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ABSTRACT 
The aim of this study is to understand and to model the propagation of a crack in the transverse direction of a 
unidirectional metal matrix composite taking into account the fibre bridging effect under cyclic loading. Several 
fatigue tests have been performed at different applied loads, load ratios, temperatures and frequencies. These 
tests have been carried out on two different SiC/Ti-6242 composites manufactured by Snecma using the foil-
fibre-foil process or a new fibre coating technique.  
Micrographic observations have been performed on the tested specimens in order to understand the main damage 
mechanisms evolving at the local scale. 
A multiscale modelling was also developed. It is based on a modified Paris's law and on the equilibrium between 
the classical macroscopic opening displacement and the microscopic one determined on a unit cell characterising 
the bridging effect. 
This multiscale analysis allows to understand the particular role of the different constituents (fibre, matrix and 
interface) on the bridged crack propagation. 
 
1. INTRODUCTION 

Titanium Matrix Composites (TMC), due to their high specific mechanic properties 
represent an innovate technology for the design of structures submitted to mechanical and 
thermal loadings. For example the use of unidirectional SiC/Ti composite as reinforcement of 
structures such as compressor disk in gas turbine engine is under investigation at SNECMA. 
To reach this goal, it is an absolute necessity to investigate the deformation and damages 
mechanisms involved in this kind of materials. Lot of studies has been carried out on the 
behaviour and initiation of damage during monotonic tests but, few studies have been 
focussed on the crack initiation and propagation during cyclic loading. In the last case, the 
main damage mechanisms is the propagation of a crack perpendicularly to the fiber direction. 
Understanding and the modelling this kind of degradation is a great challenge in order to 
propose a design process and a structural analysis appropriate to this material. 
 

All the studies found in the literature report that the crack growth rate in composites is 
lower than in the unreinforced matrix specimen. This particularity is due to the presence of 
the fibres which bridge the matrix crack. When the matrix crack reaches a fiber, the crack is 
deflected at the fiber / matrix interface [1-3]. Thanks to this effect, the frictional sliding 
restrains the opening of the crack surface and reduces the stress at the crack-tip; moreover, 
some energy is also dissipated by interfacial friction during the cyclic loading. 

 
The objective of this work is to study the crack growth resistance of unidirectional SiC-

Ti-6242 composites subjected to a cyclic loading. Some works in the literature deal with this 
problem. Usually, a multiscale method is used: fibre/matrix scale to investigate interfacial 
phenomenon (debonding and friction) and macroscopic scale to investigate the matrix crack 
growth. The main difference between these approaches is the modelling of the fibre/matrix 
cell: some authors used phenomenological relations [4] and others used shear-lag methods[5-7]. 
All these works neglect some important aspects such as the residual stresses (due to the 
mismatches in the thermal expansion coefficients), the plasticity of the matrix, fibre 
ruptures,…. The aim of this paper is thus to introduce some of these micro-mechanical 
features in order to be able to accurately describe the bridged fatigue crack propagation. 
Section 2 of this paper is devoted to the experimental procedure followed by a description of 
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the concepts of the proposed mode. The results of the model and the effect of some material 
parameters are presented in section 3. 
 
2. METHODOLOGY 
 
2.1. Material and experimental procedure 
 
Materials under investigation are titanium matrix composites reinforced by continuous silicon 
carbide fibres. The matrix is a near-α Ti-6Al-2Sn-4Zr-2Mo (wt.%) titanium alloy. The two 
composites are reinforced by either SM1140+ fibres (noted TMC1) or SCS-6 fibres (noted 
TMC2). The SCS-6 fibre (manufactured by Textron) has a 3µm multi-layer carbon-rich 
coating and is 140µm in diameter. The SM1140+ (manufactured by QinitiQ) has a 4.5µm 
carbon coating and is 100µm in diameter. The two composites were manufactured by 
SNECMA using the foil-fibre-foil technique for TMC1 and fibres coated by titanium for 
TMC2.  
The test specimens (160mm length and a cross section 8mm x 2.1mm, see Fig. 1) were 
machined from composite plates and polished using the following sequence: diamond plates 
(15µm, 9µm and 6µm) and final polishing (DP-cloth and OP-cloth). This polishing permits a 
better observation of the crack growth. 
A notch is performed in the middle of the specimen. The load is applied parallel to the fibre 
direction. The crack length is measured using a self-activating optical process. The fatigue 
crack propagation was performed at 20°C and 400°C (the oxidation effects could be neglected 
for this range of temperature[8]). Different load ratios (R= 0,1; 0,25; 0,37 and 0,5) and 
frequencies were applied (50Hz and 16Hz).  
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Fig. 1: Test specimen. 
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are the Paris parameters and Ks is a threshold. These parameters are 
nforced matrix. ∆Keff is the effective amplitude of the Stress Intensity 
 follows: 
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et al. suggested that α =Em/Ec. Where Em and Ec are respectively the Young's 
 direction of the matrix and the composite. 
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where w is the width of the plate, a the crack length and x the actual position of the 
crack. Y and the Bückner weight function h(x,a,w) depend on the geometry of the problem[10, 

11]. ∆σa= σmax -σmin and ∆P(x)= P(x)max -P(x)min ,where P(x) is a continuous pressure used to 
model the discrete fibre stresses applied on the crack surface (see Fig. 2a).  

