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Abstract

Different approaches to interface strength characterization in fibrous composite materials by means of micromechanical tests are
analyzed. Special attention is paid to single fiber pull-out and microbond techniques. For these tests, advantages and disadvantages
of stress-based and energy-based models of interfacial debonding and corresponding adhesional parameters (local interfacial shear
strength, critical energy release rate, adhesional pressure) are discussed. The following analytical models developed to measure these
parameters as well as to determine the interfacial frictional stress are considered in detail: (1) the use of the debond or “kink” force
from the force-displacement curves; (2) two-parameter fit of experimentally measured maximum pull-out force as a function of
embedded length; and (3) models assuming two-stage debonding with imperfect interface at the second stage. The analysis is illus-

trated by our own experimental data on adhesion of polymer and cement matrices to different reinforcement fibers.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Interface is the key region which determines, to a
great extent, the set of properties of all heterogeneous
systems, including composite materials. A typical com-
posite consists of a continuous phase (the matrix) and
inclusions of other phase(s) distributed within it (in the
form of particles, fibers or elements having other shape).
In this paper we shall consider composites in which the
discontinuous phase is formed by fibers. As a rule, the
strength of fibers in fibrous composites exceeds consider-
ably the strength of the matrix, and therefore such com-
posites are often spoken about as “fiber-reinforced
composites” (FRC). The fibers ensure the strength of
the material, while the matrix helps to keep the shape
of the part; the interface, as a key element of the com-
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posite, transfers the load from the matrix to the fibers
and, thus, it is responsible for the effect of
“reinforcement”.

Fiber-reinforced composites can be considered at
four structural levels (Fig. 1). At the molecular level
(Fig. 1(a)), the interaction between the two dissimilar
phases, the fiber and the matrix, is determined by chem-
ical structures of both phases and is due to van der
Waals forces, acid-base interactions and chemical bonds
(first of all, covalent ones). From chemical point of view,
the strength of interfacial interaction depends on the
surface concentration of interfacial bonds and the bond
energies. Quantitatively, it is characterized by the work
of adhesion, which includes the contributions of all
types of physical and chemical interactions, both local
(acid-base, covalent) and non-local, such as the van
der Waals forces. At the micro level (single fibers,
Fig. 1(b)), interfacial interaction is usually described in
terms of various parameters which characterize load
transfer through the interface: bond strength, interfacial
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(b)
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Fig. 1. Structural levels of a fiber-reinforced composite: molecular level (a), micro level (b) and meso level (c). The equilibrium interatomic distance is

designated as sq.

shear stress, critical energy release rate, etc. The meso le-
vel (Fig. 1(c)) takes into account the actual distribution
of reinforcing fibers in the matrix and determines the
structural element of the composite; and, finally, the
macro level (not shown in Fig. 1) characterizes parts
or, at least, the composite as bulk material.

The concept of interface is considered in the literature
as regarding to the first two levels. At the molecular le-
vel, it is studied by chemistry and molecular physics, and
the main subject of study is “fundamental adhesion”
[1,2], including such aspects as the nature and surface
density of adhesional bonds, their distribution in energy,
ranges of action, etc. General questions related to sur-
face energy are considered by thermodynamics. How-
ever, from the viewpoint of engineering, whose
problems are stress transfer efficiency and interfacial
strength [3,4], the micro level is the most important.
Molecular aspects of interfacial science are often dis-
cussed in the literature as concerning the interface for-
mation [5], while micromechanical ones are mentioned
almost exclusively in concern with interfacial failure
[6]. Bearing in mind that, in fact, molecular interactions
at the interface directly affect interfacial strength [7,8]
and, thus, separate consideration of the two levels is
an oversimplification, we shall limit ourselves, in this pa-
per, to the micromechanical description of the interface,
particularly, the techniques used for the characterization
of fiber/matrix interfacial properties. This approach in-
cludes three closely interrelated problems: (1) choice of
interfacial parameters to be measured; (2) proper selec-
tion of micromechanical tests for the interface character-
ization; and (3) development of models to adequately
relate test results to interfacial parameters, or, in other
words, adequate data treatment. The aim of this paper
is to review existing practice of interface strength
characterization at the single fiber level and to select
suitable procedures to determine fiber—matrix interfacial
properties.

2. Micromechanical tests and interfacial parameters
2.1. General remarks

In order to determine parameters of interfacial inter-
action between fibers and matrices, quite a large number
of various micromechanical tests have been developed.
Under ‘“micromechanical tests”, we shall understand
testing specimens containing single fiber. All such tests
can be divided into two groups. One group includes tests
in which external load is applied directly to the fiber
(Fig. 2); these are, first of all, the single fiber pull-out test
[9] (a) with its variations, such as microbond test [10] (b)
and three-fiber test [11] (c), as well as the push-out test

(@) AF (®)

Fiber

F
Knife edge

Substrate

Matrix

(@) .

