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Nondestructive Evaluation and Microfailure Mechanisms of Single Fibers/Brittle
Cement Matrix Composites using Electro-Micromechanical Technique and Acoustic
Emission

J. M. Park™, S. I Lee’, J. W.Kim", D.J. Yoon"

ABSTRACT

Interfacial and microfailure properties of the modified steel, carbon and glass fibers/cement composites were
investigated using electro-pullout test under tensile and compressive tests with acoustic emission (AE). The
hand-sanded steel composite exhibited higher interfacial shear strength (IFSS) than the untreated and even
neoalkoxy zirconate (Zr) treated steel fiber composites. This might be due to the enhanced mechanical
interlocking, compared to possible hydrogen or covalent bonds. During curing process, the contact resistivity
decreased rapidly at the initial stage and then showed a level-off. Comparing to the untreated case, the contact
resistivity of either Zr-treated or hand-sanded steel fiber composites increased to the infinity at latter stage. The
number of AE signals of hand-sanded steel fiber composite was much more than those of the untreated and
Zr-treated cases due to many interlayer failure signals. AE waveforms for pullout and frictional signals of the
hand-sanded composite are larger than those of the untreated case. For dual matrix composite (DMC), AE
energy and waveform under compressive loading were much higher and larger than those under tensile loading,
due to brittle but well-enduring ceramic nature against compressive stress. Vertical multicrack exhibits for glass
fiber composite under tensile test, whereas buckling failure appeared under compressive loading.
Electro-micromechanical technique with AE can be used as an efficient nondestructive (NDT) method to
evaluate the interfacial and microfailure mechanisms for conductive fibers/brittle and nontransparent cement
composites.
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1. INTRODUCTION

Microfailure mechanisms of cement matrix composite
(CMC) are basically different from polymer matrix composite
(PMC). The characteristic properties of a brittle ceramic
matrix are generally low tensile strength and strain to failure,
whereas compressive strength can exhibit very high. The
toughness of fiber reinforced brittle-ceramic matrix composite
is much higher than brittle monolithic matrix materials [1,2].
The fracture toughness of CMC can be provided by fiber
bridging mechanism in the ceramic matrix cracks. Too strong
interfacial bonding does not desire in a CMC, because it
would make a crack run through the specimen, whereas a
suitably strong interface would lead to fiber bridging by
matrix microcracks. A CMC with even many microcracked

matrix can retain some reasonable strength. The main
disadvantage is that matrix microcracking provides an casy
path for environment attack of the fibers and the fiber/matrix
interface.

Curtin [3-5] proposed various theories and models for
matrix crack mechanism and the interfacial dependence of
CMC based on micromechanical theorems. Many matrix
cracks (or called as multiple matrix cracks) are generated
prior to the catastrophic failure of the composite. Singh [6]
in SiC

fiber/zircon matrix composites with either the untreated or

studied the first-matrix cracking stress and IFSS

BN-coated. The first matrix cracking stress was measured by
either tension or flexure, whereas IFSS was measured by
fiber pushout test. The first matrix cracking stress was
independent upon the measured IFSS, but showed a good

correlation with the first matrix strain.
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Single fiber pullout test [7,8] is a well-known method to
investigate IFSS because it can measure directly interfacial
adhesion, and it is not limited by the properties of the fiber
and matrix. In fragmentation test [9-11], the failure clongation
of the matrix should be several times larger than the failure
This
method is not adequate for less brittle fiber/brittle matrix
system. DMC specimen [12,13] s
modified from the single fiber composite (SFC) test. DMC

elongation to cause a saturated fragmentation state.

composite basically
specimen is composed of a single fiber, a brittle layer (inner
matrix for measuring IFSS) and ductile matrix (supportable
outer matrix). The specimen was subjected to tensile loading
and resulted in many fragments of the embedded fiber and
the brittle Park [14] studied
properties and microfailure mechanisms of DMC of single

coating layer. interfacial
glass fiber/brittle unsaturated polyester/ductile epoxy using
micromechanical technique and AE.

