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The mechanical behavior of fiber-reinforced ceramic composites is 
closely related to their interfacial properties. The application of a single- 
fiber push-out test to evaluate these interfacial properties is addressed, 
and the stressdisplacement relation during the push-out process is 
analyzed The interfacial bonding, Coulomb friction at the debonded 

interfacial roughness effect are included in the analysis. Closed-form 
analytical solutions are obtained. Based on these analytical solutions, a 
methodology is established to extract the interfacial properties from the 
experimental fiber push-out curve. 
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Studies of fiber-reinforced ceramic composites have revealed that a substantial improvement 
in toughness is achieved via bridging of crack surfaces by strong intact fibers in a zone behind 
the crack tip [1,2]. The mechanics of reinforcement relies on stress transfer between the matrix 
and fibers during loading. This stress transfer occurs at the fiber/matrix interface. Hence, the 
structure and properties of the interface play an important role in the mechanical properties of 
ceramic composites. Single-fiber push-out tests [3-51 have been used extensively to evaluate 
the interfacial properties of composites, and the shear lag model [6] has been adopted for stress 
analyses. A schematic representation of the push-out test analyzed by the shear lag model is 
shown in Fig. la. A fiber with a radius, a, is embedded in a coaxial cylindrical shell of 
"effective matrix", which has the properties of the composite, with a radius, b. A compressive 
stress, o, is applied to push the fiber in the axial direction. When oexceeds the stress required 
for debonding, a, interfacial debonding and sliding occur within a length, h, such that the 
axial stress in the fiber is in equilibrium with Od at the end of the sliding zone. The specimen 
has a thickness, t, and rests on a slotted stage, such that the fiber can be pushed out of the 
specimen when the interface is fully debnded. 
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Fig. 1 Schematic diagrams showing (a) the model for the single-fiber push-out test, (b) the 
idealized fiber push-out curve, and (c) the idealized fiber push-back curve. 

The general features of the push-out curve are depicted in Fig. 1 b. The curve shows an 
initial linear relationship corresponding to the elastic loading of the composite with a bonded 
interface. This linear relationship terminates when initial debonding occurs which is followed 
by progressive debonding and sliding. During progressive debonding, the stress increases 
with increasing displacement at a decreasing rate, and reaches a maximum, a*, with a 
corresponding fiber-end displacement, u*. At this point, catastrophic debonding occurs along 
the remaining portion of the bonded interface. The stress suddenly drops to a lower value, 
which is defined as the push-out stress, and fiber push-out starts. 
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The important role of interfacial roughness on tAe fiber sliding behavior has been identified 
[7,8]. Experimental evidence of the interfacial roughness effect has been obtained from the 
fiber push-back test [SI. This test is performed by turning over the specimen after the push-out 
test and then pushing the fiber, which completely debonds from and slightly protrudes out of 
the matrix due to the push-out stress, back in. During the push-back test (Fig. IC), the stress 
increases with the displacement initially until fiber sliding occurs along the entire interface. At 
this point, the stress drops and reaches a plateau value, which is defined as the fiber push-back 
stress, q b .  When the fiber slides through its original position, the load drops from apb to the 
fiber reseating stress, m. This is then followed by the load increasing to a peak as the fiber is 
pushed beyond its origin. After this peak, the load returns back to its plateau, Gpb. 

Two questions regarding the fiber push-out test are addressed in the present study. First, 
what is the physical meaning of the push-out curve? Second, how can the interfacial properties 
be extracted from an experimental push-out curve? 

The physical meaning of the push-out curve is examined first. During the debonding 
process, the applied stress, a, must overcome the frictional stress within the debond length, h, 
and the stress in the fiber at the end of the sliding zone is in equilibrium with the stress required 
for debonding, ad Fig. la). Questions are raised as to whether the interfacial frictional stress, 
z, is uniform along the debonded interface and whether Od is a constant during the debonding 
process. 

Regarding the interfacial frictional stress, z, the debonded interface is subjected to Coulomb 
friction, such that zis proportional to the radial compressive stress at the interface. Ignoring 
the roughness effect (which will be discussed later), this interfacial radial stress can result from 
(1) oc, the stress due to the thermomechanical mismatch between the fiber and the matrix, and 
(2) 9, the stress induced by Poisson's effect when the fiber is subjected to loading in the axial 
direction [9]. While ai: can be assumed to be uniform along the interface, 9 depends on the 
axial stress in the fiber and varies along the frictional interface. The stress analysis for fiber 
push-out is complex when the nonuniformity of is considered. However, a technique of 

values along the sliding length of both 9 and zwere adopted in the analysis. The solutions 
obtained using this averaging technique were in excellent agreement with those obtained using a 
rigorous analysis, in which Poisson's effect was considered pointwise [lo]. 

Regarding the stress required for debonding, ad, it can be analyzed using the strength-based 
criterion, for which interfacial debonding occurs when the interfacial shear strength, ZS, is 
reached. Using the shear lag model, the interfacial shear stress along a bonded interface can be 
derived during fiber push-out, and it has a maximum value at the loaded surface. When this 
maximum interfacial shear stress reaches zs, the corresponding loading stress on the fiber is 
ad. The analytical solution shows that q is a function of the bond length: it is zero when the 
bond length is zero and increases and reaches a plateau, ad*, with the increasing bond length 
[ 1 11. The predicted length-dependence of ad has been confirmed by experimental results 
[5,12]. During the fiber push-out process, the debond length, h, increases from zero to the 
specimen thickness, t, whereas the bond length, t-h, decreases from t to zero. The trend of the 
variation of 