Fig. 2. Micromechanical tests in which external load is applied directly
to the fiber: pull-out (a), microbond (b), three-fiber test (c), and push-
out (d).
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[12,13] (d). Another group is formed by tests with only
matrix externally loaded (Fig. 3) — fragmentation test
[14] (a), Broutman test [15] (b) and variations of the
fragmentation test in which the matrix is subjected to
bending rather than tension.

There are extensive discussions in the literature about
how adequate is each different micromechanical test for
interface characterization. It is obvious that, in an ade-
quate test configuration, stress distribution must be sim-
ilar to that in a real composite. For composites with
ductile matrices and brittle fibers (i.e., the matrix elonga-
tion-to-break is several times greater than the fiber elon-
gation-to-break, such as for carbon fiber reinforced
polymers), it is the fragmentation test. On the contrary,
for the composites based on brittle matrices, which fail
through multiple transverse cracking (with reinforcing
fibers bridging the cracks), the pull-out test appears to
be closer to reality. However, as a tool for investigation
of interfacial adhesion, it can be successfully used for the
matrices with large elongation-to-break, too — under the
condition that interfacial debonding occurs at not very
large relative matrix deformation near the fiber.

There is an ample literature on theoretical and prac-
tical aspects of the fragmentation test [14,16—19]. In this
paper, we shall consider predominantly the tests based
on single fiber pull-out, which we consider to be espe-
cially interesting and important, because these allow to
relate the load transfer ability of the interface to adhe-
sional parameters at the molecular level [8,20-22]. The
cases of “brittle” (cement) and ‘“‘ductile” (polymeric)
matrix will not be specially separated; however, the
results obtained and the applicability of different mod-
els of the data treatment will be discussed taking
into account particular mechanical properties of the
components.

(a) (b)
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Fig. 3. Micromechanical tests in which external load is applied to the
matrix: fragmentation test (a) and Broutman test (b).

2.2. Force—displacement curves and their interpretation

In the standard pull-out and microbond tests, the
load applied to the fiber end is recorded as a function
of the displacement of this end with respect to a “‘sta-
tionary” point in the specimen, usually at the substrate
or grips holding the matrix. These two tests differ only
by boundary conditions [23,24], and this difference can
often be neglected [25], so that force-displacement
curves from these two tests are very similar. In further
analysis, we shall not distinguish the microbond and
pull-out tests unless this is absolutely necessary. A typi-
cal force—displacement curve is shown in Fig. 4. It con-
sists of three parts corresponding to the three stages of a
pull-out test. At the first stage (0 < F' < Fy), the fiber—
matrix interface remains intact, and this part of the
curve is nearly linear for a fiber—-matrix system whose
components considered to be linearly elastic. When the
external load reaches some critical value (“debond
force”, Fy), the fiber begins to debond off the matrix
through interfacial crack propagation [13,26]. At this
second stage (Fq < F' < Fihax), the registered force con-
tinues increasing with the fiber end displacement (or
with crack length), because frictional load in debonded
regions is added to the adhesional load from the intact
part of the interface. After a peak load, F.y, is reached,
the crack propagation becomes unstable, the whole
embedded length fully debonds and the measured force
drops from Fp.x to Fy, (see Fig. 4). From this moment
and until complete pull-out, the “tail” force is due to
frictional interaction between the fiber and the matrix.

The traditional way to characterize the quality of
interfacial bonding is calculating the apparent interfacial
shear strength (apparent IFSS, 7,,,), according to the
definition [10]

Tapp = Fmax/(ndfle); (1)

where dr is the fiber diameter and /. is the embedded
length.
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Fig. 4. A typical force-displacement curve recorded during a pull-out
test.
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The t,,, values calculated from Eq. (1) usually suffice
to distinguish between “good” and “poor” bond
strength and to estimate the efficiency of matrix and/
or fiber surface modification (better/worse interfacial
bonding). However, a quantitative characterization of
the fiber-matrix interface properties requires a more
adequate approach which should take into account the
actual mechanism of interfacial failure and definitely in-
clude the following two requirements [27,28]:

o the use of /ocal interfacial parameters instead of aver-
aged or apparent ones;

e separation of the contributions of adhesion (some-
times referred in the literature as ‘“‘chemical bond-
ing”’) and friction.

For this purpose, numerous models describing stress
distribution and interfacial failure in fiber-matrix sys-
tems have been proposed.

2.3. Theoretical models of interfacial failure in microme-
chanical tests

All these models can be classified into two major cat-
egories, depending on the basic assumption of the condi-
tion for debonding (with additional variations
accounting for peculiarities of the debonding process
in particular fiber-matrix systems).