Single fiber Broutman test [15,16] was recently used to
investigate interfacial properties and microfailure mechanism
by subjecting to compressive load. This technique was
performed to apply a transverse stress to the interface in a
Under load, the
interfacial debonding and buckling behaviors were investigated
with an aid of AE. Wood et al. [17-19] studied the
compressive fragmentation test, i.e. single fiber Broutman test,
fiber Weibull

parameters, thermal stress and 1FSS.

single necked specimen. compressive

to evaluate single compressive  strength,
AE is known as one of the
[20,21]. The

composite

important NDT methods
AE can monitor the fracture behavior of
characterize

materials, and can many AE

parameters to understand the type of microfailure sources
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during the fracture progressing. When tensile loading is
applied to a composite, AE signal may occur from fiber
fracture, matrix cracking, and debonding at the fiber/matrix
interface. AE energy released by the fiber fracture can be
greater than that associated by debonding or matrix cracking.
Park [22,23] studied interfacial properties and microfailure
mechanism of the untreated and electrodeposited fibers/epoxy
composites using AE as well as the fragmentation test. Three
distinct AE signals were observed from fiber, interlayer and
More AE

occurred due to interlayer failure in the treated composite.

matrix in microcomposite  specimens. events

Recently, many researchers [24-29] had been trying to
evaluate composite characteristics by a measurement of
electrical and micromechanical properties. Yuse [24] used the
electrical resistance mdasurement as a smart NDT testing
method. The relationship between electrical resistance and
fiber breakage/delamination in carbon fiber reinforced plastics
(CFRP) laminate was studied by tensile and fatigue tests.
Especially, single fiber electro-pullout test was reported
initially by Chung er al. [25-28]. To provide the information
adhesion and microfailure modes, the

on the interfacial

contact resistivity of carbon or steel fiber/cement matrix

composites was measured. The contact resistivity was

correlated to interfacial adhesion as a function of fiber

surface treatment and mixing ratio of cement paste/water. A
new evaluation of interfacial properties including the
measurement of curing characteristics through the electrical
resistivity measurement were also investigated in carbon fiber
reinforced epoxy composites [29].

In this work, electra-micromechanical technique with AE
was used to evaluate interfacial characteristics and
microfailure modes of the treated fiber reinforced brittle
The

fracture mechanisms coming from the interface and brittle

cement composites compared to the untreated case.
ceramic matrix were ¢orrelated with the contact and the

electrical resistivity and AE events depending on the fiber
surface treatments.

2. EXPERIMENTAL

2.1 Materials

Carbon fiber with diameter of 18 ym (Mitsubishi Chemical

Co., Japan) and steel fiber with diameter of 280 (m were
used for single fiber electro-pullout test, and glass fiber with
diameter of 125 (m was used for tensile/compressive DMC
Table 1

conductive fibers

test. shows the electrical properties of bare

and cement composites. Early strength
Portland cement (Type I, Ssangyong Cement Industrial Co.,
Korea) was used as an inner brittle matrix. For preparing
DMC specimen, an outer matrix was made of the mixture of
epoxy resin (YD-128, Kukdo Chemical Co., Korea) based on
ether of  bisphenol-A (DGEBA)

polyoxypropylene diamine curing agents (Jeffamine D-400 and

diglycidyl and
D-2000, Huntzman Petrochemicals Co.). Matrix modulus was
adjusted properly by relative mixing proportion of D-400
D-2000 to

electro-micromechanical testing. Neoalkoxy zirconate (NJ-38J,

versus obtain the optimum ductility for
Kenrich Petrochemicals Inc.) for fiber surface treatment was
The

neoalkoxy zirconate (Zr) coupling agent is

used as a coupling agent. chemical structure of

CH, CH—O o o R! H O CH

NIPZ N0 1 I

< Zr[OP—OP(OCBH")Z):-nII\I—RZ—N—C—-C=CH2 M
CH, CH~0 OH R

where R is alkyl group, and n is constant, respectively.