From initial debonding to complete debonding &e., from h/t=O to 1 in Fig. 2a), the stress 
required to overcome the frictional resistance along the debonded interface increases, and ad is 
initially constant and then decreases to zero as h approaches t. Consequently, depending upon 
the balance between the above two stress components, a increases from ad* to a maximum, 
OY, and then decreases during the debonding process (see Fig. 2a). At the end of the curve, 
complete debonding and fiber push-out occur (i.e., - 0 ~ 0  at h=r). Compared with a 
debonded interface, a bonded interface has a negligible fiber displacement, u, at the loaded end 
in the loading direction during the push-out process. When Poisson's effect is treated in an 
average sense, the axial stress in the fiber varies linearly from oat the loaded surface to ad at 
the end of the sliding zone. The fiber displacement, u, can be obtained by integration of the 
fiber strain along the debond length, such that u=h( o+a&/2Ef where Ef is Young's modulus 

averaging Poisson's effect [ 101 has been develop 3 to simplify the analysis. The average 

during the fiber push-out process is shown in Fig. 2a. 
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of the fiber. When the fiber is subjected to a residual axial stress, oz, prior to interfacial 
debonding, this residual axial stress is relaxed upon interfacial debonding which, in turn, 
results in an axial displacement, -hodEf, of the fiber at the loaded surface. Hence, in the 
presence of a residual axial stress, u becomes h(o+Oid-20~)/2Ef. The trend of the variation of 
u during the fiber push-out process is also shown in Fig. 2a. Like 0, u goes through a 
maximum, u*, and then decreases. 

The fiber push-out curve can be obtained by combining the s h  and the u-h relations and is 
shown by the solid line in Fig. 2b. The curve shows a "turn back". However, the fiber push- 
out test is generally performed under a condition of increasing fiber displacement via a constant 
displacement rate. Hence, the "turn back" portion cannot be observed experimentally since the 
stress drops suddenly in order to follow an increasing fiber displacement (see the dashed-line). 
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Fig. 3. The prediction (-) with zs=143 MPa, 
0~=-250 MPa, oz=-431 MPa, ~ 4 . 0 3 4  
and experimental (0) push-out curve for 
NicalodSiC composite. 
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To extract the interfacial properties from 

the push-out curve, the results of the 
single-fiber push-out test conducted on a 
Nicalon fiber-reinforced Sic (Nicalon/SiC) 
composite is used 1131. The material 
properties are: Ef=200 GPa, Em=350 
GPa, vpO.12, vm4.2, a=8.34 pm, t= 
323 p, and the volume fraction of fibers 
is 0.4, where v is Poisson's ratio. The 
experimental push-out curve is shown in 
Fig. 3. Fiber reseating phenomenon is 
observed during the push-back test, and 
the interfacial roughness effect is evident 
for this composite. The interfacial 
properties to be evaluated are: the 
interfacial shear strength, %, the residual 
clamping stress at the interface, oc, the 

residual axial stress in the fiber, e, the coefficient of friction, p, and the roughness effect. 
In the presence of interfacial roughness effect, interfacial radial stresses are induced when 

the fiber slides past the surrounding matrix which, in turn, results in an increase in resistance, 
ail, during the push-out process. This increase in resistance depends on the morphology of the 
interface and the sliding distance of the fiber. Treating the roughness effect in an average 
sense, it is found that oq can be characterized by the debond length and the difference between 
the push-out stress, w, and the reseating stress, 01s [ 131. Whereas 90 dictates the 
frictional resistance along the entire debonded interface in the presence of the roughness effect, 
e dictates the frictional resistance along the entire debonded interface in the absence of the 
roughness effect. Hence, the difference between 9 and % dictates the roughness effect 



along the entire debonded interface. The measured 
(where the minus sign indicates compression), respectively, for the Nicalon/SiC composite. 
The roughness effect hence contributes to an increase of 230 MPa in the push-out stress. 

The interfacial shear strength, ZS, can be determined from the experimental observation of 
interfacial debonding. An iterative regression procedure is usually adopted to evaluate the other 
three parameters, p, oc, and 02. Instead of using the iterative regression procedure, a 
methodology [ 131 is adopted in the present study to do this fitting, and the interfacial properties 
are determined sequentially based on the physical meaning of the push-out curve. 

With three fitting parameters, p, oc, and az, different combinations of these parameters can 
give similar fitting results. Hence, to avoid the uncertainty in determining these parameters, the 
number of fitting parameters should be ~educed, if possible, before the fitting process. The 
two parameters, and e, can be inter-related if both result from the same source (e.g. 
thermomechanical mismatch between the fiber and the mamx). With the ore  relation 
obtained, the remaining parameters, p and oc (or oz), can be determined by fitting the 
theoretical to the experimental push-out curves. In the fitting process, the rule of mixture is 
used to calculate the properties of the "effective matrix", such that Em=290 MPa and v&l. 17. 
Also, it is found that the calculated results are not sensitive to b when blall0. The ratio of 
b/u=lOO is used in the present calculation. The methodology in evaluating the interfacial 
properties consists of the following steps: (1) calculating zs from the initial debond stress and 
the sample thickness, (2) predicting the variation of ad during the push-out process, (3) 
estimating oz (and hence oc) from u*=h*(@+od*-20~)/2Ef where h* is the onset debond 
length for the decrease in q from its plateau value during the push-out process (see Fig. 2a), 
(4) estimating p from the measured reseating stress, m, and (5) fitting the predicted to the 
measured push-out curves by adjusting the values of the estimated p and R. The results 
obtained are shown in Fig. 3. The present analyses and methodology allow the influence of the 
material properties (e.g., interface structures and phases, fiber and matrix properties) on the 
mechanical behavior and the toughening effect of fiber-reinforced ceramic composites to be 
systematically evaluated. 
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