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This paper reviews the mechanical properties of interface adhesion between the fiber
and matrix mainly by interpreting the authors’ past articles. First, the methods for
evaluating interface mechanical properties are described considering micromechani-
cal testing using single-fiber composite specimens. In particular, the test-type depen-
dence of the obtained interfacial strength is discussed, and this paper suggests that
the cruciform specimen technique is an appropriate testing method. Then, this paper
presents another way to obtain interface properties that is extracted from a bulk
composite test. Moreover, the time and temperature dependence of the interface
strength and the interface failure envelope under a combined stress state are
described, respectively. Interface toughness is also discussed at the end of this paper,
and it is implied that the value might be much lower than those presented in many
conventional articles.

Keywords: interface mechanical properties; polymer matrix composites; time
dependence; temperature dependence

1. Introduction

Nowadays, polymer matrix composites have become prevalent as their usages are wide-
spread, e.g. a main structural material for modern air vehicles. In such a situation, the
‘interface’ strength, which is the adhesion between the reinforcing fiber and the poly-
mer matrix, is still an issue to be solved for composite materials. One might suppose
that a high adhesive strength would be sufficient, but this is not always the case. There
might be a case where the composite performance decreases when the interface bond-
ing strength is too high.[1,2] The author suggests a strong interface can lead a lot of
simultaneous fiber failure under tensile load; even an inherently strong fiber fails simul-
taneously by a failure of neighboring weak fiber via strong interface, which causes the
composite tensile strength to decrease.[1] Therefore, it is still very important to measure
the interface mechanical properties precisely.

The procedures to obtain interface properties are roughly classified into two types.
One utilizes micromechanical testing using single-fiber composite specimens,[3–26]
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and the other discusses the interface properties by extracting them from the bulk com-
posite behavior.[27–35] The authors have implemented multiple experiments and simu-
lations for the purpose of obtaining precise interface properties and have accumulated
much knowledge so far. This paper reviews conventional articles regarding the interface
mechanical properties up to the present and introduces several reports that discuss key
points on interface property measurement. Section 2 discusses how to obtain the precise
interface strength by micromechanical testing using single-fiber composite specimens.
We discuss the failure envelope under a combined stress state assuming two types of
failure criteria. Section 3 describes the procedure of how to obtain the interface strength
mainly based on numerical analyses. Section 4 thoroughly discusses and clarifies the
findings regarding interface strength and toughness. This paper also includes the time
(strain rate) and temperature dependence of the interface properties. Finally, we con-
clude with an overview of the interfacial property characteristics in Section 5.

2. Micromechanical testing of single-fiber composite specimen

2.1. Overview

Micromechanical tests of a single-fiber composite specimen [3–26] can simply evaluate
the interface strength as shown in Figure 1; these tests include the single-fiber pull-out
test, micro-bond test, single-fiber fragmentation test, Brountman test, cruciform speci-
men test, etc. These photographs were taken by the present authors, who have per-
formed multiple types of tests on single-fiber specimens. The present study insists that
the cruciform specimen test [3–6] is a promising method for evaluating the interface
strength because interface failure occurs from a uniform stress region, not from a part
where a stress singularity exists. This makes the cruciform specimen test deterministi-
cally differ from the other tests. The cruciform specimen test was first implemented by
Gundel et al. [3] and was then developed further by Tandon and Kim [4] and the
authors.[5,6,18] These articles present the interfacial failure envelope under combined
stresses obtained by a cruciform specimen test, in which the off-load axis is varied to
create various normal/shear stress ratios. One of the authors’ previous studies [5] solves
the important problem of the unclear microscopic location of interfacial failure initia-
tion by a novel method. For that study, the failure envelope still remained partially
indeterminable considering the following aspects. The analysis performed assumes an
elastic body. Assuming an elastic body may lead to misunderstanding with respect to
interface stress when the stress level at the interface failure exceeds the range of elastic
deformation of the matrix resins. Another unknown aspect was that the interface
strength obtained by the cruciform specimen test has not been compared with that
obtained from other tests on combined-stress failure envelopes.