2.2 Methodologies

2.2.1 Fiber Surface Treatments and Testing Specimen
Preparation

Twenty untreated steel, carbon and glass fibers were fixed
with suitable distance apart in each rectangular frame. The
salt of Zr coupling agent was diluted to 7 wt% concentration
with ethanol. Three different fibers were dipped into Zr
After
dip-coating process, all fibers were dried for 2 hours at room

coupling agent in ethanol solution for 2 minutes.

temperature without further thermal treatment. Some steel

fibers were treated by hand-sanded way with very fine sand
paper (#400) to enhance the mechanical interlocking effect.

Figure 1 shows three testing specimens for (a)

clectro-pullout test specimen whereas (b) tensile and (c)

compressive  specimens for micromechanical tests. For

electro-pullout specimen, the untreated and the treated steel or
and then

carbon fibers were fixed in the silicone mold,
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cement paste filled into the mold. Cement paste was made of
Portland cement and deionized water with the weight ratio of
100:30, and then was mixed by a mechanical stirrer rod for
10 minutes. Single fiber cement composite was cured at 25
C, 90 % humidity for 3 days. After curing process, two
pairs of copper wire were laid down on the position of two
voltages and contact probes in the microspecimen. The
intersecting point between copper wire and specimen was
connected electrically with a silver paste. To avoid electrical
contact between the microspecimen and the jig of the
universal testing machine (UTM), the exposed surface of
cement matrix was coated by an epoxy adhesive. In DMC,
cement was acted as an inner matrix, whereas epoxy resin
was acted as an outer matrix. Single glass fiber was fixed at
the frame, and then cement pastc was coated on the fiber.
After curing process immediately, glass fiber/thin cement
composite was fixed in the silicone mold. After epoxy
mixture was poured into the mold, epoxy was precured at 80
C for 2 hours and then postcured at 120C for 2 hours.
Surface topography of steel and carbon fibers were observed
by scanning electron microscope (SEM, Model JSM6400,
JOEL Co.) The fibers were coated with gold sputtering for
30 seconds before observation, and working distance in SEM

was 18 mm.
tt¢
< Fiber i 388
Silver Paste m
Ay—> .
(B) —> ¢ Cement Matrix
D Fiber

Epoxy Matrix

©
D) ) )
Copper Wire
e~ Cement

(a) b) ©

Fig. 1 Three testing specimens for (a) electro-pullout test
specimen; and (b) tensile and (c) compressive spec
-imens for micromechanical tests.

2.2.2 Measurements of IFSS and Microfailure Modes
In single fiber electro-pullout test, tensile load was applied
in UTM with attached load cell of 10 KN for steel fiber
composite and 100 N for carbon fiber composite, respectively.
Crosshead speed was 0.5 mm/minute for both cases. After the

electro-pullout specimen was fixed in the jig, the specimen

was strained incrementally and tensile load was applied until
the fiber was pulled out from cement matrix. The shear force
developed at the interface between conductive fiber and
matrix was measured during electro-pullout testing. IFSS of
microspecimen can be derived from the maximum pullout

force, Fs as

.

;= @
n DL

where Dy and L are fiber diameter and fiber embedded length
in the cement, respectively.

To obtain IFSS and microfailure modes, tensile and
compressive tests for DMC specimen were carried out using
UTM with load cell of 10 KN and strain rate of 0.5
mm/minute. Ultimate brittle matrix cracking and subsequent
failure process were observed and measured under a
polarized-light microscope. When a DMC specimen is stressed
tensilely to the fiber axis, multiple fracture of brittle cement
matrix can occur, and the fiber can endure the applied stress
when the matrix fails. The relationship between IFSS, and
matrix crack spacing, x is given by the following equation

(14],

V,
x= mo-mud @
2Vf T

where V,, and ¥y are the volume fraction of the matrix and
fiber, respectively, d is the fiber diameter and mu is the

stress at which the crack begins to form.

