
P1: SMA 5040-98 December 15, 1998 10:19

JOURNAL OF MATERIALS SCIENCE33 (1998 )5731– 5737

Correlation of fiber pull-out strength

and interfacial vibration damping techniques

by micromechanical analysis

W. GU, S. L. KAMPE, G.-Q. LU
Department of Materials Science and Engineering, Virginia Polytechnic Institute
and State University, Blacksburg, VA 24061, USA

H. F. WU
Advanced Technology Program, National Institute of Standards and Technology,
Administration Building, Room A225, Gaithersburg, MD 20899, USA

Adhesion between fiber and matrix in fiber-reinforced polymer composites plays an
important role both in controlling mechanical properties and in the overall performance of
composites. This suggests that analytical and experimental methods to characterize the
interface can be used to predict the mechanical performance of the material. To this end,
vibration damping techniques have been used as a non-destructive method to evaluate
interfacial effects on composites. According to the theory of energy dissipation, the quality
of the interfacial adhesion can be evaluated upon separating the predicted internal energy
dissipation associated with perfect adhesion from the measured internal energy dissipation
of a composite system; this enables the quantification of interfacial adhesion. A
micromechanics-based model for evaluating the adhesion between fiber and matrix from
the damping characteristic of a cantilever beam was developed that shows an inverse
relationship between the damping contributed by the interface and its adhesion strength. A
simple optical system was used to measure the damping factor of unidirectional
fiber-reinforced-polymer composites. Cantilever beam specimens containing either a single
glass fiber or three types of single metallic wires embedded in an epoxy resin matrix were
tested. A correlation was found between the measured interfacial adhesion strength
directly from microbond pull-out tests and the micromechanics-based calculations from
vibration damping experiments. C© 1998 Kluwer Academic Publishers

1. Introduction
It is well known that fiber-matrix interfacial adhesion
strongly influences mechanical properties of a com-
posite. The mechanical performance of the composite
actually relies on effective load transfer from the ma-
trix to the fiber through shear at the interfaces. Thus,
a procedure capable of independently quantifying the
interfacial adhesion could serve as an efficient and non-
destructive means to evaluate the mechanical behavior
of composite materials.

A large number of experimental techniques have
been developed [1–15] for measuring interfacial adhe-
sion in fiber-reinforced composites. Among these tech-
niques, vibration damping potentially offers a sensitive
and non-destructive way to evaluate details of the in-
terfacial region in composites.

It is widely recognized that interfacial bonding or ad-
hesion of a composite contributes to a change in energy-
absorbing capacity, i.e., damping of the material. Thus,
in analyzing the damping of a composite, it is important
to consider not only the individual contributions from
the component materials but also the energy dissipation

attributable to the interfaces. Zorowski and Murayama
[14] developed a method for measuring the quality of
the interfacial adhesion in reinforced rubber through
energy dissipation measurements, and they advanced
the following simple relationships:

tanδin = tanδcomp– tanδs (1a)

tanδs = tanδ f E f Vf + tanδmEmVm

EmVm+ E f Vf
(1b)

where tanδin is the damping factor attributable to the
interface, tanδs is the volume-compensated damping
factor for the individual components of the compo-
site ignoring any effects due to interfacial adhesion,
and tanδcomp is the measured damping factor of the
composite.E is the Young’s modulus, andV repre-
sents volume fraction (subscriptsf andm refer to the
fiber and matrix, respectively). By measuring total sys-
tem energy dissipation in terms of tanδs and by using
known or measured values of tanδ and the dynamic
moduli for each of the components, the dissipation due
to interfacial adhesion can be determined; this in turn
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should be related to the interfacial adhesion strength,
τ . While theoretical and experimental analyses are re-
ported that support the validity of a correlation between
interfacial damping and interfacial adhesion strength
[14–17], there is presently no direct relationship that
quantitatively relates these two composite variables.

