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Oaks, CR 91360, U.S.A. 

RESUME 

La modélisation par la mécanique de la rupture a récemment fourni un éclairage approfondi du 
rôle des interfaces dans l'augmentation de la résistance a la fracture des céramiques et des 
composites céramiques par le renforcement apporte par des ponts établissant des liens dans le 
défaut. Quelques résultats de la modélisation sont résumes et une méthode d'indentation est 
décrite pour mesurer les propriétés mécaniques des interfaces (énergie de décollement, 
résistance de frottement au glissement et contraintes résiduelles) des fibres individuelles des 
composites en présence de liaisons faibles aux interfaces entre les fibres et la matrice. 

ABSTRACT 

Fracture mechanics modelling has recently provided insight into the role of interfaces in tough
ening of ceramics and ceramic composites by reinforcements that form crack bridging liga
ments. Some results of the modelling are summarized and an indentation method is described 
for measuring interfacial mechanical properties (debond energy, frictional sliding resistance, 
and residual stresses) at individual fibers in composites with weak interfacial bonding between 
the fibers and matrix. 

1. INTRODUCTION 

Brittle materials can be substantially toughened by reinforcements that form ligaments between 
crack surfaces. This toughening mechanism has been demonstrated in large-grained single phase 
ceramics such as A l 2 0 3 " 2 as well as in fiber,3-5 whisker6 and metal7 reinforced ceramic com
posites. In all of these examples the properties of the interface between the reinforcement and 
the matrix play a critical role in determining the extent of toughening. 

The purpose of this paper is to examine some of the properties of the interface that need to be 
characterized in order to design optimum mechanical properties of the composite. First some 
recent developments in fracture mechanics analysis will be summarized. These demonstrate a 
means of obtaining the relation between macroscopic properties (e.g., strength, fracture tough
ness) and the micromechanical behavior of the crack-bridging ligaments, as influenced by inter
facial properties and residual stresses. Some results are presented for a specific composite that 
has bridging ligaments dominated by frictional sliding. Then an indentation method which 
allows some of the important properties such as interfacial debonding, frictional forces and 
residual stresses to be measured directly at individual fibers is described. 

2. TOUGHENING BY BRIDGING 

2.1 Fracture Mechanics Analysis 

Two approaches have been developed recently to analyze the influence of bridging ligaments on 
the toughening of ceramics. Both model the bridging ligaments as closure tractions acting on 
the crack surfaces within the bridging zone (Fig. 1). In one approach8'9 the modified crack tip 
stresses are calculated directly using a standard Green's function, analogous to the 
Dugdale/Barenblatt models of fracture.10 '11 However, these models assume uniform closure 
tractions within the bridging zone and a failure criterion defined by allowing the stress 
singularities due to the applied loading and the bridging forces to cancel. More generally, the 
closure tractions must exhibit a dependence upon the crack opening displacements, 
characteristic of the particular reinforcing mechanism. Moreover, the usual stress singularity 
exists in the matrix near the tip of the crack, with stress intensity factor equal to the toughness 
of the unreinforced matrix. Evaluation of the influence of the bridging forces in this case 
requires solution for the crack opening displacement as a function of position within the 
bridging zone. With the exception of a few special cases, this requires numerical solution of an 
integral equation. 
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An alternative, equivalent approach involves use of t he  3-integral.12-19 Based on this formula- 
tion, t he  increase in fracture energy is given by 

Fig. I (a) Closure tractions exerted by crack bridging ligaments, (b) stress-displacement 
relation for stretching of bridging ligaments. 

where o(u) is the  stress-displacement relation for stretching the  bridging ligaments, u i s  t h e  
crack opening displacement and u* the  crack opening at t h e  end of the  bridging zone. For gen- 
eral  initial crack configurations i t  is necessary t o  solve for u a s  a function of position in the  
crack, a s  in the  stress intensity approach, in order t o  evaluate u*. However, for the special 
case of steady-state toughening, defined by u* = ud, where ug i:the.crack opening above which 
the ligaments cease t o  restrain the  crack surfaces, the  toug enlng 1s glven simply by t h e  a rea  
beneath t h e  u(u) curve and solution for t he  crack opening displacements is  not necessary. 