2.2.3 Measurements of Electrical and Contact
Resistivity

The electrical resistivity of various conductive bare fibers
and the contact resistivity of single fiber/cement composite
were measured using a HP34401A digital multimeter. The
well-known four-probe method [25] was used for measuring
the electrical resistance between two voltage probes (junction
B and C). Silver paste was used as an electrically connecting
glue at junctions A, B, C and D for the electrical contact
between the microspecimen and leading wire during curing
process and the electrical

electro-puliout  testing. The

resistivity of the bare steel or carbon fiber was measured at
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32 mm in the distance between two voltage contacts, whereas
the the fiber
composites was monitored at 10 mm in the distance between

contact resistivity of reinforced  cement
two voltage contacts. The electrical resistivity of a bare fiber
was obtained from the measured electrical resistance, the
cross-sectional area of the conductive fiber, 4 and electrical
contact length, L. between voltage contacts. The relationship

between the electrical resistivity, o and resistance, R is

p=(L’1)><R (4)

Total electrical resistance, R, between B and C may

include R; based on the contact resistance by silver paste
plus Ry due to the resistance by fiber as

Rmr = R: +R[ (5)

Since the value of R, is negligibly small due to very high
conductivity of silver paste comparing to R; it can be
considered that the voltage developed between junction B and
C reflects nearly the fiber resistance,

Rrol = Rx + Rf (©)

The contact resistivity of conductive fiber/cement composite
can be different from that for the electrical resistivity of a
bare fiber. Contact resistance, R. and volume resistance, R,
related to the
resistivity, p,, respectively.

are contact resistivity, p. and volume

P
R === (7)
C AC
)
& = pv—— (8)
A,

Where 4. and / are the contact area and the length of the
conductive fibers, respectively. The total measured resistance,
Rr between the voltage probes is as follows:

R]‘ - Rvﬁber +RL. +R‘tna/rix (9)

Since conductivity of fibers is very high, R s
negligible. By choosing a matrix that is small in dimension
in the plane perpendicular to the fiber and choosing a matrix

matrix

that is not too high in volume resistivity, R, is negligible,

so that equation (9) becomes

ao

Once R. is determined, o can be obtained from equation
(7). The quantity po. does not depend on the geometry but
depends only on the structure or the property of the interface.
Since it is nondestructive, the measurement of p. does not
require any pullout of the fiber. However, the measurement
of p. during fiber pullout testing can give further valuable
information on the interface [25]. The contact resistivity of
conductive fiber/cement composite was measured during
curing process for 3 days. After the specimen was fixed at
the UTM, the composite and the multimeter were connected
electrically using leading wires. While the tensile load was
applied continuously, the contact resistance of the specimen

was monitored simultaneously.

2.2.4 AE Measurement
Microspecimen was mounted on the UTM to apply
unidirectional tensile or compressive load. AE sensor was
attached on the center of the specimen using a vacuum
couplant. While AE signals were monitored during testing,
microfailure modes of specimen were observed. During
electro-pullout testing, AE signal was detected by a miniature
sensor (Resonance type, Model PICO, Physical Acoustic Co.)
with peak sensitivity of -68 Ref. V/m bar and resonant
frequency at 550 kHz. The sensor output was amplified by
40 dB at preamplifier and passed through a band-pass filter
was a range of 220 kHz to 750 kHz. For tensile and
compressive tests, AE signal was detected using a wide band
sensor (Broadband type mode, WD by PAC) with peak
sensitivity of -62.5 Ref V/mbar and resonant frequency at
650 kHz.
The sensor output was amplified by 40 dB at preamplifier
and passed through a band-pass filter with a range of 100
kHz to 1000 kHz. The signal was fed into AE processing
unit (MISTRAS 2001 system) and then AE parameters were
analyzed. Typical

AE parameters such as hit rate, peak
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amplitude and event energy were investigated in terms of
testing time and distribution analysis. In order to obtain
characteristic frequencies, AE waveform was analyzed by in
built program for fast Fourier transform (FFT).

3. RESULTS AND DISCUSSION

3.1 IFSS, Contact Resistivity and AE Analysis
by Single Fiber Electro-Pullout Test

Table 1 shows electrical properties of conductive bare
fibers and fiber/cement composites depending on the fiber
surface treatments at the initial stage. Both the electrical and
the contact resistivity of carbon fiber composites were larger
than those of steel fiber composites due to higher electrical
resistivity of carbon fiber compared to steel fiber. The
electrical and the contact resistivity of the treated case
increased comparing to both the untreated steel and carbon
fiber composites. This might be because of the insulating
layer formed by Zr coupling agent on the fiber surface.
Especially, the contact resistivity was the highest in the
hand-sanded case. It might be due to the micro-void that
could act as an electrical insulator based on the insufficient
wetting between the fiber and cement.