On the other hand, the conventional works are classified into three groups: articles
mainly presenting interfacial tensile strength,[3,4,6] articles involving a combined stress
state of normal and shear,[4,5,7,18] and articles basically dealing with interfacial shear
strength,[8–17,19–26] which has been the focus of most of our attention. It is worthy
to note here that Zhandarov and Mader [8] and Piggott [9] reviewed in detail many
other studies that have been conducted primarily on interfacial shear strength. Several
of the methods for evaluating interfacial shear strength are compared,[8–13,25] includ-
ing the fragmentation test, push-out test, pull-out test, and micro-bond method, and the
test-type dependence of the obtained interface strength has been discussed. This
discussion is very important because such comparisons can be effective proofs for
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demonstrating that the evaluation methods are reasonable. Some articles, however, have
indicated that the results depend on the test method, even though the material systems
are identical in each article.[9–12] A typical discussion there focuses on shear stress,
not a combined stress state. This might be a factor that causes the test-dependent differ-
ences. Note that implementing only one test is useful for a qualitative comparison; for
example, interface strength has been evaluated by a micro-bond test even in recent
articles.[14,15]

One of the authors’ previous papers compares the interface strengths obtained by
cruciform specimen tests with that obtained by a conventional single-fiber pull-out
test.[18] The single-fiber pull-out test is a classical test as presented by Chua and
Piggott [16], Beckert and Lauke [17], and Piggott [26]. The key point in the authors’
study is the quasi-real modeling of the fiber entrance part, as shown in Figure 1(a).[18]
There is a matrix cone along the fiber due to the wetting meniscus, as shown by analy-
sis of the single-fiber pull-out test. During specimen preparation, the liquid-state resin
is partially drawn along with the fiber at the fiber entrance due to surface tension,
which is dominated by the wettability between the fiber and resin. Since the specimen
is cured as is, the cured specimen has a resin cone at the fiber entrance. We refer to this
as the resin meniscus. The meniscus significantly mitigates any stress singularity and
enables the calculation of the actual interface strength. In the following section, we
introduce the results of the authors’ study.[18]

2.2. Single-fiber pull-out test considering resin meniscus

We implemented single-fiber pull-out tests for two kinds of composite systems, the dif-
ference of which is the cure temperature used when preparing the specimen. Both spec-
imens consist of a glass fiber and epoxy resin, but one is cured at room temperature,
and the other is cured at 100 °C. The interface strength of the former is less than that
of the latter [18]. Figure 2 shows the relationship between the pull-out load and fiber-
embedded length and the apparent interfacial shear strength, which is obtained by
dividing the pull-out load by the interface failure area, which is one of the most typical
evaluation methods. As shown in Figure 2(b), the apparent interfacial shear strength is
fiber-embedded-length dependent. We cannot determine which value is the exact inter-
face strength; this tendency is consistent with those of many conventional methods.

The authors considered the resin meniscus, as shown in Figure 3. Comparing it
with the photograph of the actual specimen shown in Figure 1(a), the modeling seems
to be reasonable. The size of the meniscus differs, so we assumed the radius of the
meniscus to be between 25 and 35 μm, which covers the scattering of each meniscus
size. Furthermore, an inelastic constitutive equation is used for the matrix resin, which
is based on the total strain theory.[36] Even though the analysis is not of the incremen-
tal type, considering the inelastic constitutive equation allows us to obtain a much more
precise stress value than the elastic assumption at a relatively high stress state.
The pull-out load at failure is set as a boundary condition. Figure 4 shows the stress
distributions when assuming resin meniscus sizes of (a) 25 μm and (b) 35 μm (room
temperature cured specimen, 0.112 N of load, 0.25 mm fiber embedded length). Note
that non-negligible normal stresses exist. We take the maximum value as the interface
failure combined stress state, and then Figure 5 can be derived from Figure 2(a). Apart
from Figure 2(b), the interface failure combined stresses are not fiber-embedded-length
dependent. This suggests that these values are intrinsic the interface strength (combined
stresses at interface failure). The results are compared with those obtained from the
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cruciform specimen test in Figure 6. These are consistent with each other in terms of
the interfacial failure envelope.