In both of these analyses the  properties of the reinforcement and the interface between the 
reinforcement and the  matrix influence the  macroscopic fracture properties through the  stress- 
displacement function for ligament stretching. Some stress-displacement functions for brit t le 
and ductile reinforcements a r e  illustrated in Fig. 2. For brit t le reinforcements with interfaces 
bonded sufficiently strongly t o  prevent debonding when a crack passes, the area  beneath the  o(u) 
curve is relatively small. Weak interfaces that allow some debonding result in more compliant 
ligaments with the possibility of ligament failure within the  region of ligament embedded in the  
matrix, frictional pullout, and large steady-state toughening. Reinforcements held in place by 
mechanical forces without chemical bonding allow the largest toughening. On t h e  other hand, 
ductile reinforcements appear to  exhibit maximum toughening when the  interface between the  
reinforcement and matrix is strongly bonded.7 If debonding occurs the bridging stress is  limited 
to  the uniaxial flow stress of the ligament material, whereas in a fully-bonded ductile particle, 
elastic constraint due t o  the  matrix can lead t o  bridging stresses exceeding t h e  uniaxial flow 
stress by nearly an  order of m a g n i t ~ d e . ~  

Residual microstructural stresses, which a re  often unavoidable in composites, influence the  
macroscopic toughening by modifying the o(u) function for the bridging ligaments.13 For 
several important bridging mechanisms this involves simply translation of the  d u )  function along 
the  stress axis. However, the  resultant ef fect  on the  steady-state toughening is very sensitive 
(in both sign and magnitude) t o  both t h e  functional form of the  du) relation and the  rupture 
criterion for the  ligaments. Calculated trends for several types of bridging mechanisms a re  
summarized in Table 1 . I  3 

2.2 Unbonded Reinforcements 

The use of fracture mechanics t o  relate macroscopic composite properties to  reinforcement 
interface properties can be  illustrated by examining the behavior-of composites containing 
unbonded reinforcements that  a re  held in place by mechanical forces. This system has been 
analyzed in detail using both of the  above approaches.a7g Examples of such composites include 
glass and glass-ceramic matrices reinforced by graphite and S i c  fibers.3" The macroscopic 
fracture behavior of these composites can vary dramatically, depending on the  magnitude of the 
sliding resistance a t  the  interface. For sufficiently high frictional stress failure occurs by 
growth of a single crack. Then a steady-state fracture toughness, Kc, can be defined:g 

= [E/Em) (1 + a)l/* 
with 



DUCTILE REINFORCEMENT 
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Fig. 2 Schematic stress-displacement relations for stretching of brittle and ductile 
reinforcements. 

where T is the frictional stress that resists sliding a t  the interface, R is the fiber radius, S is the 
strength of the fiber, K, is the toughness of the unreinforced matrix, f is the volume fraction of 
fibers, Ef, Em, and E are  the Young's moduli of the fibers, matrix and composite, and v is 
Poisson's ratlo of the composite. Therefore, it is evident that decreasing the frictional stress 
increases the steady-state toughness. However, if T decreases below a critical value defined by 
u - 1, a change in fracture mechanism can occur. A crack that is initially bridged by fibers can 
extend entirely through the matrix without any of the bridging fibers fracturin The composite 
does not fail catastrophically, but instead can support further load increase tonfinear) before 
failure. The stress for matrix cracking is then an intrinsic property of the composite (i.e., 
independent of flaw size) given by s7e7s7 1 5  
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Table 1 
Effect of Residual Stress on Fracture Energy 