Figure 2 showed the contact resistivity with the elapsed
time in the untreated steel or carbon fiber composites during
curing process. In both cases, the contact resistivity decreased
abruptly at the initial stage, and then showed a level-off at
the latter stage. The contact resistivity was actually measured
after 1 day passed because it is very difficult to measure
directly the contact resistivity at the initial state of the
cement paste. Solid line is the measured data, whereas dot
line is the expecting data.

Table 2 shows IFSS and the maximum load of steel or
with  the
electro-pullout test. IFSS of the hand-sanded specimen was

carbon fiber composites surface treatment by
higher than both the untreated and Zr-treated cases, whereas
that of the untreated specimen was the lowest. It might be
considered that the mechanical interlocking was more
effective than that of chemical coupling agent. Comparing to
the untreated steel fiber composite, IFSS of the untreated
carbon fiber composite was significantly lower. It might be

considered that the interfacial compatibility between steel fiber
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Fig. 2 The contact resistivity behavior for the untreated steel or
carbon fiber/cement composites with the elapsed time.

and cement was much better than that between carbon fiber
and cement. It can be considered that chemical reactions
between fiber and Zr coupling agent, and between coupling
agent and cement matrix could be possible for steel and
carbon fiber composites. There could be hydrogen and
covalent bonding at two each interface. The bonding might
contribute to the effective IFSS and the occurrence of many
AE events coming from the interfacial microfailure.

Figure 3 shows the contact resistivity, AE energy, shear
stress of steel fiber composite depending on the surface
treatment by the electro-pullout test and AE. The contact
resistivity of (a) the untreated steel fiber composite increased
suddenly at the initial stage, whereas those of (b) Zr-treated
and (c) hand-sanded fiber composites increase at the latter
stage. Although the fiber pullout occurred in Zr-treated and
hand-sanded

increase to the infinity at the maximum pullout strength as

composites, the contact resistivity did not
the untreated case. It could be considered that the interface
was kept on contacting electrically, and thus maintaining the
partial electrical contact until the strain applied further. The
number of AE signals of the hand-sanded steel fiber
composite was much more than that of the untreated and
Zr-treated cases.

The maximum pullout strength of the hand-sanded case was
larger than that of the untreated and Zr-treated composites.
From stress versus strain curve, the fracture toughness of

hand-sanded case was the largest than those of the untreated
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Table 1 Resistivity properties of the steel and carbon fiber/cement composites at the initial stage

. Electrical Electrical Contact Contact
X Surfage Diameter X L. . L.
Fiber . Resistance Resistivity Resistance Resistivity
Condition (pm) " N
(2) (2 -cm) x 10 (£2) (R - cm)
Untreated 280 0.57 (0.07)* 1.09 (0.14) 670.4 (19.4) 762 (2.2)
Steel Hand-sanded” 272 0.59 (0.10) 1.10 (0.19) 1127.7 (53.7) 1282 (6.1)
Zr-Treated® 279 0.62 (0.05) 1.16 (0.10) 740.4 (41.2) 842 (4.8)
Untreated 18 1.57x10° (120) 12.5 (1.0) 650.1x 10° (75.7x10%) 129X 10° (1.51x10%)
Carbon
Zr-Treated 18 1.64 X 10° (224) 129 (1.8) 6582 % 10° (89.2x10% 13.1x10° (1.77x10%)

* Parenthesis is standard deviation.

* Electrical resistance of stegl and carbon fibers was measured at gauge length in 32 mm.

* Contact resistance of steel and carbon fiber/cement composites was at gauge length in 10 mm.