The properties obtained from unidirectional fiber-
reinforced polymers (FRP) can be easily analyzed and
modeled without considering other geometric parame-
ters such as fiber length and fiber orientation. The study
starts to develop a micromechanics model based on can-
tilever beam vibration to evaluate the adhesion strength
between fiber and matrix from vibration damping data.
Efforts are especially made to find a quantitative re-
lationship between dynamic (vibration damping) and
static (interfacial adhesion strength) adhesion measure-
ments. The validity of the model will then be exam-
ined from experimental data obtained from a variety of
single-fiber (-wire) unidirectional FRPs.

2. Model development
A schematic diagram of the model used to analyze the-
oretically the interfacial dissipative mechanism is de-
picted in Fig. 1. A single fiber of constant cross-section
and properties is embedded in a matrix of lower modu-
lus and of length equal to that of the fiber. Note that in
Fig. 1 only loads parallel to the fiber axis are considered.

Based on the theory presented by Outwater [18], the
analysis initially requires a calculation of stress distri-
bution in the fiber when it is axially loaded. In several
FRPs, the interfacial adhesion is primarily mechanical
in nature and is often a consequence of the radial pres-
sure,p, surrounding and acting on the fiber. Note that
p is usually positive for polymer matrices/glass-fibers
if it is a consequence of elevated temperature process-
ing. Any relative movement between matrix and fiber
is governed by the force required to overcome the fric-
tional force in the longitudinal direction due to the radial
pressure. A free-body diagram is shown in Fig. 2. By
balancing the forces acting on the segment, the follow-
ing general equation can be obtained:

d Ff

dx
dx = µp · 2πr f dx (2a)

Figure 1 Simulated fiber reinforced composite model.

(a) (b)

Figure 2 Forces acting on an element of a fiber: (a) force balance in a
fiber element; (b) cross-section of the fiber.

whereFf is the axial force acting at the fiber,r f is the
fiber radius, andµ is the friction coefficient between
fiber and matrix.

Similarly, if the interfacial debonding is caused by the
forceFf during the stretching of the composite, thenµp
in Equation 2a can be replaced by the interfacial shear
strength of the composite,τ , which is that necessary
to pull the fiber from the matrix. The equation then
becomes

d Ff

dx
dx = τ · 2πr f dx (2b)

Equations 2a and b represent Coulomb friction and in-
terfacial debonding caused byFf , respectively. Note
that in both cases,Ff is assumed to be constant, which
is reasonable for small friction or a small debonding
length. The total effect is obtained by superposition
of the two equations. However, when both mechanisms
are involved in the interfacial damping, the latter mech-
anism (interfacial debonding) will dominate because
more energy dissipation is expected. Thus, the contri-
butions due to the small elastic displacements described
by Equation 2a can be neglected when slippage effects
(2b) are active. Rearranging Equation 2b yields:

d Ff

dx
= 2πr f τ (3)

This equation can be easily solved to give

Ff = 2πr f τx (4)

The debonding length can thus be estimated from Equa-
tion 4:

x = Ff

2πr f τ
(5a)

For a cantilever beam, if there is an interfacial debond-
ing, it likely occurs at the free end of the beam be-
cause shear strain (and shear stress) is high at that
location [19]. In this case, the force balance is shown
in Fig. 3.

The maximum debonding region is caused by the
maximum load on fiberFmax

f . When an alternating
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Figure 3 Free-body diagram of the free end of a cantilever beam.

Figure 4 Force acting on a cantilever beam.

load is applied to the composite, such as in the case of
vibration,

x0 =
Fmax

f

2πr f τ
(5b)

ForcesFf and Fmax
f can be found from bending load

P of a cantilever beam, as shown in Fig. 4. When the
beam is deflected by an end-applied loadP, the shear
component of the load can be obtained as

F = Ff ≈ Pθ0 = P2L2

2EcIc
(6)

where Ic is the moment of inertia of the composite
beam. Therefore, the maximum load carried by fiber,
Fmax

f , corresponding to the maximum bending load,
Pmax, can be expressed quantitatively as

Fmax
f = P2

maxL
2

2EcIc
(7)

Provided the energy dissipation in a cycle1W is small
compared to the maximum stored elastic energyW of
the system, which is true for most vibration damping
situations, the interfacial damping factor, tanδin, may
be estimated by the following equation [20]

tanδin = 1W

2πW
(8)

Assuming the stress in the fiber gradually approaches
the maximum value (orP gradually reaches toPmax,)
during a vibration cycle, interfacial debonding and slip-
page between fiber and matrix will dissipate energy.