2.3.1. Stress-controlled debonding

Stress-controlled debonding models are historically
the first ones; these have been developed by many
researchers [4,6,11,29,30]. In these models, the ultimate
interfacial shear strength, 74 (local shear stress near
the crack tip, which is required to produce debonding)
is supposed to be constant during the test (i.e., inde-
pendent of the crack length, «). This is illustrated in
Fig. 5, which shows interfacial shear stress distribution

70 -

Interfacial shear stress [MPa]
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Fig. 5. Interfacial shear stress distribution along the embedded length:
at the moment of crack initiation (1) and at an advanced stage of
debonding when crack length is @ = 50 um (2).

along the embedded fiber. Curve 1 corresponds to the
moment of crack initiation; the interfacial shear stress
is 74 at the crack tip (x =0) and decreases along the
embedded length. Curve 2 presents shear stress distri-
bution for an advanced stage of debonding (crack
length @ =50 pm). In the debonded region (x <a),
the shear stress is determined by interfacial friction
and is assumed to be constant. In the intact zone,
shear stress decreases from the same 74 value; in other
words, the peak value is constant and does not de-
pend on the crack length. In this paper, we shall use
our own model whose most detailed description can
be find in [24,31,32]. It relates 74 to the debond force,
Fy, as

Tq = I;—jf coth(ple) + tr tanh%, (2)
where f§ is the shear-lag parameter as determined by
Nayfeh [33], and 77 is a stress term due to thermal
shrinkage [31], which is typical to polymer composites
formed at high temperatures.

Note that in this approach the debond force, Fy, cor-
responding to the “kink™ in the force-displacement
curve (see Fig. 4), is the most important experimental
quantity which is to be determined as accurately as
possible.

This model also gives a direct expression for the cur-
rent load, F, applied to the fiber end, as a function of the
crack length

F=f
- %df {fd tanh [8(l. — a)] — vx tanh [(l. — )]
x tanh [L(lez_ a)q + ﬁan}v (3)

where 1, is the frictional stress in debonded regions,
which is assumed to be independent of /, and a.

2.3.2. Energy-controlled debonding

Some models of energy-controlled debonding can be
found in [34] and [35]; the most comprehensive theory
has been developed by Nairn et al. [23,26,27]. These
models assume that the debonding zone extends when
the energy release rate, G, reaches its critical value,
G;.. Thus, Gy is the specific interfacial parameter in this
approach, and G = Gj. during the test. Liu and Nairn
[26] derived the equation for G in a form of

G = gl(a, l.,F,AT, other factors), (4)

where AT is the temperature difference between the test
temperature and the stress-free temperature, and ““other
factors” include interfacial friction and specimen geom-
etry. In our previous papers, we used Eq. (4) to calculate
Gi. from the debond force measured in pull-out and
microbond experiments [24], and derived an equation
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(similar to Eq. (3)) for F as a function of the crack
length, with Gj. and 7 as interfacial parameters [28].

Here again the debond force is the key value to be
measured to calculate Gj.. However, both stress-based
and energy-based theories of debonding allow simula-
tion (modeling) of experimental force-displacement
curves, from which further interfacial parameters, in
particular, 1, can be determined.

2.3.3. Adhesional pressure

An interesting model of interfacial failure in a micro-
bond and pull-out tests and a new interfacial parameter
for adhesion characterization, adhesional pressure (o),
were proposed by Pisanova et al. [8]. As was experimen-
tally observed by Piggott [36] and Marotzke [37], crack
initiation in these tests occurs in normal tension
(Mode I). Fig. 6 schematically illustrates interfacial fail-
ure at the molecular level. Intermolecular bonds are
loaded in the direction normal to the fiber surface; due
to their successive breaks, the crack tip moves along
the interface. The variational mechanics analysis carried
out by Scheer and Nairn [27] for the microbond test
showed that at crack initiation shear stress is zero at
the point where the fiber enters the matrix, and the ra-
dial stress is at its maximum here (Fig. 7). This result
agrees with the conclusion from the finite element anal-
ysis by Marotzke [37]. Radial stresses in microbond test
geometry are shown in Fig. 8. The normal stress applied
to the fiber, o , is directed toward the fiber axis, and the

I
equal stress, o™, applied to the matrix, is directed out-

wards. Analytical expressions derived by Scheer and
Nairn allow calculating all stresses in a microbond spec-

imen, including the radial normal stress at the interface

Fig. 6. Illustration of crack opening in the microbond test at the
molecular level. In region fy, only dispersion (van der Waals) forces are
acting, and in region f,;,, both dispersion and acid-base interactions.

rr

Interfacial stress

Coordinate along the interface

Fig. 7. Interfacial stress distribution along the embedded length in the
variational mechanics model by Scheer and Nairn [27]: t,,, shear stress;
o, radial stress.

F

Fig. 8. Adhesional pressure in cylindrical geometry (microbond test):
schematic illustration of radial stresses. Stress o} is applied to the
matrix, and ¢!, to the fiber. At the moment of the onset of debonding,

o
m _ f
O, = 0. = Oylt-

which is very important for adhesion estimation. It is
natural to accept the critical value of this radial normal
stress (its value at the moment of crack initiation at the
point where debonding starts) as a new interfacial
parameter, adhesional pressure. However, we should
note that (1) oy as a failure criterion is only valid for
crack initiation (at finite crack length the failure mode
becomes mixed, I + II, and predominantly Mode II at
large crack length); and (2) it can be calculated, strictly
speaking, for the microbond test where the matrix under-
goes compression rather than tension as in the pull-out
test; all oy, data obtained using the pull-out test are only
rough estimations. This is the most important difference
between the pull-out and microbond tests.