Residual Stress in Matrix 
Stress-Displacement Rupture 

Law Condition Tension Compression 

Linear Istress Decrease Decrease 
I Displacement Decrease Increase 

I Surface !Stress Increase Decrease 
Frictional Roughness l Displacement Decrease Increase 
(Fracture a t  
Crack Plane) Coulomb f Stress Decrease 

Friction IDisplacement Decrease 

Frictional Surface Negligible Negligible 
(Pullout of Roughness 
Entire 

Friction Increase 

Ductile Bonded Displacement Decrease Increase 

In this region of behavior, decreasing T causes a, to  decrease. Therefore, optimum values of o, 
or AK a r e  achieved a t  a n  intermediate value of T corresponding t o  the transition in failure 
mechanism (a - I). 

3. MEASUREMENT OF INTERFACIAL MECHANICAL PROPERTIES 

An indentation technique has been developed recently to  allow measurement of frictional sliding 
resistance and debond fracture energy a t  individual fibers in weakly bonded composites.~6'~7 
Analysis is also presented below to enable the method to be used to measure the magnitude of 
residual stress in the fibers. 

The method entails loading a sharp indenter (e.g., Vickers hardness pyramid) onto the end of a 
fiber in a polished cross section of the composite and measuring the applied force and displace- 
ment continuously (Fig. 3). If this loading causes debonding a t  the fiber-matrix interface with 
frictional sliding over the debonded area, the displacement of the fiber reIative t o  the matrix 
surface is 

where F is  the force applied to  the fiber and r is the debond fracture energy (Mode 11). The dis- 
placement measured in these experiments is the sum of the sliding distance iven by Eq. (5) and 
the penetration of the indenter (elastic and plastic) into the fiber (Fig. 3af The penetration 
must be either calculated or (preferably) calibrated in separate experiments where fiber sliding 
does not occur. The calibration has been obtained in a SiClglass-ceramic composite by heat 
treating the composite in air a t  1000°C t o  form a strongly bonded oxide layer at the fiber- 
matrix interface which does not debond during indentation.17 Measurements in the as-fabrica- 
ted composite indicated that sliding occurred between the fiber and matrix (Fig. 3b). The 
measured sliding distances for this composite are  compared with the predictions of Eq. ( 5 )  in 
Fig. Ira. The data follow a linear relation when plotted as F2 versus u as predicted, with 
intercept 21-/T = 0 2 0.01 pm. Measured values of peak force and displacements, F, = 0.11 N 
and u = 0.80 pm with R = 8.0 pm and Ef = 200 GPa, gave T = 3.5 MPa and a n  upper bound for the 
debon2 fracture energy (defined by the experimental errors) of 0.04 - J m-2. Therefore, the 
debond fracture energy in this composite is very small (smaller than that expected for Van der 
Waals force) and the mechanical response of the crack bridging ligaments is dominated by 
mechanical sliding resistance. 



Fig. 3 (a) Indentation method for measuring frictional sliding resistance, and (b) scanning 
electron micrograph showing S i c  fibers in glass-ceramic matrix after indentation 
with a diamond pyramid (triangular based). From Ref. 17. 
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Fig. 4 (a) Force-displacement measurements 
l rom indentation of fiber in Fig. 3b. 
Curves represent theoretical predic- 
tions (from Ref. 17.) (b)-(c) Pre- 
dic ted f orce-displacement relations 
for compressive (b) and tensile (c) NJ 
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Force-displacement measurements for unloading and reloading a re  also shown in Fig. 4a. 
Analysis of fiber sliding, assuming constant frictional stress, T, and no bonding, predicts the 
displacements 1 6 

and 

u/um = 1 + (F/F,)~/Z 

for unloading and reloading. The measured fiber displacement after unloading is smaller than 
predicted, suggesting that the sliding resistance during reverse slip was lower than during the 
initial slip by about 20%.17 