Because the integration is performed over a complete
cycle about the origin, the energy dissipated per cycle
is given by

1W = 2Fmax
f x0 (9)

Substituting Equations 5b and 7 into Equation 9 yields

1W = P4
maxL

4

4πr f τ (EcIc)2
(10)

The potential energyW for a sample subjected to strain
ε can be calculated as follows

W =
∫ εmax

0
(σc Ac) · dεL = 1

2
AcL Ecε

2
max (11a)

whereL is the sample length, andσc, Ac, andEc are
the stress, cross-sectional area, and Young’s modulus
of the composite, respectively. For a cantilever beam,
εmax= P2

maxL
4/15(EcIc)2 [21], and we obtain

W = 1

2
AcL Ec

(
P2

maxL
4

15(EcIc)2

)2

(11b)

By substituting Equations 10 and 11b into Equa-
tion 8, and by knowing thatIc= bh3/12, we obtain

tanδin = 25Ecbh5

64π2τr f L5
(12)

whereb is the sample width andh is sample thickness.
If the number of fibers that can cause debonding in

the composite isn, Equation 12 will be changed to

tanδin = n
25Ecbh5

64π2τr f L5
(13)

For the vibration of a cantilever beam,Ec can be cal-
culated according from vibration theory [22]

Ec = mcω
2
c L4

1.8754Ic
= 12(ρ f Vf + ρmVm)ω2

c L4

1.8754h2
(14)

whereωc is the resonant frequency at the first mode
of vibration,mc is the mass of the composite per unit
length, andρ is the density.

Substituting Equation 14 into Equation 13 we obtain,
after rearranging,

τ = B
nbh3(ρ f Vf + ρmVm)ω2

c

tanδinr f L
(15)

where

B = 75

16× 1.8754π2

Equation 15 clearly shows the inverse relationship be-
tween tanδin andτ , which is as expected.
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3. Experimental verification
3.1. Composite sample preparation
Single-fiber composite specimens are commonly used
to evaluate interfacial adhesion by methods such as the
pull-out test. A single-fiber reinforced composite sam-
ple has been likewise used in the present study because
vibration-derived interfacial adhesion strength can be
directly compared to values obtained from the single-
fiber stress analysis obtained from a fiber pull-out test.
However, the diameters of fibers should be large enough
such that the fiber volume fraction of the single-fiber re-
inforced composite is significant. The resolution of the
vibration damping setup used in the experiment is then
sufficient to detect the interfacial damping of a single-
fiber reinforced composite. Beside glass fibers with a
0.12 mm diameter, copper, molybdenum, and tungsten
wires were also used as reinforcements in epoxy ma-
trices for single-fiber composite specimens. The exact
diameters of the metallic wires were 0.1 mm for both
copper and tungsten and 0.127 mm for molybdenum.
Each metallic wire used had a unique Young’s modu-
lus (copper, molybdenum, and tungsten have Young’s
moduli about 100, 200, and 300 GPa, respectively), and
likely, different adhesion strengths with the epoxy resin.
As such, both vibration damping and microbond speci-
mens were fabricated and used for measuring the inter-
facial damping and the interfacial adhesion strength.