1) Hand-sanded with sand paper of #400
2) Treated by 7 wi% Zr-containing coupling agent ethanol solution

Table 2 IFSS and the maximum load of steel and carbon fiber
cement composites depending on the surface treatment
using single fiber electro-pullout test

Fiber Surface Diameter | Maximum Load{ IFSS”
Condition (zm) (Kgo) (MPa)
Untreated 280 9.2 (0.3)* 10.3 (0.3)
Steel Hand-sanded 272 14.1 (0.6) 157 (0.7)
Zrtreated | 279 11.3 (0.4) 12.5(0.5)
Untreated | 18 0.051 (0.004) i 4.43 (0.1)
Carbon !
Zr-treated | 18 0.047 (0.005) i 4.12 (0.1)
* Parenthesis is standard deviation.
1) IFSS was calculated using equation (2).
or even Zr-treated cases due to the difference in energy

absorption amount at th¢ interface.

Figure 4 shows the changes of the contact resistivity and
shear strength of (a) the untreated and (b) Zr-treated carbon
fiber composite depending on the displacement and total
testing time. This figure showed the trend of the whole range
during the electro-pullout testing. For the untreated case, the
contact resistivity increased steadily until it reached to the
infinity, whereas the stress since the maximum decreased
gently to the zero until the fiber was pulled out. On the other
hand, for the Zr-treated case, the contact resistivity increased
more likely stepwise than the untreated case, whereas the stress
after the maximum decreased also stepwise and then showed
a steady state, and finally dropped to zero. After the carbon
fiber started to pull out for both cases, there might be the

increased electrical disconnection by the interfacial failure.
Finally, the contact resistivity of carbon fiber composite
infinity at the
disconnection. The maximum load and shear strength for both

increased to the complete electrical
cases were similar to each other. This might be considered
that Zr coupling agent did not contribute to the interfacial
bonding as expected. However, severer frictional resistance
during pulling out is important to the performance of the
CMC.

Figure 5 shows the changes of the logarithmic contact
resistivity and shear strength of (a) the untreated and (b)
fiber
displacement and the initial testing time. It is interested in

Zr-treated  carbon composite  depending on the
observing the difference in the logarithmic contact resistivity
at the initial state around the maximum stress value. For the
untreated case the contact resistivity decreased rapidly,
whereas the stress after the maximum decreased smoothly.
However, for Zr-treated case the contact resistivity dropped to
some degree and then increased again steeply. This might be
because of the resistance to be pulled out. The reason for
increasing the contact resistivity to the maximum stress value
may be related to the minor dimensional change of the
carbon fiber itself.

Figure 6 shows SEM photographs of various surfaces of
steel and carbon fibers after electro-pulling out testing. The
fiber

relatively clean and smooth, whereas (b) Zr-treated surface

surface of (a) the untreated steel surface exhibits

showed the deposited interlayer and (c) the hand-sanded
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Fig. 5 The contact resistivity and shear stress as a function
of initial measuring time and displacement for (a) the
untreated and (b) Zr-treated carbon fiber/cement during
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Fig. 6 SEM photographs of typical fiber surfaces after pulling-
out: (a) the untreated, (b) Zr-treated, (c) hand-sanded
steel fibers; and (d) the untreated, (e) Zr-treated carbon
fibers.

and

uniformly attached cement debris, which means the cohesion
failure by higher mechanical interlocking.
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For carbon fiber case, (d) the cleaning carbon fiber surface
showed the neat state after testing, whereas some residual
debris was observed on (e) Zr-treated carbon fiber surfaces.
The remaining state of debris might be correlated with the
interfacial adhesion. Interfacial debonding due to the pullout
of carbon fiber might occur in the untreated case without
debris,

Zr-treated carbon fiber composite might result in more debris

remaining  the whereas the frictional failure in

coming from either cement matrix or interlayer.