The adhesional pressure is probably the most ade-
quate parameter for characterizing the adhesion between
the fiber and the matrix, since oy is directly related to
the thermodynamic work of adhesion between the com-
posite constituents (see [8]). This will be discussed in
more detail in Section 4.



154 S. Zhandarov, E. Mdder | Composites Science and Technology 65 (2005) 149-160

2.3.4. Models including imperfect interface

All three models described above have been devel-
oped under the assumption that the fiber is debonded
off the matrix as the interfacial crack having a sharp
tip is propagating along the fiber—matrix boundary.
However, it was observed that many polymer—fiber
and cement-fiber systems fail under load in a more com-
plicated manner. In particular, the front of debonding is
often not localized in one point (the crack tip) but is
rather a fuzzy region whose length along the fiber can
be up to several fiber diameters. Within this region, par-
tial adhesive contact between the fiber and the matrix re-
tains (imperfect interface); full debonding takes place
afterwards, behind this fuzzy zone. This behavior was
experimentally observed by Piggott [36,38] for carbon fi-
ber-epoxy matrix system. Piggott suggested a qualita-
tive description of the mechanism of this phenomenon
(multiple matrix cracking developing into ‘‘shear
hackle) but did not try to derive any quantitative re-
sult. A suitable mathematical model was developed by
Brameshuber et al. [25,39], who applied it to single fibers
pulled from a cement matrix. This model is based on a
multilinear bond law illustrated in Fig. 9, where interfa-
cial shear stress is plotted as a function of slip (relative
displacement) between the fiber and the matrix. Region
I corresponds to still intact interface, Region II describes
the linear stress reduction in the zone with “imperfect
interface”, and Region III (with constant t) refers to
fully debonded interface which transfers friction load
only. The authors introduced five independent interfa-
cial parameters which can be used for the simulation
of force—displacement curves: 7, (the maximum pos-
sible shear stress in bonded regions, an analog to 7q); Serit
(the maximum slip in Region I); 7. (the maximum
shear stress in Region II; it can be equal to or less than
Tmax1); 1 (the factor determining the maximum slip with-
in the imperfect interface, Region II) and t¢ (frictional
stress in debonded regions). In [25], the experimental
force—displacement curves were fitted by theoretical

Region | Region Il Region IlI

max1

max2|

Shear stress

Slip

»w |-------
=}
()

0

Fig. 9. Multilinear bond law used in the model with two-stage
debonding (imperfect interface).

ones using a five-parameter least square technique,
which was time-consuming and probably might lead to
ambiguous results (see the discussion in Section 4).
Fortunately, this most valuable and comprehensive
model can be further improved (as will be shown in
Section 4) such as to allow a much simpler experimental
data analysis without losing its adequacy and accuracy.

We applied all these models to determine interfacial
parameters for several glass fiber-cement matrix and
aramid fiber—-epoxy matrix pairs, as described below.
Some results concerning interfacial properties in other
systems will also be discussed.

3. Experimental
3.1. Materials

The control samples of alkali resistant glass fibers
(ARG) for cementitious composites have been supplied
by Nippon Electric Glass Co., Ltd. (NEG ARG) and
CemFIL International, Vetrotex Espana SA (VET
ARG), respectively. Their major constituents deter-
mined by X-ray fluorescence spectroscopy and other
general properties were published elsewhere [40].

Additional coatings were applied to improve the
durability. In previous trials, styrene-butadiene disper-
sions were found to be most resistant in alkaline solu-
tions. For one chemical formulation different coating
concentrations were applied on NEG ARG 620-01 rov-
ings to study the durability and the influence of the coat-
ing on the adhesion strength. Table 1 shows a summary
of the coating variation and the resulting yarn tensile
strength (cf. [41]). Constant contents of organic coatings
were found after different alkaline treatments for VET
ARG 640-02 rovings coated by same chemical formula-
tions. Thus, the coating might save the sizing and also
the ARG fibers itself. In our experiments, we used both,
untreated and NaOH treated NEG ARG fibers, embed-
ded in cementitious matrix (CEM 1 52.5). According to
our previous investigations [40], we selected a highly
concentrated alkaline aqueous solution (5 wt% NaOH
at 23 °C for 28 days, pH of 13) which proved to be
the most aggressive and corrosive condition to the fiber
surface out of tested ones.