Sample preparation was conducted according to the
procedure suggested by the manufacturer of the epoxy
resin. Epon 828TM (a trademark of Shell Chemical
Company) epoxy resin (100 parts by weight) was
mixed with mPDA (1, 3-Phenylenediamine flakes) cur-
ing agent (14.5 parts by weight) when mPDA was com-
pletely melted at 70◦C. The mixture was placed into
a warm vacuum oven (50◦C) for 30 min to remove
gas bubbles introduced during the mixing. The mix-
ture was then used for preparing the single-fiber (wire)
composite microbond pull-out or vibration damping
specimens. For the microbond pull-out specimens,
an axisymmetric drop of epoxy was placed onto the
fibers (wires) using a small-diameter steel needle. For
the fabrication of the vibration damping beam speci-
mens, epoxy was poured into a mold with a size of
30 mm× 3 mm× 1 mm, into which the single-fibers
(wires) were placed. In both instances, the prepared
specimens were cured for 2 h at 75◦C and 2 h at 125◦C.
For all of the metallic wire-reinforced polymer com-
posites used in the current study, the wires were not
only supplied in as-received condition but also coated
with silicone mold release to create a weak wire-matrix
interface.

3.2. Optical setup
A schematic of the optical setup designed to measure
the deflection and vibration dynamics of a cantilever
beam is shown in Fig. 5. The apparatus consists of
a 1 mW solid-state laser (670 nm), a mirror, a beam
splitter, and a position sensitive photodetector. A sam-
ple is mounted by clamping it vertically between two
plates such that the protruding part forms a cantilever
beam. An electronically triggered pin is used to gen-

Figure 5 Schematic diagram of the optical system.

erate an initial deflection on the sample; vibration of
the sample is initiated by retracting the pin. Vibration
curves are obtained by reflecting a laser beam off the
sample to the photodetector.

The damping factor, tanδ, is calculated from
decaying-oscillatory damping curve using the relation-
ship [22]

tanδ = ln(A0/Am)

mπ
(16)

wherem is the number of cycles of the vibration,A0
is the amplitude of the first vibration, andAm is ampli-
tude of theM th vibration. The term ln(A0/Am)/m, also
known as the logarithmic decrement1, can be obtained
by fitting the experimental data to the following formula
[22]

A(t) = B0 exp(–ζωr t) cos(ωdt −φ)+ B1 (17)

whereωr is the resonant frequency of vibration,ζ =
1/
√

(2π )2+12 ≈ 1/2π when damping is small;
ωd= (1 –ζ 2)1/2ωr , B0, B1, andφ are constants.

4. Experimental results and discussion
The interfacial adhesion strength measurements ob-
tained from the microbond single-fiber (-wire) pull-
out tests are summarized in Table I. The measurements
show clearly that all silicone mold release-coated wires
exhibit lower interfacial adhesion strengths. The exper-
imental values listed in Table I are the averages obtained
from at least twenty microbond specimens.

Fig. 6 shows a typical example of the vibration damp-
ing curve of a single-glass-fiber-reinforced composite
sample, which was obtained from the optical system
described in section 3.2. The value of tanδ was found
to be 39.8× 10−3, which is typical for this material sys-
tem at the fixed resonant frequency. Other experimental
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TABLE I The interfacial adhesion strength obtained from the mi-
crobond pull-out tests

Fibers Fiber Interfacial Adhesion
(Wires) Diameter (µm) Strength,τmeasure(KPa)

Mo 127 1071 (±315)∗
Mo (coated with silicone 127 788 (±396)

mold release)
Cu 100 1263 (±324)
Cu (coated with silicone 100 830 (±317)

mold release)
W 100 1296 (±498)
W (coated with silicone 100 569 (±393)

mold release)
Glass 120 329 (±207)

∗Numbers in parenthesis represent±1 standard deviation.

Figure 6 An example of the vibration damping curves obtained from
single-glass-fiber reinforced composite samples using the optical system.

results are summarized in Table II, which are averages
obtained from at least five specimens.

It is important to note from Tables I and II that the
overall vibration damping characteristics and resonant
frequencies of the tested specimens depend on sam-
ple dimensions. It can be seen that there is no obvi-
ous relationship between the overall damping factor of
the composites and the interfacial adhesion strength.
Therefore, it is necessary to separate the contribution

TABLE I I Measured resonant frequencies and damping factors of single-fiber (wire) reinforced composites

Fibers Width,b (mm) Thickness,h (mm) ωr (s−1) tanδc (10−3)