Thus, considering the meniscus and the inelastic constitutive equation, we can
obtain an interface strength from the single-fiber pull-out test identical to those obtained
from the cruciform specimen test. Only taking the maximum stress criterion, we can
obtain identical interface strengths using several types of tests.

2.3. Time and temperature dependence of interface strength

Figure 7 shows the relationship between the interfacial normal strength measured using
the cruciform specimen method and the test temperature presented in one of the
authors’ papers.[6] In this figure, ‘Measurement limitation’ relates to the epoxy resin
strength as a function of temperature. This means we cannot obtain experimental results
beyond this limitation because the specimen itself fails in advance of interface failure.

(b)

(c)

(a)

(d)

(e)

Figure 1. Photographs of specimens for various micromechanical testing: (a) single-fiber pull-
out test,[18] (b) microbond test, (c) single-fiber fragmentation test, (d) Broutman test, (e) cruci-
form specimen test.[5]

554 J. Koyanagi et al.

D
ow

nl
oa

de
d 

by
 [

X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

] 
at

 1
5:

28
 1

1 
D

ec
em

be
r 

20
14

 



The interface strength seems to decrease with an increase in test temperature. However,
considering the fact that experimental plots over the limitation cannot be obtained, i.e.,
even if there were a relatively strong interface, it does not appear in the experimental
results that the two right-hand-side averages (50 and 60 °C) would be inherently larger
than they are. Hence, the paper concludes that the interfacial normal strength is temper-
ature independent.[6] Similarly, for our other results, which will be introduced in the
following section, the interfacial normal strength is time and temperature independent.
In contrast, Staub et al. [20] presented that the interfacial shear strength is temperature
dependent via a microbond test. Further, one of the authors’ papers [19] showed that
the interfacial shear strength is time dependent using a single-fiber fragmentation test.

(b)(a)

Figure 2. Single-fiber pull-out test results (a) pull-out load vs. fiber embedded length, (b) appar-
ent interface shear strength vs. fiber embedded length.[18] Apparent interfacial shear strength
which is the value of pull-out load divided by failure interface area decreases with increase of
fiber-embedded length.
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(a) (b) (c)

Figure 3. Schematic of FEA modeling: (a) Schematic of boundary condition, (b) mesh neigh-
boring resin meniscus and definition of meniscus radius, Rm, (c) 3D views of resin meniscus
modeling, Rm= 30 mm.[18] The resin meniscus modeling looks similar to actual specimen in
Figure 1(a).
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When all of the above results are assumed to be correct, it is reasonable to consider a
‘parabolic criterion’ for the interface failure envelope.

Figure 8 shows the interface failure envelopes assuming the quadratic criterion and
parabolic criterion. These two failure criteria are considered in Figure 6 as well. They
do not significantly differ from each other when tensile and shear stresses are applied;
however, when shear and compressive stresses exist, they obviously differ. In other
words, in the parabolic criterion, existence of the compressive stress enhances the shear
strength. The compressive stress can vary with time and temperature so that the inter-
face shear strength also varies simultaneously. Consequently, in the case of a compres-
sive and shear stress state, even if the interface failure envelope is not time and
temperature dependent, the shear strength looks to be time and temperature dependent
because the enhancement from the compressive stress can be time and temperature
dependent. In one of the authors’ papers,[19] time-dependent interface debonding prop-
agation is numerically simulated using cohesive zone modeling to describe interface

(b)(a)

Figure 4. Interface stress distributions along with fiber, assuming (a) 25 μm, (b) 35 μm Rm.[18]
(Room temp. cured specimen, 0.112 N of load, 0.25 mm fiber-embedded length) The stress values
are not so drastically affected by size of resin meniscus in this range. The locations of maximum
shear and normal stresses are near. Although pull-out test is supposed to be shear strength mea-
surement test, not negligible normal stress exists at the failure initiation points.

