin fragmentation test. We can see that after
the number of desized {fiber breaks was
gaturated, the number of sized fiber breaks was
saturated. Also we can see that the extent of
gized fiber stramn from fiher break to
gsaturation was smaller than that of desgized
fiber. And the strams of initial fiber break were
about 2 and 3 26 of desized and sized fiber,
respectively.

initial

Fig. 7 shows the polarized transmitfed light
micrographs  of E glass  fiber/epoxy
fragmentation test. In the figure 5, (a) is shown
the gized fiber and (b) i3 gshown desized fiber In
this figure, we can see that the
digtribution pattern of gized wags very similar
with that of desized fiber. This reason is that
the interfacial shear strengths of sized and
desized fiber were not marked difference an can

resin
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Applied Strain(%)

Fig. 6§ Flot of normalized number of fiber breaks
as a function of applied strain in fragme
ntation test of single E glass fiber/epoxy
resin(zolid ; sized, open : desized)

3.3 Two fibers fragmentation test

Fig. 8 shows the plot of a faillure probability
as a function of aspect ratioc of the fiber
fragment in the sized two fibers fragmentation
test. Solid lines are plotted by the Wealbull
digtribution equation with two parameters.

B
(b} Desized fiber

Fig. 7 Polarized transmitted light micrographs of
E glass fiber/epoxy resin fragmentation
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Fig. 8 Failure probability vs. aspect ratio of the
fiber fragment in the two fibers fragme
ntation test

We can see that experimental values and two
parameters Wibull distribufion equation are good
accordance. It is shown that the range of aspect
ratio became high according to decreasing of
interfiber distance and inferfiber
distance 18 over 45 um, the range of aspect ratio
is very similar with the result of sized single

when the

fiber fragmentation.
Fig. 9 represents the plot of a failure probab
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ility as a function of aspect ratio of the fiber
fragment in the desized two fibers fragmentation
test. Solid lines are plotted by two parameters
Weibull distribution eguation. We can see that
experimental  values  and parameters
distribution equation are good accordance. If 18

two

also  ghown that the range of agpect ratio
bhecame high according to decreasing of the
interfiber distance interfiber
digtance is over 549 gum, the range of aspect
ratio ig similar with the result of desized single
fiber fragmentation.

and when the

Fig. 10 reveals the normalized number of
fiber breaks as a function of applied stramn in
gized E glass fiber/epoxy
fragmentafion test. We can see that imifial fiber
crack began to occur at strain of about 3 2,
the number of fiber breaks was saturated at
strain of 6 %. Also we can see that the effect
of interfiber distance did not exist in this graph.

Fig. 11 shows the normalized number of
fiber breaks as a function of applied stramn in
E glass fiber /Jepoxy
fragmentafion test. We can see that imifial fiber
crack began to occur at strain of about 2 2,
the number of fiber breaks was saturated at
gtrain of 6 25, We algo can understand that the
effect of mterfiber distance did exist in this
graph.

In Fig. 10 and 11, we can realize that the
plots of normalized number of fiber breaks ag a
function of applied stramn
fiber/~mrer

two resin

degized two resin

m two E glass

e For it vt Feni TET

~rmilar
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Fig. 9 Plot of fallure probabilifty vs. aspect ratio
of fiber fragment in the desized two

fihers fragmentation test

with the results of single E glass fiber/epoxy
fragmentation test.

Hormmalized HO of Fibe Break

Applied Strain(%)

Fig. 10 Plot of normalized number of fiber
breaks as a function of applied strain
in fragmentation test of sized two

Moraralized NO of Rber Bresk

Applied Strain(%)

Fig. 11 Plot of normalized number of fiber
breaks as a function of applied strain
in fragmentafion test of desgized two
E glass fiber /epoxy resin

Fig. 12 represents the plot of interfacial shear
strength according to interfiber distance in the
two E glagg fiber/epoxy resin  fragmentation
test. It was shown that the interfacial shear
strength mterfiber distance

became about 50 pm, and then the ones were

increaged  until

saturated regardless of sized and desized fiber.
In the other word, in case of the inferfiber
distance of under 50 gm, the interfacial shear
of the
interfiber
distance of over 50 mm, the inferfacial shear
strengths became a constant value. This is
probably that the inferface between the fiber
and the resin was damaged by the adjacent

strength decreased with decreasing

interfiber distance. In case of the
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fiber breaks and the damage increased with
being close of interfiber spacing. The damage
factors congidered owing to fiber break are
strain energy release, stress transfer and stress
The
concentration depends on mainly exifing matrix

concentration,  efe. extent of stress
crack in cage of gized fiber sample. Therefore, it
was shown that when the interfiber distance is
gmall, the shear

strength i sized fiber fragmentation was more

decreaging of inferfacial
gerious than the decreaging of the ome in the
desized fiber fragmentation test.