Three different aramid fibers (supplied by Akzo No-
bel) were investigated, indicated here as A0 (without
any finish or surface treatment), Al (with standard Twa-
ron finish) and A2 (“adhesion activated”). The adhesion
activation consisted in a proprietary treatment with an
epoxy finish. DGEBA-based epoxy resin Riitapox L20
and Riitapox SL curing agent (in 100:34 weight ratio),
both made and provided by Bakelite GmbH, were used
to form single-fiber pull-out specimens with the aramid
fibers. Some properties of the fibers and matrices used
are listed in Table 2.
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Table 1

Summary of sized/coated reinforcing fibers, contents of coating and yarn tensile strength

155

Designation Chemistry of coating

Sizing/coating (%)

Yarn tensile strength (MPa)

NEG ARG 620-01 -
NEG ARG 620-01/2 Styrene—butadienel
NEG ARG 620-01/2b Styrene-butadienel

0.6/ 1351
0.6/2.4 1367
0.6/7.0 2002

Table 2
Some properties of the fibers and the matrices used

Property Glass fibers Aramid fibers Cement matrix Epoxy matrix
Diameter, d (ium) 11-19 12 - -

Axial modulus, E5 (GPa) 78 95 28 2.70
Transverse modulus, E; (GPa) 78 1.9 28 2.70

Axial Poisson’s ratio, va 0.17 0.20 0.20 0.34
Transverse Poisson’s ratio, v, 0.17 0.35 0.20 0.34

(Axial CTE)x 107¢ (K™ 5 66 n/a 48
(Transverse CTE) x 107¢ (K™ 5 -0.4 n/a 48

3.2. Pull-out test

Samples used for quasi-static single fiber pull-out
tests were made by means of the technique described be-
low. The cement/water mixture of a 0.4 ratio was placed
into a special aluminum carrier and the whole unit was
set into a self-made sample preparation equipment de-
signed and constructed earlier at the Institute of Poly-
mer Research Dresden. Two video cameras placed
under optimized angles enable to visualize exactly the
position of the single glass fiber to be embedded. Single
fibers were end-embedded into the cement mixture per-
pendicularly at a PC-controlled pre-selected embedding
length and exposed to curing at ambient temperature
under wet conditions for about 8 h. Ten to fifteen sam-
ples prepared as described were placed after that into a
desiccator at 100% RH for 7 days. Embedded lengths
were chosen in the range of 200-1000 um for quasi-static
loading.

The aramid/epoxy samples were prepared in a similar
way. After embedding the fiber in the matrix resin (the
embedded length was in the range of 70-200 um), the
specimens were cured at 80 °C for 6 h, as recommended
by the manufacturer.

The different interphases at the cementitious matrix/
glass fiber interface were evaluated by single fiber pull-
out test. A self-made pull-out apparatus described earlier
[42] has been used for the experiments. The device allows
investigators to obtain force—displacement curves of the
single fiber composites under quasi-static conditions
(see Fig. 4). The free fiber lengths were kept as short as
possible (<0.5 mm), and the installation was stiff enough
to discern the “kinks” in force-displacement curves
which indicated the onset of debonding.

Single glass fibers were pulled out from the polymer
matrix with a loading rate of 0.01 pm/s at ambient con-
ditions. For aramid fibers, the pulling rate was 0.2 pm/s.

The diameter of the fibers was measured immediately
after the pull-out testing using an optical microscope.

3.3. Data treatment

Three techniques aimed at determining interfacial
parameters (t¢ and 74, Gic, Tmax2, 7 €tc., in accord with
the particular model) were used for experimental data
treatment:

1. Calculating 74 and G, from the “kink” force, Fy, for
each individual force-displacement curve, using Eq.
(2) and the similar equation from the energy-based
debonding theory; then, calculating t; using the
obtained 74 value and the peak load, Fy.x, recorded
for this specimen. (In fact, this second procedure is
the force—displacement curve modeling using these
14 and F,ax values).

2. Eq. (3) gives the current load, F, applied to the fiber,
as a function of the crack length, a, for a specimen
with a given embedded length, /.. Generating many
Fa) curves for different embedded lengths (e.g., for
the range 0 </, < 1.5 mm, with a 5 pm increment in
l.) and plotting their maximum values versus [, we
obtain F,,, as a function of the embedded length in
the stress-based model. This function includes t4
and 77 as fitting parameters; using a standard least-
squares method, it is possible to obtain the best fit,
i.e., a pair of (14, 7¢) values which minimizes the sum

S= " [For (v, 1, ..) — FO (1g, 77, ...)) . (5)

We have described this procedure in detail in [31] and
extended it to the energy-based model of debonding
(best fit for G;. and t¢) in [28]. In this paper, the original
fitting algorithm has been modified in order to take
into account the scatter in individual fiber diameters.
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3. Improved model originally proposed by Brameshu-
ber et al. [25,39]. Carrying out a five-parameter
least-squares analysis, as was suggested in original
papers, is rather time-consuming and may yield
ambiguous results. For instance, two different sets
of their model parameters can produce very similar
force—displacement curves, since, e.g., the variation
in 7, can be compensated by a suitable variation
in n. We modified the original model, first of all,
by equating their shear-lag parameter, 4;, to the
Nayfeh’s parameter, f; then, the free fiber length
was determined from the slope of the initial (elastic)
part of the force—displacement curve and used in
further analysis (s, can be calculated using the
known f value); the 74 value was calculated from
the “kink” force, and 7; from the region corre-
sponding to post-debonding friction; and, finally,
7, and n were determined using a least-squares
method (by fitting the experimental pull-out curve)
with only these two fitting parameters. This new
procedure is described in details in [43]. Here we
should note that 74 in this model has different phys-
ical meaning than 74 in traditional stress-based

Table 3

models of debonding, since it corresponds to the
beginning of the second stage of debonding (“bond
softening”) rather than full debonding.