Mo 2.871 (±0.117)∗∗ 0.991 (±0.040) 2754 (±115) 43.1 (±2.78)
Mo∗ 2.898 (±0.106) 0.960 (±0.039) 2759 (±133) 40.6 (±3.78)
Cu 2.897 (±0.111) 0.908 (±0.046) 2897 (±137) 45.5 (±1.56)
Cu∗ 2.993 (±0.050) 0.923 (±0.036) 2902 (±169) 47.4 (±1.62)
W 2.912 (±0.060) 0.798 (±0.043) 2514 (±130) 41.9 (±2.15)
W∗ 2.851 (±0.068) 0.838 (±0.036) 2829 (±93) 37.7 (±4.29)
Glass 2.858 (±0.096) 0.857 (±0.075) 2427 (±195) 39.8 (±1.06)

∗With silicone mold release.
∗∗Numbers in parenthesis represent±1 standard deviation.

of energy dissipation from the component materials and
the interface to determine the correspondence of the in-
terfacial damping and interfacial adhesion strength. It
is known that Equation 15 can be used for this purpose.
However, prior to applying Equation 15 to calculate
the interfacial damping contribution, it is necessary to
know the values of certain parameters, including the
Young’s modulus of the composites, and the Young’s
moduli and tanδ for each component. In the current
study, some values were obtained by experiment, while
some data were obtained from the literature.

From the Bernoulli–Euler beam equation [22], it can
be shown that the Young’s modulus,E, of the material is
related to its frequency of vibration. The equation used
for calculatingE for a beam specimen is as follows
[22]:

E = 12ρω2
r L4

1.8754h2
(18)

whereωr is the resonant frequency of the first mode of
vibration, L andh are the length and the thickness of
the beam, andρ is the beam density. The density of the
epoxy resin is reported as 1.115 g/cm3 [23] for the Epon
828 epoxy resin. Rule of mixtures (ROM) was used to
obtain the beam density for all composite beams.

It has been reported that the damping factor also
varies with frequency [24]. By changing the beam
length, an identical natural frequency (or resonant fre-
quency) was obtained for the single-component ma-
terials, which was comparable to the frequencies of
the tested composites. The Young’s moduli and damp-
ing factors measured from the optical vibration damp-
ing system are summarized in Table III. The average

TABLE I I I Densities, Young’s moduli, and damping factors of com-
ponent materials of single-fiber (wire) reinforced composites

ρ (g/cm3) E (GPa) tanδ (10−3)

Epon 828 epoxy resin 1.1151 3.0 (±0.2)2 43.1 (±1.8)
Copper 8.933 98 (±7) 3.20(±0.26)
Molybdenum 10.223 220 (±11) 3.20 (±0.12)
Tungsten 19.33 315 (±16) 2.90 (±0.19)
Glass 2.544 605 1.04

1Obtained from reference [62].
2Numbers in parenthesis represent±1 standard deviation.
3Products of Alfar Aesarr.
4Obtained from reference [48].
5Product Data provided by Owens Corning.
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TABLE IV Damping factors contributed from interface of single-
fiber (wire) reinforced composites

Fibers Width,b (mm) Thickness,h (mm) tanδin (10−3)

Mo 2.871 (±0.117)∗∗ 0.991 (±0.040) 0.58 (±0.27)
Mo∗ 2.898 (±0.106) 0.960 (±0.039) 0.79 (±0.30)
Cu 2.897 (±0.111) 0.908 (±0.046) 0.58 (±0.18)
Cu∗ 2.993 (±0.050) 0.923 (±0.036) 1.29 (±0.51)
W 2.912 (±0.060) 0.798 (±0.043) 0.34 (±0.13)
W∗ 2.851 (±0.068) 0.838 (±0.036) 1.67 (±0.76)
Glass 2.858 (±0.096) 0.857 (±0.075) 0.80 (±0.21)

∗With silicone mold release.
∗∗Numbers in parenthesis represent±1 standard deviation.

Figure 7 The relationship between tanδin and interfacial adhesion
strength for single-fiber (wire) reinforced composites.

values of the data listed in Table III were used to calcu-
late tanδin based on Equation 15. The results are given
in Table IV.

