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STRESS-DISPLACEMENT RELATION DURING FIBER PULLOUT
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ABSTRACT

During  fiber pullout tests of fiber-reinforced composites, initial
debonding, partial debonding, complete debonding at the interface,
and fiber pullout occur scquentially.  Adopting the shear lag model for
stress analyses and the strength criterion for interfacial debonding, a

" bond length dependence of the initial debond stress is derived. During

partial debonding, the stress initially increases with the increasing
fiber displacement. The partial debond stress reaches a maximum
value and begins to decrcase with an accompanying decreasing fiber
displacement until the interface is completely debonded.
Theoretically, the stress-displacement curve shows a '"nose" at the
maximum debond stress. However, the pullout test is gencrally
conducted under the condition of an increasing fiber displacement.
Hence, at the maximum dcbond stress, the observed stress drops
abruptly as the increasing fiber displacement type test obscures the
nose-type characteristic.

1. INTRODUCTION

The fiber pullout test has becen used to study the interfacial properties
of fiber-reinforced ceramic composites [1-3].  Based on the shear lag
model, axial loading of the fiber results in a maximum interfacial
shear stress at the surface which depends on the bonded fiber length
[1-3].  Adopting the strength criterion for debonding at the fiber-
matrix interface, interfacial dcbonding occurs when the interfacial
shear stress overcomes the interfacial shear strength.  Hence,
interfacial debonding initiates at the surface during fiber pullout.
Residual clamping stresses often exist at the interface and result in
interfacial friction for the debonded interface.  After initial
debonding, further decbonding requires the applied stress 1o overcome
both the interfacial frictional stress of the decbonded interface and the
bond strength at the end of the debonded interface. After complete
debonding, fiber pullout requires the applied stress to overcome the
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interfacial frictional stress along the cntire fiber length.  The

purpose of the present study is to examine the stress-displacement
relation during such fiber pullout.

2. ANALYSES

The shear lag model is shown in Fig. 1. A fiber with a radius, a, is
located at the center of a coaxial cylindrical shell of matrix with an
outer radius, b, where z is the direction parallel to the fiber axis, ¢ is
the thickness of the composite, and A is the dcbond length. The fiber
‘is subjected to a residual clamping stress, o, at the interface. An axial
stress, 0,, is applied on the fiber at the surface, z=t, and the stress

transfers from the fiber to the matrix through the interfacial shecar
stress.

bonding)

Fig. 1. A schematic diagram showing the shecar lag model and partial
debonding during fiber pullout.

At the end of debonding length (z=¢-h), the interfacial shear stress
rcaches the interfacial shear strength, 73, and the corresponding axial
stress in the fiber rcaches the interfacial bond strength, o4, which
has been derived such that [4,5]:
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where ¢-A is the bonded fiber length (sce Fig. 1), £ and v arc Young's
modulus and Poisson's ratio, the subscripts f and m denote the fiber and -
the matrix, respectively, and o is given by:
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When h=0 in Eq. (1), o4 becomes the stress required for initial
debonding. The axial displacement of the fiber at the surface of the
composite, u, has been analyzed for the fiber pullout process, where
the interface is initially bonded, partially dcbonded, completely
debonded and finally the fiber is pulled out [5].

When the applied axial stress is lower than og, the interface remains
bonded. The relation between the fiber displacement, up, the applied
stress, o,, and the bond length, ¢, is [5] :

a20',, 1 |[ b? En | explat)+exp(-at)—2
Up = 55— 1=l = =1 |21 (3)
a0 -aden | alla B | ewle)-exni-an ],
A lincar rclation between up and o, is obtained for a bonded interface.
The fiber displacement, wup, given by Eq. (3) consists of two

components (U=up=uy+uy, scc Fig. 2a) : 1) the overall displacement of
thc composite, u,, given by:

a’to,

) aZEf + (b2 - az)E,,,
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(4)

which is linearly proportional to the bond length, ¢, and 2) the
average rclative displacement between the fiber and the composite,
Uy, given by:

y = ato, 1 ﬁ—l Em|_, {cxp(at)+cxp(~al)-—2} (53
a*Ep + (b - )Ey, O at \Ey exp(ar) - exp(-au)

which approaches an asymptotic valuec when ¢ approaches infinity.

During partial dcbonding, the total displacement, u, consists of two
components (u=up+ug, sce Fig. 2b) : 1) the displacement, up, for the
portion of the fiber remaining bonded to the matrix (with bond length
t-h), and 2) the displacement duc to relative sliding between the fiber
and thc matrix, uy, for the debond length, A, which was given in Ref.
(5]. © At complete debonding, the fiber displacement results only from
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the relative sliding between the fiber and the matrix along the entire
fiber length (i.c., u=uy).
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Fig. 2. Schematic diagram showing the fiber displacement during the
fiber pullout test for a) a bonded interface, (oy<oy), b) partial
debonding (oo>0y), and c¢) fiber pullout: ----- indicating
position before loading.
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During fiber pullout, the total fiber displacement also consists of two
components (U=ug+up, sce Fig. 2¢) : 1) the displaccment duc to relative
sliding, uyg, for the portion of the fiber remaining in the matrix, and 2)
the displacement due to the portion of the fiber being pulled out, wup.