4. Results and discussion
4.1. “Kink” force versus two-parameter fit

Tables 3 and 4 compare the 74 and 7y values (for glass
fiber—cement matrix and aramid fiber—epoxy matrix sys-
tems, respectively) calculated within the frames of the
stress-based model using individual force—displacement
curves (with Fy and F,,, as key experimental data, see
Section 3.3, item 1) and using a two-parameter least
squares method to fit experimentally obtained Fi,ax(/.)
relationships by theoretical functions (Section 3.3, item
2). In Tables 5 and 6, energy-based interfacial parame-
ters for these systems (Gj. and 1) are presented and
compared.

First of all, we should note that the local interfacial
shear strength (t4) values, calculated from the “kink”

Local interfacial shear strength (t4) and interfacial frictional stress (t7) in NEG fibers—cement matrix systems estimated using individual force—
displacement curves (1) and two-parameter fit of the maximum force as a function of embedded length (2)

Fibers NEG ARG 620-01 NEG ARG 620-01/2 NEG ARG 620-01/2b
74 (MPa) 77 (MPa) 74 (MPa) ¢ (MPa) 14 (MPa) 7r (MPa)
Untreated 1 23.3+8.0 4.6+1.9 34.1+11.0 334+1.7 25.1+11.2 1.34+1.0
2 60.8 243 91.8 0.22 - -
NaOH treated 1 28.16.4 1.7+04 39.6+11.7 51+£25 38.9+10.8 32415
40.3 0.93 88.1 0.80 30.9 3.46
Table 4

Local interfacial shear strength (z4) and interfacial frictional stress (t7) in aramid fibers—epoxy matrix systems estimated using individual force—
displacement curves (1) and two-parameter fit of the maximum force as a function of embedded length (2)

Fibers Aramid A0 Aramid Al Aramid A2
74 (MPa) ¢ (MPa) 74 (MPa) ¢ (MPa) 74 (MPa) ¢ (MPa)

1 49.7+8.9 18.8 +7.3 41.8 +8.9 17.2+6.9 59.0+11.2 258 +13.2
67.8 7.0 60.3 44 71.8 8.6

Table 5

Critical energy release rate (Gj.) and interfacial frictional stress (z¢) in NEG fibers—cement matrix systems estimated using individual force—
displacement curves (1) and two-parameter fit of the maximum force as a function of embedded length (2)

Fibers NEG ARG 620-01 NEG ARG 620-01/2 NEG ARG 620-01/2b

Gie (J/m?) 1r (MPa) Gie (J/m?) 1t (MPa) Gie (J/m?) 1 (MPa)

Untreated 1 0.60 £+ 0.07 464+19 1.29 +£0.10 33+1.7 0.70 £0.12 1.34+1.0
2 4.0 2.6 10.4 0.4 - -

NaOH treated 1 0.87 +0.06 1.7+04 1.74 +£0.11 51425 1.68 £+ 0.09 32415
2 1.8 0.83 8.3 0.78 - -
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Table 6

Critical energy release rate (Gj.) and interfacial frictional stress (ty) in aramid fibers—epoxy matrix systems estimated using individual force—
displacement curves (1) and two-parameter fit of the maximum force as a function of embedded length (2)

Fibers Aramid A0 Aramid Al Aramid A2

Gic (J/m?) 7 (MPa) Gic (J/m?) 7 (MPa) Gic (J/m?) 7 (MPa)
1 143409 18.8 +7.3 121 4+1.0 17.24+6.9 206 +1.4 25.84+13.2
2 26.6 8.1 21.0 4.6 29.8 9.2

force, seem to be quite plausible. For aramid—epoxy sys-
tems, these are close to the tensile strength of the matrix,
which is corroborated by the fact that the aramid-epoxy
interface was reported to fail in the mixed (adhe-
sive + cohesive) mode [44]. For glass fibers combined
with cement matrices, the local interfacial shear strength
is somewhat smaller, which indicates weaker physico-
chemical bonding between the fiber surface and the ma-
trix and can be due, in part, to the presence of voids near
the interface. The 7, values, determined using this
method, for all systems are in good agreement (within
20% error) with the frictional stress estimated from the
post-debonding regions of the force—displacement
curves, which further evidences the accuracy of the tech-
nique used.