When comparing values of tanδin listed in Table IV
with the measured interfacial adhesion strengthτmeasure
shown in Table I, it can be obviously seen that there ex-
ists an inverse relationship between the two parameters
(refer to Fig. 7).

The crack was found at the free end of the cantilever,
and it moved inward during the vibration, which is con-
sistent to the assumption made in the model develop-
ment [25].

After applying the derived model, the interfacial
adhesion strength can be calculated from interfacial
damping value tanδin according to Equation 15. For the
single-fiber (-wire) reinforced epoxy composites used
in the current study, the number of debonded fibersn
is simply equal to 1. By using the necessary data listed
in Tables III and IV, predicted values ofτcalc were ob-
tained, which are given in Table V. By comparing the
values ofτcalc in Table V andτmeasurein Table I, it is
found that the experimental results fairly agree with
the prediction. The comparison of the results is also
graphically illustrated in Figs 8 and 9.

It is interesting to note that different fibers (wires)
have various adhesion properties with Epon 828TM

TABLE V Damping factors contributed from interface and calculated
interfacial adhesion strength of single-fiber (wire) reinforced composites

Fibers Fiber Diameter (µm) tanδin(10−3) τcalc (KPa)

Mo 127 0.58 (±0.27)∗∗ 1145 (±480)
Mo∗ 127 0.79 (±0.30) 793 (±458)
Cu 100 0.58 (±0.18) 1471 (±736)
Cu∗ 100 1.29 (±0.51) 706 (±231)
W 100 0.34 (±0.13) 1328 (±495)
W∗ 100 1.67 (±0.76) 482 (±224)
Glass 120 0.80 (±0.21) 419 (±161)

∗With silicone mold release.
∗∗Numbers in parenthesis represent±1 standard deviation.

Figure 8 Comparison of average values ofτcalc andτmeasureof single-
fiber (wire) reinforced composite. Error bars represent±1 standard
deviation.

Figure 9 Comparison of average values ofτcalc andτmeasureof single-
fiber (wire) reinforced composites with another method to analyze the
data.
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epoxy resin used in the current study. It is understand-
able that the wires coated with silicone mold release
exhibit a lower interfacial adhesion strength because
of the weakening of the wire-matrix interface. The
reason for a stronger interfacial adhesion in metallic
wire-reinforced composites than that in glass-fiber re-
inforced composite can be attributed to the different
surface roughness of the fiber or wires. The glass fiber
has a smoother surface than metallic wires, resulting in
poorer interlocking between fiber and epoxy resin. This
could be the main reason for lower interfacial adhesion
strength.

5. Conclusions
Adhesion at the fiber-matrix interface in fiber-
reinforced composites plays an important role in con-
trolling the mechanical properties and overall per-
formance of composites. Among the many available
tests applicable to composite interfaces, the vibration
damping technique has the advantage of being non-
destructive as well as highly sensitive. A micromechan-
ics model was developed to correlate interfacial damp-
ing factor tanδin and interfacial adhesion strengthτ for
the damping of unidirectional fiber-reinforced compo-
sites in the shape of cantilever beams. An inverse rela-
tionship between tanδin andτ was found.

A simple optical system was constructed for mea-
suring the damping factor of unidirectional fiber-
reinforced-polymer (FRP) composites in the shape of
cantilever beams. Adhesion at fiber-matrix interfaces
in single-fiber (-wire) reinforced epoxy-resin was char-
acterized by using the system.

The single-fibers (-wires) used in the current study
included glass, copper, molybdenum, and tungsten.
The interfacial adhesion strengths measured from mi-
crobond pull-out tests are compared to measured inter-
facial damping factor of a single-fiber (-wire) compo-
site cantilever beam. An inverse relationship between
the damping characteristics of the fiber-matrix inter-
face and interfacial adhesion strength of composites
was found from the experimental results, which is con-
sistent with the derived micromechanics model. It is
noted that the interfacial adhesion strength is depen-
dent on the roughness of the fiber surface. A smooth

fiber surface in the composite may lead to a low inter-
facial adhesion strength.
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