(a) (b)

Figure 5. Fiber embedded length vs. normal and shear stresses at failure initiation point when
interface fails for (a) room-temperature-cured and (b) 100 °C cured specimen.[18] There values
are independent on fiber-embedded length; this means these stress combinations are actual inter-
face strength.
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Figure 6. Interface failure envelopes assuming quadratic and parabolic criteria for room temper-
ature cured and 100 °C cured specimens, based on cruciform specimen test and single-fiber pull-
out test. The test results obtained from different tests are consistent each other.

0

20

40

60

80

100

120

0 20 40 60 80

In
te

rf
ac

ia
l n

or
m

al
 s

tr
en

gt
h 

 M
Pa

   

Test temperature  

Measurement limitation
Averages

Figure 7. Interfacial normal strength vs. test temperature and measurement limitation.[6] At rel-
atively high temperature tests, the specimen itself often fails in advance of interface failure so
that it the interface strength is relatively high, the strength is not measured. The actual average
values for them should be upper little more.
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debonding, in which the interface properties are not time dependent, but the interfacial
shear strength enhancement from the compressive stress is modeled. The numerical
results match the experimental results very well. Thus, taking the parabolic criterion for
the interface failure envelope, all of the above results can be explained consistently. Let
us emphasize here that the interface strength is basically time and temperature
independent.

3. Evaluation of interface properties using bulk specimen

3.1. Simple estimation of interface strength

The interface strength can be roughly estimated from a transverse tensile test of a uni-
directional composite bulk specimen with the scheme presented by Ha et al. [28]. The
article presented that when the critical point stress in a unit cell consisting of one fiber
and the surrounding matrix resin, as shown in Figure 9, reaches either the matrix
strength or the interface strength, the unidirectional composite fails by transverse load-
ing. By observation of the failure surface, we can identify whether the composite failed
by an interface-failure dominant mode or a matrix-failure dominant mode, as shown in
Figure 10. For the case of an interface-failure dominant mode, the critical point stress
corresponds to the interface normal strength. This procedure might not lead to a precise
interface strength, but it is sufficient for a qualitative discussion of the interface
strength.

The authors investigated the time and temperature dependence of the interface
strength based on the abovementioned procedure.[27,35] A simple tensile test was per-
formed at various strain rates and temperatures. Typical results for the failure surfaces
are shown in Figure 10. At a high temperature and a low strain rate, the specimen
tended to fail in the matrix-failure dominant mode. Under the opposite condition, the
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Figure 8. Interface failure envelope depicted on normalized normal and shear stresses field: qua-
dratic criterion and parabolic criterion. In parabolic criterion, when compressive stress exists,
interfacial shear strength is enhanced.
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specimen failed in the interface-failure dominant mode. The critical point stresses at
specimen failure were calculated considering the viscoelasticity and are plotted in

Fiber

Matrix

Critical point

Figure 9. Schematic of the most simple unit cell for transverse tensile of unidirectional compos-
ite. The x displacements on the right-hand edge are the same. This model does not consider any
damage.

Figure 10. Failure surfaces observed by SEM. At high strain rate or low test temperature,
interface-failure dominant mode appears. For opposite cases, matrix-failure dominant mode
appears.[27]
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Figure 11, in which the horizontal axis is the reduced strain rate. The reduced strain
rate is a simulated strain rate considering the time and temperature superposition princi-
ple for high-temperature tests. As shown in the figure, the right-hand side is the inter-
face-failure dominant mode, so the critical point stresses can be assumed to be
equivalent to the interface strength. For the results, it is verified that the interface
strength is time and temperature independent.[27] This conclusion is consistent with
what we mentioned in the previous section.

3.2. Periodic multi-fiber unit-cell simulation

Indeed, a quantitative study is necessary to measure the interface strength. A more elab-
orate study than the above simple method is desired to be performed for that purpose.
Here, we focus on the transverse failure in unidirectional composites first.