Since the derivation of the critical energy release rate,
G, from Fy4 values is based on the same principles and
assumption on which the 74 calculation is based (cf.
[27,28]) and Gj. and t4 are related by a (polynomial)
function [24,28], Gj. values in Tables 5 and 6, calculated
from individual force—displacement curves, can also be
regarded as reliable. For aramid-epoxy systems, the crit-
ical energy release rate was much greater than for glass
fiber—cement composites, which can be attributed to
both very high level of interfacial adhesion between
the aramid fiber and epoxy and higher deformability
of the epoxy matrix. As for frictional stress values, these
are practically identical to those obtained using the
stress-based approach.

Fig. 10 shows typical plots of the maximum pull-out
force, F.x, and the apparent interfacial shear strength,
Tapp (see Eq. (1)), versus the embedded length. The
experimental data display well-known theoretical behav-
ior (Fmax increases with /., but at the same time 7, in-
creases when /. — 0), but show rather large scatter. This
was typical for both fiber-matrix systems studied and all
fiber treatments. As a result, the two-parameter least
squares fit was, under such conditions, very inaccurate:
the error in 14, Gi. and 7 (not shown in Tables 3-6)
was comparable with their nominal average values. This
can be illustrated by a sum of least squares map plotted
for the same pull-out data set as in Fig. 10(b), i.e., ara-
mid A2-epoxy (Fig. 11). As can be seen, this map pre-
sents a narrow valley with steeply rising banks but
very slow variation in height along the valley itself.
Thus, the minimum appears to be very shallow. The
point which represents the mean t4 and ¢ values calcu-

lated from the debond force in individual specimens falls
in the valley, but if the number of specimens is small, it
often does not correspond to the point resulting from
the two-parameter best fit. As we know from our own
experience, these two points are close only for a large
number of specimens (about 100). Small distance be-
tween these points can be regarded as an indication of
“good” statistics and sufficient reliability of the result.
In any case, one should prefer the mean value from indi-
vidual experiments in which Fy values were determined
directly. If the equipment does not allow the Fyq meas-
urement and only F,,.x values are reliable, at least 100
specimens should be tested. However, we should men-
tion that in this case the two-parameter fit technique
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Fig. 10. The maximum pull-out force (a) and the apparent interfacial
shear strength (b) plotted as functions of the embedded length. Curves
1 are stress-based two-parameter best fits, and curves 2 are energy-
based best fits.
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30 From 13 individual
specimens

From 2-parameter
fit (13 specimens)

Frictional stress [MPa]

Local interfacial shear strength [MPa]

Fig. 11. The map of the sum of least squares (in arbitrary units) as a
function of the local bond strength, 74, and the frictional stress, t, for
Aramid A2-Riitapox system. For the mean value determined from 13
individual specimens, SDs in 74 and t are shown.

gives quite good results for both stress-based and
energy-based models of interfacial debonding [28,31].

Additional factor that can affect the accuracy of the
technique based on the maximum pull-out force as a
function of the embedded length is possible non-elastic
interface behavior at advanced stages of the test, i.e.,
after the debonding initiation. Larger loads applied to
the fiber can cause plastic deformation of the matrix
and/or alternative mechanisms of the matrix failure near
the interface [36,38]. In any case, an adequate technique
of bond strength determination in single fiber pull-out
test must be based on the measurement at a rather low
external load, such as Fy — or, alternatively, explicitly in-
clude non-elastic effects.

4.2. Modeling of a force—displacement curve for an
imperfect interface

A model pretending to adequately consider stress
transfer through the interface and interfacial failure
must include a realistic law of interfacial interaction.
Of course, it is extremely difficult to take into account
all physical and chemical interactions taking place be-
tween two dissimilar phases in contact; therefore, any
model proposing a reasonable approximation to real
bond law should be considered with proper attention.

The model proposed by Brameshuber et al. [25,39]
seems to be an important step to deeper insight into
mechanics of interfaces. It uses a multilinear bond law
whose three regions include elastic behavior for intact
interface, bond softening with progressive breaking of
adhesive bonds, and post-debonding friction. The multi-
linear law implies additional interfacial parameters (the
model has five parameters) which, in turn, allows for
additional degrees of freedom. And the remarkable fea-
ture of this model is that it can easily be related to, or
combined with, a traditional “elastic”” model to clarify
the physical meaning of its parameters.

We used this model in a modified form, combining it
with an “elastic” stress-based shear-lag consideration.
Our approach can be illustrated by the procedure of fit-
ting an experimental force—displacement curve (see
Fig. 12), which we used instead of a standard five-
parameter least squares fit as recommended by the
authors. The data treatment procedure is described in
Section 3. The t4 and 7; values are close to those ob-
tained using an elastic approach (Section 3.3). The effec-
tive free fiber length (including the true fiber length plus
fiber deformation within the glue droplet by which it
was fixed to the test installation) was estimated to be
equal to 0.48 mm. The model allows estimation of “in-
elastic” parameters (Tmax> and n) which help to charac-
terize, respectively, the “degree of perfection” (Tmaxo/
74 = 0.88) and the deformability at the second stage of
debonding. This model can be very useful for interface
investigation in cementitious composites, as well as for
re-evaluating experimental data on polymer—fiber sys-
tems whose behavior cannot be satisfactorily described
by traditional elastic models.