The sliding distances in these experiments are  modified if residual stresses exist in the com- 
posite. Compressive residual stress in the fiber causes the plot of F2 versus u t o  be changed a s  
shown in Fig. 4b: the initial loading curve is nonlinear, with decreasing slope with increasing F, 
the residual displacement, uo, after unloading is smaller than the value u = u 12 obtained in 
the absence of residual stress, and the reloading curve is linear. The resigual 8splacement uo 
for an unloaded system with constant T during forward and reverse sliding is 

where 

The magnitude of the  residual stress may be calculated from measurement of u . Caution is 
required, however, for values of uo less than 0.5 can also be caused by the need10 debond the 
interface before sliding can occur, or by a decrease in T during reverse sliding as observed in 
Fig. 4a. The three potential causes for residual displacements to  be less than um/2 can be 
distinguished by their different influences on the initial loading curve. 

For tensile residual stress in the fiber, the force-displacement curve is modified as in Fig. 4c: 
the initial loading curve has curvature opposite to  that caused by compressive stress, the 
residual displacement af ter  unloading is larger than um/2, and the reloading curve is again 
linear. The residual displacement, uo, is given by 

and the magnitude of the residual stress may be calculated from measurement of uo. 

4. CONCLUSIONS 

The amount of toughening achieved in ceramics with reinforcements that form crack-bridging 
ligaments is very strongly dependent on the nature of the interface between the reinforcement 
and matrix and its influence on the stress-displacement relation for ligament stretching. Impor- 
tant properties a re  debonding resistance, frictional sliding resistance and residual stresses. For 
brittle reinforcements enhanced toughening is obtained with weak, or no interfacial bonding, 
low frictional stresses, and tensile or compressive residual stresses in the matrix depending on 
the specific stress-displacement law for the bridging ligaments. For ductile ligaments large 
toughening is achieved with strong interfacial bonding and compressive residual stress in the 
matrix. Because of the sensitivity of both the magnitude and sign of toughening to the specific 
stress-displacement law, it is critical to  develop methods for measuring interfacial mechanical 
properties. For weakly bonded brittle reinforcements, the indentation method provides quanti- 
tative measurements of debond energy, frictional sliding stress and residual stress a t  individiual 
fibers. 
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N.W. Ashcroft Do you have to include Poisson ratio effects; in 

c~lprression analysis of the fibers; that is, do you presume that the 

length aver which longitudjnal strain is accomdated is sufficiently 

long that tmnsverse strain effects are negligible? This length 

should be related to the frictional campoent. 

D. Marshall Poisson xatio effects are .neglected in the analysis 

presented here. We have shown experhentally in the SiC/glass-ceramic 

ampsites that Urk is valid (r=2MPa; oantribution f m  transverse 

expansion <O. lMFa) Ref. 17. 

C. Hartlev What was the phenmenological criterion used for debonding 

at the interface? 

D. Marshall A critical fracture energy. Note that the loading is 

mde 11, so the criterion is GIIc (Ref. 17). 

P.S. Ho E o c s  are strong and brittle. What can you say in general 

about the fracture behavior in a matrix aich is considerably weaker 

and can sustain a larye amount of deformation? Such an example is a 

polymer w h i c h  can deform in a viscoelastic manner. 

D. Marshall If deformation cccurs in the matrix a cmpletely new (and 

more complex) m1ysis of fiber displamts would be needed. Such a 

study would be -e. A visaelastic matrix would also require 

analysis of rate effects. 

M.H. Yoo It is known that dislocation mobility in a soft matrix 

in a region of localized plasticity depends on the rate of 

deformation. Have you done the frictional stress measuremerrt 

experiment with the rate of deformation as a variable? 



D. 1 lbe matrix deformations are prely elastic in these 

brittle materials. However we have investigated the effect of loading 

rate on the friction measurements: over the range of displacement 

rates 10-2 to 10+2~nsec-1 there was no change in the meas~red 

frictional stress (Ref. 17) . 