There have been numerous works on transverse failure in composite materials.
Hashin [37] presented criteria in which a quadratic interaction between stress invariants
on the failure plane is considered, which can be regarded as the first realistic criterion.
Puck and Schurmann [38] combined the effect of internal material friction into Hashin’s
criteria. In addition, Davila et al. [39] proposed the LaRC03 criteria and compared the
above three criteria sets with the experiments conducted in the World-Wide Failure
Exercise. Totry et al. [40] compared these criteria with a numerical analysis using a
periodic unit-cell (PUC) simulation, i.e. the representative volume element method. In
order to simulate composite failures microscopically, they modeled individual fibers
and the matrix, and they adopted the Mohr–Coulomb criterion for matrix yielding.
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Figure 11. Critical point stress vs. reduced strain rate for various test temperature.[35] For spec-
imen showing interface-failure dominant mode, the critical point stress is not strain-rate and tem-
perature dependent.
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PUC has been the focus of many researchers over the past decade because of the
relatively low computational cost; the actual modeling of all existing individual fibers
within the specimen of interest is impractical in terms of the computational cost.
Among these researchers, Vaughan and McCarthy [32] pointed out that both the matrix
properties and interface properties affect the failure characteristics of composites. This
indication is quite accurate, and so many papers dealing with interface properties exist,
as mentioned in the previous section. In fact, Hobbiebrunken et al. [34] and Canal
et al. [33] presented experimental evidence of interface debonding in composite failure
from in situ observation. Romanowicz [29] and Canal et al. [30] presented composite
failure simulations with cohesive zone modeling to express the interface failure. Thus,
transverse failure of polymer composite materials consists of matrix failure and/or inter-
face failure.

The following articles are worthy of special note in terms of matrix failure. Asp
et al. [41] presented a scheme of critical dilatational deformation in the first quadrant
of the bi-axial failure envelope for polymers, which physically suggests that cavitation
or crazing occurs in polymer materials. Based on this concept, Gosse and Christensen
[42] proposed a strain invariant failure theory (SIFT). SIFT agrees with the experimen-
tal results of Asp et al. [41] and was employed in the element-failure method developed
by Tay et al. [43]. Canal et al. [31] also implemented a PUC simulation considering
cavitation-induced brittle failure with an elasto-viscoelastic constitutive equation. The
abovementioned articles deal entirely with static failure; however, the failure of a
polymer matrix is usually strain rate dependent.[44–53] In order to discuss strain-
rate-induced failure mode transitions from the matrix-failure dominant mode to the
interface-failure dominant mode, as in Figure 10, rate-dependent matrix-failure charac-
teristics should be taken into account; however, there have only been a few such
articles.[54–58]

3.3. Constitutive law for matrix resin

The authors numerically simulated the characteristics of transverse failure in a unidirec-
tional composite that depend on the strain rate.[59] We implement a PUC simulation
for the failure mode transition caused by varying the applied strain rate. The unit cell
consists of 20 fibers and the surrounding matrix. The fiber is assumed to be an elastic
body, and the matrix is characterized by an elasto-viscoplastic constitutive equation
based on damage mechanics regarding yielding and cavitation failure. As shown in
Figure 12, cavitation-induced matrix failure is, in fact, observed in the cruciform speci-
men test, which was originally intended for the measurement of the carbon fiber/epoxy
resin interfacial strength using a single-fiber composite. In the immediately neighboring
fiber part, the matrix stress state is multiaxial tension, and the mean stress becomes
high, which generates cavitation (void) damage. The figure shows a number of cavita-
tions appearing with an increase in the specimen stress. For the matrix resin, it is better
to model it with an elasto-viscoplastic constitutive equation that can consider cavita-
tion-induced damage.

3.4. Extracting interface properties from numerical analysis

In the aforementioned article [59], the numerical implementation is based on Okabe
et al. [60,61]. The parameter damage model suggested by Kobayashi et al. [62] is
employed for the constitutive law in which a hardening law for ductile polymer
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materials [63–65] and a damage progressive law [66–69] are involved. Also, in order
to eliminate the mesh dependence of the matrix damage, non-localization of the damage
parameter is applied.[70,71] We performed the PUC simulation as shown in Figure 13.
For interface failure, several kinds of cohesive zone modeling have been implemented
in previous studies.[7,19,21,22,29–31,59] We used Dagdale-type cohesive elements, as
shown in Figure 14, and considered mixed-mode interface failure.