4.3. Adhesional pressure and the effective interphase
thickness

We consider the processes, which take place at the fi-
ber-matrix interface during the crack opening, at two
structural levels.

At the molecular level, the work equal to the work of
adhesion is to be done in order to separate a unit area of
the fiber surface from the matrix. This work is done
against the adhesional pressure and is proportional to it:

w A — A~ Oult- (6)

The coefficient of proportionality, 4, is the effective
range of action of intermolecular forces [8,20], which de-
pends on the chemical nature of the fiber and the matrix.
Having independently determined the adhesional pres-
sure according to the approach proposed by Scheer and
Nairn [27] (a detailed, step-by-step algorithm was de-
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Fig. 12. The experimental force-displacement curve for glass fiber—
cement matrix specimen (black points/solid line) and its fit according
to the model by Brameshuber et al. [25,39] (dash line).
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Table 7

Adhesional parameters and interphase characteristics for some fiber—polymer systems

Fiber Matrix 14 (MPa) our (MPa) Gie (J/m?) Wa (J/m?) 7 (A) d (um)
Carbon T300 Nylon 6,6 25.4 132.4 11.0 0.0933 7.05 0.083
E-glass Nylon 6,6 88 208.2 34.5 0.1088 5.23 0.166
E-glass Polystyrene 94 192.5 44 0.1121 5.82 0.229
E-glass Polypropylene 13.5 99.8 4.7 0.0673 6.74 0.047
E-glass Polyethylene 14.6 81.4 5.7 0.0680 8.35 0.070
E-glass Polycarbonate 92 276.6 57 0.1116 4.03 0.206

74, local interfacial shear strength; oy, adhesional pressure; G, critical energy release rate for crack initiation (all three parameters determined from

the microbond test).

W A, work of adhesion (calculated from IGC experiments). 1 = W /oy, range of action of intermolecular forces at the interface; d = Gi./ayy, effective

thickness of the interphase.

scribed in [8]) and the work of adhesion (e.g., using the in-
verse gas chromatography technique [7,45,46]), we can
calculate A for a given fiber—-matrix pair. To illustrate this,
we used the results published in our prior paper [8].
Table 7 presents the g, Wa and A values for several glass
fiber-polymer and carbon fiber—polymer systems. As
could be expected, the 4 values are of an order of 4-9 A
and correspond well to the ranges of action of molecular
forces.

However, if we consider the crack opening at the mi-

cro level, we note that a much larger work than Wiy,
namely, the work equal to the critical energy release
rate, Gj, is required to start interfacial debonding. The
G values are by 2-3 orders of magnitude greater than
the W, values for the same systems. This is due to the
fact that relatively thick regions in the matrix and the fi-
ber, not just two contacting monomolecular layers, are
involved in deformation produced by the external load.
Writing an equation similar to (6) but involving G in-
stead of Wi,
Gic =d- Oylt, (7)
we can conclude that d in this equation is the effective
deformation of the fiber and matrix layers adjacent to
the interface, or, in other words, the thickness of the
“interphase” involved in load transfer. Using our oy
and Gj. values listed in Table 7 (the latter were calcu-
lated from our own raw data also used by us to calculate
au 1n [8]), we determined the interphase thickness for all
mentioned polymer—fiber pairs. We should emphasize
again that G, values for these calculations should be ta-
ken at the moment of crack initiation in the pull-out or
microbond test, when the failure mode is Mode I and,
thus, the Gj. value characterizes essentially tensile (not
shear) deformation. In addition, the order of magnitude
of the calculated thickness is in a good agreement with
experimental results determined using Force Volume
Nanoindentation technique [47].

5. Conclusion

We have compared various approaches to the charac-
terization of the strength of fiber—matrix interfaces,

based on micromechanical (single fiber) tests. Both,
energy-based (critical energy release rate) and stress-
based (local interfacial shear strength) criteria can be
successfully used as interfacial parameters. An interest-
ing and important parameter is the adhesional pressure,
which is a natural stress-based criterion of interfacial
failure. Using adhesional pressure, we can directly relate
“practical” adhesion (bond strength) to “fundamental”
adhesion (work of adhesion) and estimate the thickness
of the effectively loaded interphase.

The use of the debond force for determining adhesion
parameters and both, debond and maximum force to
estimate interfacial friction, gives the best results for
both, polymeric and cementitious composites. Two-
parameter fit is a simple and quick technique but it
can only be used when the number of specimens tested
is large enough. Models with imperfect interface are
the most comprehensive but hardly applicable to real
micromechanical tests, because they contain too many
fitting parameters. However, these models can be signif-
icantly improved by further development and yield good
results for the systems in which debonding is accompa-
nied by matrix failure, i.e., cement-based composites
and polymer composites with high interfacial adhesion
and relatively ductile matrices.
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