3.2 Interfacial Properties and AE Outcomes of
Single Glass Fiber/DMC

The main idea of DMC specimen was to allow the

composite to undergo the necessary elongation without
premature failure of the matrix. Although a fiber breakage
can induce the fracture of the adjacent brittle ceramic layer,
the crack propagation can be stopped by toughening the
supporting epoxy matrix at the second interface, thereby
preventing complete fracture of testing specimen. Figure 7
showed the comparison of stress-strain curve and AE
amplitude between no-fiber composite and glass fiber/brittle
cement/ductile epoxy composite under tensile and compressive
tests with AE. AE event number of microfailure exhibited a
relatively well-separated group for no-fiber and glass fiber
composites for both tensile and compressive tests. The event
number of high amplitude in glass fiber composite was
observed much more than the case of no-fiber composite. In
case of compressive load, many AE event exhibits just until
the maximum stress, whereas there are many AE events after
yielding point under tensile loading. It might be due to the
difference in tensile and compressive failure mechanisms and
energies.

Figure 8 exhibits AE amplitude versus AE energy for (a)
no-fiber and (b) glass fiber DMC specimens under tensile and
compressive tests with AE. Comparing to no-fiber specimen
case, an AE signal group due to glass fiber break was
observed at either high amplitude or energy range under both
tensile and compressive tests for glass fiber DMC case. For
both no-fiber and glass fiber composites, AE energy under
compressive loading was much higher than that of under
tensile loading. Comparing to the tensile fracture energy, the

compressive fracture energy from brittle cement matrix might

be much higher, due to high compressive modulus. It can be
because the stress concentrations existed irregularly on the
ceramic surface can affect dominantly on the tensile strength.
Compared to the tensile testing, the energy loss transferring
to AE sensor could be smaller under compressive testing

since many overlapped buckling cracks occurred consequently.

60 120
(@) o Tensile
s0 b © Compressive| | 100
Compressive =
= a0 o 130 2
S T8
E (o] =
~ =
~ 30 160 £
w
£ oo @ o @ o E
& L 3 o o g <
20 [ o © o 40
0% <
or 20
N Tensile
0 ) L L 0
0 10 20 30 40
Strain (%)
60 120
o Tensile
50 | o Compressive| 4 100
—
‘ Compressive %
= 40r °w 180 2
& Lo @
2 ©Gq [o] [} 'g
< 0l € o 160 =
2 8 -
£ K 8o o & o E
LZEPTY » 8 39 o ° ° 140 5
5o & «
L LN 4
10 Tensile 20
0 L L ' 0
0 10 20 30 40
Strain (%)

Fig. 7 Stress-strain curve and AE amplitude of single fiber
ites under t and compressive tests:

(a) no-fiber composite; (b) glass fiber composite.

t com
p

Table 3 shows IFSS of glass fiber DMC specimen using
tensile fragmentation test. IFSS and average length of matrix
crack spacing for glass fiber composite are 152 MPa and
467 um, respectively. Crack spacing, 913 um for glass fiber
composite was more than two times wider compared to
no-fiber specimen case. It can be reasonably understandable
due to the absence of the reinforcing fiber capable to endure
transferring stress.
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Fig. 8 Comparison of AE amplitude versus AE energy in single
glass fiber/cement posites under tensile and compressive

tests: (a) no-fiber composite; (b) glass fiber composite.

Table 3 [IFSS and brittle matrix crack spacing of glass
fiber DMC using tensile fragmentation test

Crack I
Type O mu Spacing IFSS
MPa MP:
(MPa) (um) (MPa)
Glass Fiber Composite 30 467 152
No-Fiber Composite 2 913 -

1) IFSS was calculated using equation (3).
2) Cannot measured

Figure 9 shows phatographs of multiple-cement matrix
cracks of (a) no-fiber specimen and glass fiber composite
under (b) tensile and (¢) compressive tests. Less number of
diagonal cracks was observed in no-fiber specimen. Crack
direction and shape might e dependent upon the existence or

the absence of the reinforcing fiber. Vertical microcracks
were observed under the tensile test, whereas buckling-shaped
modes observed  under

and overlapped fracture were

compressive test. Narrower and buckling cracks being
observed under the compressive test was due to the material
nature of brittle and strong cement matrix. The reinforcing
fiber can endure basically against applying tensile loading,
whereas brittle cement matrix can stand against continued
compressive loading. Axial compressive load can act on the
parallel direction to the fiber axis at the interface. In
compressive test, on the other hand, transverse tensile stress
can act on the center range intensively in the perpendicular

to the fiber axis.