3. RESULTS

The specific results are computed using properties of materials of a
single stainless stecl-fiber-reinforced cpoxy resin matrix [2] where
Ef= 170 GPa, E;y=3.65 GPa, v/=0.35, v;,=0.39, a=75 pm and b=7.5 mm. The
residual radial stress, o., is -12.25 MPa, and the interfacial shear
strength, ¢, is -37 MPa. The calculated ratio of the bond strength to
the interfacial shear strength, og/vs, as a function of the normalized
bond Jength, (¢-h)/a, is shown in Fig. 3. The bond strength increases
from zcro and recaches an asymptotic valuc as the bond length
incrcascs {rom zero to some finite valuc.

The relation between the applied stress, o,, and the dcbond length, 4,
during partial debonding is shown in Fig. 4 for diifcrent thicknesses
of the composite, t. At a fixed thickness, thc bond length decreascs
with incrcasing debond length,  Hence, from initial debonding to
complete debonding, while the stress required to overcome the
interfacial friction increases, oy is initially constant and then
decreases to zero (see Fig. 3). Figure 4 shows that depending on the
balancc between these two stress components, ¢, increases to a
maximum value and then decrcases during partial debonding., At the
cnd of the curve, complete debonding and fiber pullout occur.
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Fig. 3. The calculated ratio of thc bond strength to the interfacial
shear strength, -o4/7y, as a wunction of the normalized bond
length, (t-h)/a, for steel fiber-epoxy resin composite.
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Fig. 4. The calculated partial dcbond stress, o,. as a function of the
dcbond length, A, at different thicknesses, ¢, for stecl fiber-
CpoOXy rcsin composites.

The applied stress versus fiber displacement rclation is shown in Fig. 5
at different thicknesses cmphasizing two rcgimes of the fiber
displacement.  When u is small, the detailed portion of the curve
during debonding is shown in Fig. Sa. During fiber pullout, u is
relatively larger than that in Fig. 5a and is shown in Fig. 5b. When
the applied stress is lower than the initial debond stress, the relation is
linear.  After initial debonding, o, increases nonlincarly with
increasing u initially. The partial dcbond stress then rcaches a
maximum value and begins to decrcase with an accompanying
decreasing fiber displacement until the fiber is completcly debonded.
After complete dcbonding, fiber pullout occurs and the stress
decreascs with increasing u, where the negative curvature of the
curve (see Fig. 5b) is duc to Poisson's cffect.



4. DISCUSSIONS

Fiber pullout with interfacial friction is a complicated problem. To
obtain analytical solutions, certain simplifications are required.  The
essence of present analytical solutions is to satisfy as many boundary
conditions as possible, and to approach the rest of boundary conditions
as closely as possible. The approximations used in the present study
are [4-7]: 1) For a fiber with small radius in the composite (i.c., a<<b),
the axial stress in the fiber is assumed to be independent of the radial
coordinate, r. 2) To approximate the radial dependence of the axial
stress in thc matrix, the shear stress in the matrix is assumed to be
inversely proportional to r. 3) To rclate the tangential stress to the
radial stress at the interface, a planc strain condition is assumed.
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Fig. 5. The applicd stress, o,, as a function of the axial displacement of
the fiber, u, at different thickncsses, ¢, for steel fiber-cpoxy
resin composites for: a) clastic loading, partial decbonding and
complcte dcbonding (----- , load drop to keep u increasing in
the experiment), and b) fiber pullout,

The residual stress considered in the present study is in the radial
dircction only. In thc presence of the residual axial stress, an
interfacial shear stress is induced by the residual axial stress when
the interface is bonded (6]. In this case, the applied axial stress on the
fiber rcquired to debond the interface is modified by the presence of
the residual axial stress.  When the interfacial shear stresses induced
by the residual axial stress and by the applied axial stress arc in the
same dircction, the existence of the residual axial stress facilitates
dcbonding.  Conversely, interfacial debonding is inhibited. For a
partially dcbonded interface, the residual axial stress influences the
boundary condition at the end of debonding which, in turn, modifics
the stress distribution in the debonded region.  For a completely
debonded interface, the stress required to pull the fiber out is
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independent of the residual axial stress, which is relaxed due to ‘
complete debonding.

For an unbonded or a weak interface, sliding at the fiber-matrix
interface can occur due to residual stresses, which result from
mismatch strains between the fiber and the matrix. The sliding

length and the stress distribution in the composite have been analyzed
{71, The results show that the sliding length is limited by the
interfacial friction, The fiber can pop out or sink beneath the surface
of the composite depending mainly on the mismatch strain in the axial
direction. However, the sliding phenomena are modificd by the
mismatch strain in the radial direction. For example, when the
interfacec is subjected to residual radial compression, in the absence of
the axial mismatch strain, the fiber can pop out of the surface because
of Poisson's ecffect. ‘
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