Figure 15 shows a stress–strain curve obtained in our previous work,[59] and these
results are consistent with the experimental results presented in our experimental
work.[35] Figure 16 shows typical damage parameter distributions for relatively high
and low strain rates and the extracted failure interface element at specimen failure. At a
high strain rate, many interfaces fail (i.e. interface-failure dominant mode), and almost
no interfaces fail at the low strain rate (matrix-failure dominant mode). The failure
mode transition to matrix-failure dominant from interface-failure dominant with a
decrease in strain rate is consistent with Figure 10. Thus, in terms of the stress–strain
curves and failure mode transition, the numerical results are consistent with the experi-
mental results only when we choose the interface properties correctly. In other words,
if we take the wrong values for the interface properties, the failure mode transition does

Carbon fiber

Cavitation generation

Figure 12. Magnified photographs during cruciform specimen test. Right hand side footnote is
far-field stress value. Specimen consists of carbon fiber and epoxy resin. Near carbon fiber, cavi-
tation (void) arise and increases with increase of stress.
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not occur with a change in strain rate (i.e. there is always an interface-failure dominant
mode or a matrix-failure dominant mode). As shown in Figure 17, when we set the
interface strength and toughness too high or too low, failure mode transition does not
occur. In this way, both the interface strength and toughness can be specified as their
values should be in some range.

4. Discussions

4.1. Strength

Going back to Figure 6, no matter which interface failure criteria we use (parabolic or
quadratic), the interface shear strength is higher than the interface normal strength.
When the interface strength is higher than that of the matrix resin, the interface strength
cannot be measured because the matrix resin fails before interface failure occurs.
Hence, the interface normal strength is easier to measure. Even then, there are many
cases where we cannot measure the interface strength because of earlier matrix failure,

Figure 13. Periodic unit cell with mesh and magnified one: triangle quadratic element is used,
fine mesh is adopted for matrix part and near interface, no volume cohesive element is inserted
at every interface.[59]

Figure 14. Traction-separation behaviors of Dagdale-type cohesive element for pure mode I and
pure mode II.
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Figure 15. Stress-strain curves for various strain rates assuming 70MPa and 1.0 N/m for inter-
face strength and toughness, respectively.[59] Both failure stress and strain decrease with decrease
in strain rate.
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(a) High strain rate (4.0 x 10-3): Interface failure dominant mode

(b) Low strain rate(4.0 x 10-6): Matrix failure dominant mode

Figure 16. Damage-parameter distribution and extracted interfacial debonding at ultimate fail-
ure.[59] Interface failure dominant mode occurs at high strain rate and matrix-failure dominant
mode does at low strain rate, assuming Tc = 70MPa, Gc = 1.0 N/m.
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as in the case shown in Figure 12. For such cases, there are two options that increase
the measurement possibility. One is testing at a low-temperature condition, and the
other is testing with a high strain rate. Both procedures are intended to simply increase
the matrix resin strength. For example, using the split Hopkinson bar method in liquid
nitrogen might be one of the best procedures to measure relatively high interface
strengths.

On the other hand, for such cases, we do not care about interface failure when we
consider composite failure. As far as we experienced, the interface of composites made
of Toray carbon fiber and thermoset epoxy resin seems to be sufficiently strong.
Because we hardly obtain an interface-failure dominant mode as shown in Figure 10;
the appearance of an interface-failure dominant mode is, in fact, expected to be rare.
This means the interface strength is at least stronger than the matrix resin even though
we cannot discuss the interface strength quantitatively. However, there is the possibility
that when the interface strength is too high, the composite tensile strength decreases,[1]
so we might have to consider it in terms of this aspect.