From Fig. 12, when the interfiber distance
was small, the interfacial gtrength
decreagsed with decreaging interfiber digtance and

shear

the stress distribufion pattern is shown hike one
fiber with big fiber diameter, we could find a
good agreement with the result of the interfacial
gshear strength decreagsed with the increasing
fiber diameter”.

It 18 algse shown that when the interfiber
digtance 1s small, the crack positions of two
fibers were almost game. In fact, when the
interfiber distance was 9.68 and 10.32 mm, the
cracks location of two fibers were game. In cage
of the distance of 1645 and 21.6 gm, different
fiber crack position wag only one. In cage of the
of 3387 um, different fiber crack
positions were <«ix. But when the interfiber
distance was over 45 pm, the crack positiong

T B " T P LI |

digtance

were :ation

even ML

Irterfacial Shear Stremgth] MPa)
n
[ ]

Interfiber Distance (pm]

Fig. 12 Plot of interfacial shear strength accor
ding to interfiber distance in the two
fiber fragmentation test

{(a) Sized fiber

(b) Desized fiber
Fig. 13 Micrographs of the E glass fiber/epoxy
resin fragmentation test

From these results, we could realized that the
when stress distribufion pattern was like one
fiber at two fiber fragmenfation test, it could
make fiber break at same location between two
fibers. We could observe that some of crack
positions were same even though the interface
distance became longer. Thiz might be able to
be described in Fig. 18 That is, fiber breaks
might be able to happen the part of the stress
overlap.

Fig. 13 shows the micrographs of the E glasg
fiber/epoxy resin fragmentation test. There are
sized and desized fiber samples. We can see
that sized fiber had more damaged interface
around fiber breaks than desized fiber. This ig
probably one of the reason mentioned previous
in Fig. 12 that when the interfiber distance i
small, the interfacial  shear
strength i gized fiber fragmentation wasg more

decreasing  of

gserious than the decreasing of the one in the
desized fiber fragmentation test.

We considered to two parts, low strain and
high s¢train, about fiber break happen fo be
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almosgt same position when interfiber

digtance 1s under 50 mm. At low strain; A few

made
cracks happened on one fiber when gfrain
reached ultimate strain value. After fiber cracks
on the one fiber, it might be considered as
damage factors owing to fiber break such as
gtrain energy releage, stress transfer and stresg
concentration. The interface of the other fiber at
around fiber break was damaged mainly by
damage factors and might become weak
Therefore, fiber break of the other fiber could
occirr within damaged region. At high strain; A
few fiber breaks of two fiber were at same
location were occurred at low strain, and then
at high strain, the stress pattern must be
redistributed  like fiber
cracks hanpen the same position at a time. And

one fiber. Therefore,

there are overlapping of stress and then fiber
crack might happen at the region of sgtresg

overlapping.
Finally, thit phenomenon shows more gerious
as the interfiber distance 18 decreasing.

Therefore, Interfacial shear strength increaged
with decreasing interfiber distance when the

interfiber distance ig under 50 mm

4. Goncluslon

The effect of interfiber distance and fiber
gurface treatment on the interfacial rroperties in
E glass fiber/epoxy resin composifes has been
studied and the findings made from this study
can be summarized as follows.

1. When the inferfiber distance is small, the
crack positions of two fibers were almost
same. But when the interfiber distance was

50 wm, the

independent of adjacent fiber crack location

aver crack  positions were
even though some cracks were same position
2. The interfacial shear strength increased with
increasing the interfiber distance at the range
of the interfiber distance between ( and 50 um
and then the ones were saturated regardless
and desized fibers. The nferfacial

gtrengths

of sized

shear gattrated were in  cloge

agreement with thoge of the single fiber
fragmentation test.

3. When interfiber wasg small,  the
stresg  distribution paftern was shown like
one fiber and when interfiber distance wag
large, over 50 pgm, the stress distribution
pattern was independent on between fibers.

4. The interfacial shear strength evaluated using
two E glass fibers/epoxy resin fragmentation

shown as real values

regardless of fiber suwrface freatment and
interfiber distance.

digtance

test  is in site
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