500 um
Fig. 9 Typical photographs of the microfailure modes for (a) no
-fiber specimen and single glass fiber/cement composites
under (b) tensile and (c) compressive loadings.



F14% 5 3 B 2001. 6

GHRAAE BGAR ) AR AAUZ wn g G 29

3.3 AE Waveforms and Their FFT Analysis

Figure 10 shows the typical AE waveforms of (a) the first
pullout and (b) the frictional events in the untreated, whereas
(¢) the first pullout and (d) the frictional events in the
hand-sanded fiber
testing. AE waveforms of the first pullout signal were larger

steel composites during electro-pullout
than those of frictional signal in both cases. This might be

due to the difference in the microfailure mechanism
depending on the surface treatment. AE waveforms of the
pullout and frictional signals in the hand-sanded case were
larger than those in the untreated case. This trend might be
considered that larger AE energy could arise from the

retarded interfacial failure energy due to enhanced mechanical

interlocking.
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Fig, 10 Comparison of typical AE waveform of the first pull-out

and frictional signals depending on the fiber surface trea
-tment: (a) the first pull-out and (b) the frictional signal
in the untreated composite; (c) the first pull-out and (d)
the frictional signal in the hand-sanded steel fiber compo
-sites,

Figure 11 shows AE waveforms and their FFT coming
from brittle cement matrix in no-fiber specimen under (a)
tensilte and (b) compressive tests. AE signal from brittle
ceramic matrix under compressive test was larger than AE
signal of tensile test, which was consistent with the results in
Figures 7 and 8. A relatively intensive peak exhibited at 0.3
MHz ranges under tensile test, whereas many peaks exhibited
in the wider range from 0.2 to 0.6 MHz under compressive
test. Figure 12 shows AE waveforms and their FFT of glass
fiber in DMC specimen under (a) tensile and (b) compressive

tests. AE signal from brittle ceramic matrix under
compressive test was much larger than AE signal under
tensile test, which is also consistent with the results in
Figures 7 and 8. Under tensile test, characteristic peak
coming from fiber breakage appears mainly in the wide range
from 0.2 to 0.5 MHz, whereas an intensive peak appeared at
0.3MHz under compressive test. In Figures 11 and 12, FFT

trend for no-fiber and glass fiber composites was opposite to

each other.
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Fig. 11 AE waveforms and their FFT for no-fiber cement
composite under (a) tensile and (b) compressive tests.
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Fig. 12 AE waveforms and their FFT for single glass fiber/cement
composite under (a) tensile and (b) compressive tests.

4. CONCLUSIONS

Using electro-pullout technique, the hand-sanded steel fiber

cement composite exhibited higher IFSS than either the
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untreated or even Zr-treated composites. This might be due to
the enhanced mechanical interlocking, compared to hydrogen
or covalent bonds coming from possible chemical reactions.
During curing process, the contact resistivity decreased rapidly
at the initial stage and then showed a level-off for both steel
and carbon fiber composites. Comparing to the untreated steel
fiber composite, the contact resistivity of either Zr-treated or
hand-sanded steel fiber composites increased to the infinity at
latter stage. AE waveforms for both the pullout and frictional
events in the hand-sanded case are larger than those in the
untreated case.

Using DMC, the number of AE signals of hand-sanded
steel fiber composite was much more than those of the
untreated and Zr-treated cases. More AE signals at high
amplitude in glass fiber composite appeared compared to
no-fiber composite. AE energy and their AE waveform under
compressive loading were much higher and larger than those
both no-fiber

composites. This might be due to the ceramic nature showing

under tensile loading for and glass fiber
brittle but enduring well against compressive stress. Vertical
cracks for glass fiber composite and rather diagonal cracks
for no-fiber specimen exhibits under tensile test. Buckling-sha
ped microfailure was observed in glass fiber composite under
compressive load. AE waveform from the first pullout signal
was larger than that from frictional signal under both tensile
and compressive tests. Electro-micromechanical test with AE
can be a useful method to evaluate microfailure mechanisms
of various conductive fibers/brittle and nontransparent cement

matrix composites nondestructively.
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