4.2. Fracture toughness of interface

Some of the existing articles discuss the interface toughness. Among them, this paper
discusses the results shown in Figures 17 and 18. Figure 17 shows the relationship
between the normalized interfacial failure length (ratio of failure interface length over
unit cell width) and strain rate for the transverse tensile failure of a unidirectional com-
posite.[59] In that paper, it is concluded that the interface toughness is around 1 N/m.
Figure 18 shows the relationship between the time and the interfacial debonding length
in the fragmentation test, in which the far-field strain is fixed over time.[19] This paper
also suggests that the interface toughness is 1 N/m because the numerical result
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Figure 17. Relationship between debonding length normalized by unit-cell width and strain rate
assuming various interface properties: Tc= 50, 70, 100MPa, Gc= 0.1, 1.0, 10 N/m.[59] In order
to simulate failure mode transition, the values of interface strength and toughness should be in
some ranges.

Advanced Composite Materials 565

D
ow

nl
oa

de
d 

by
 [

X
ia

n 
Ji

ao
to

ng
 U

ni
ve

rs
ity

] 
at

 1
5:

28
 1

1 
D

ec
em

be
r 

20
14

 



assuming this value shows good agreement with the experimental results, whereas con-
ventional articles present that the interface toughness is 10–200 N/m.[7,21,22,72,73]
When we simulate the interface failure by cohesive zone modeling, the separation
length, which indicates the interface-failure relative displacement, is limited to a small
value. For instance, it is strange that the separation length is larger than the fiber radius
for the case simulating interface normal failure. For this case, the matrix around the
interface should fail because of the large deformation before the interface failure is rec-
ognized. It is worthy to note that the shear failure mode tests tend to provide relatively
high interfacial fracture energy, and the normal failure mode tests provide low interfa-
cial fracture energy. The actual value of the interface toughness is still currently under
discussion.

4.3. Ideal interface property

At the end of this paper, we would like to describe what good interface is for contin-
uum fiber reinforced bulk composites. We suggest the best interface strength is slightly
superior to that of matrix resin because of following reason. For the composite failures
in shear and compressive modes, the interface that is stronger than matrix resin does
not affect on the bulk composite strengths; these strengths are dominated by the resin
property for this case. Note that we assume the interface toughness is not concerned
this case. On the other hand, for tensile strength of composites, a remarkably strong
interface may lead composite strength reduction. There is a trade-off relationship
between tensile and compressive (shear) composite strengths, controlled by the interface
strength. If designers place a premium on the composite compressive strength, the inter-
face strength should satisfy to be higher than matrix strength at first and then it should
not be too high for the composite tensile strength; i.e., the interface that has slightly
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Figure 18. Comparison of analytical and experimental results of interfacial debonding length as
a function of time for the time dependent interfacial failure propagation test by constant strain
fragmentation test.[19]
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stronger property than matrix resin is ideal for the bulk composite materials. For the
meantime, the authors cannot clearly state about ideal interface toughness because its
evaluation method has not been well-established as mentioned above.

5. Conclusion

This paper organizes the characteristics of interface mechanical properties for fiber-
reinforced polymer matrix composites. The present paper concludes the followings
aspects:

(1) When the parabolic criterion is considered for the interface failure envelope, all
existing results can be reasonably explained, including its time and temperature
dependence. The failure envelope is time and temperature independent, but
when shear and compressive stress is applied, the interface strength looks time
and temperature dependent because compressive stress changes with time and
temperature, and shear strength changes simultaneously.

(2) The interface normal strength is slightly less than the interface shear strength.
Therefore, the cruciform specimen test, which measures interface normal
strength, is the most promising way to measure the interface strength among
the micromechanical testing methods using a single-fiber composite specimen.
The possibility of interfacial debonding in advance of matrix resin failure and/
or yielding is more than that in shear-direction type tests.

(3) The resin meniscus should be considered in stress state analysis for single-fiber
pull-out tests (including the micro-drop test). This modeling makes the stress-
based failure criterion commonly applicable to various fiber-embedded lengths
and even to different tests.

(4) It is possible to provide a realistic range in which the interface strength and
toughness should be by comparing the PUC simulation with the experimental
results in terms of failure surfaces (failure morphology), rupture stress, rupture
strain, and the entire stress–strain curves.

(5) Interface toughness might be low, such as around 1 N/m. Differing from the
strength discussion, the range in which the proposed interface toughness exists
is still very broad. The interface toughness value suggested in the present
paper is relatively low.
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