∆Ka being known (it depends only on macroscopic quantities), the principle of the 
present model is to evaluate the closure pressures P(x) along the crack edge in order to 
calculate ∆Kp.P(x) is evaluated using a Newton-Raphson algorithm by equalling the 
macroscopic Crack Opening Displacement (COD) and the microscopic one (see Fig. 2a and 
Fig. 2b) [13]. 

 

At the macroscopic scale, the COD (noted δM(x)) can be expressed using the Rice’s 
relation [12]:  
 [ ] dsdttpsthsxhEx
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where E* is homogeneous to a Young modulus (E* is chosen here to be equal to the 
longitudinal Young modulus of the composite). 

At the microscopic scale, the COD (noted δµ(x)) is calculated using an elementary cell 
(fibre/matrix/interface, see Fig. 2b). It provides a relation between the continuous pressure 
P(x) and the COD δµ(x) ( ⇒Eq. 6) 
 ))(()( xPx ℜ=µδ  (6) 

 
Fig. 2: Schematic model 

 
This micro-COD is a function of the interfacial strength, the residual stresses and the matrix 
behaviour. Two kind of micro-mechanical models have been used in the present study:  

1. An analytical model which is an extension of the one proposed by Hutchinson 
and Jensen [5]. In this case, the progressive interfacial debond damage is taken 
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into account using a cohesive zone model (CZM) and the matrix is described by 
a linear-elastic model. 

2. A numerical model based on a finite element analysis performed on an 
axisymmetric unit cell (as presented on Fig. 3). The matrix is described by an 
elasto-visco-plastic model identified from 20°C to 950°C from tensile, cyclic and 
creep tests [14,15]. 

Fig. 3: FE analysis on an axisymmetric elementary cell. 
 

Again the interfacial debonding process is described by a Tvergaard's cohesive zone 
model[16]. Basically, this model provides a relation between the relative normal and tangential 
displacements (Ut,Un) and the normal and tangential traction components (Tt,Tn) of two nodes 
initially superposed and belonging to two different media (see Fig. 4).  

Fig 4: Schematic interfacial displacements. 
 

The relations of (Tt,Tn) depend on the damage (Eq. 7 & 8).  The damage evolution is 
taken into account by the variable λ (Eq. 9) as follows: 
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where F(λ) is chosen as )²1(4
27)( max λσλ −=F  and (σmax, ασmax) are the maximum 

values of the traction components in pure modes (normal and tangential) during the 
debonding of these points. λ varies continuously from 0 (perfectly bonded interface) to 1 
(perfectly debonded interface). (δn, δt) are the maximum values of the relative displacements 
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in pure normal and pure shear modes. The parameters of this law (δn, δt , σmax, ασmax) and the 
friction coefficient can be determined from micro-mechanical tests like push-out (for the 
tangential parameters) and transverse traction (for the normal parameters). After the complete 
debonding, a classical Coulomb friction law is used. 
 
The parameters of the microscopic model are: 

• Elastic behaviour of the fibre identified from tensile tests and results founded in the 
literature. 

• Elasto-visco-plastic behaviour of the matrix identified from tensile, cyclic and creep 
tests performed at several temperatures on the unreinforced matrix. 

• Damageable behaviour of the interface identified from push-out tests 
 
The parameters of the macroscopic model are: 

• The Paris law parameters (C and m) and Ks (see Eq. 1). These parameters are 
identified on the unreinforced matrix.  

 
2.2.2 Numerical resolution of the problem 
 
The problem is discretised (crack length and x in Eq. 3-5) in a given number of integration 
points. Two steps are necessary: 

1. for each crack length, ai, for each points xj along this crack and for each applied 
loading (minimum and maximum), the COD and pressure P(x) are calculated by 
equalling the macroscopic and microscopic COD (Eq. 5 and 6). 

2. the second step consists in the integration of the Paris law (∆Keff being known, see Eq. 
2-4). This integration is performed along the crack and permits to obtain the number of 
cycle ∆Ni necessary to have a crack propagation length ∆ai. 

 
It is important to note, that for each crack length and for each integration point xj, a 

micro-mechanical problem is solved (see section 2.1). In fact, in the present work, a 
sequenced approach was used, the micro-mechanical analysis (either analytical or by FE on 
the unit cell) being performed in a previous step. The results are stored in a matrix such as:  
 ( )minmaxmax , lkk PPf=δ  
 ( )minmaxmin , lkl PPf=δ . 

Values of Pmax and Pmin are included in the interval [Pclos, Pbrake]. Where Pclos is the initial 
pressure necessary to obtain the crack closure and Pbrake the maximum pressure inducing the 
fracture of the fibre. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1. Experimental and numerical results 
 

Several fatigue crack propagation tests have been realized on the plates. A typical result 
is shown on Fig. 5 (dashed lines). First, it can be observed that (i) the propagation of the crack 
is not exactly symmetrical with respect to the centre of the test specimen and (ii) no fibre 
rupture is observed during the tests. Three main domains can be evidenced in figure 5a:  

• The first one (zone I, low crack length) is characterised by an important decrease 
in the crack growth rate due to the bridging effect. 

• For the more important crack length (zone II), a quasi-steady state is reached. At 
a global point of view, the crack growth rate can be considered as constant. But, 
at a more local point of view, the curve is “noisy” (brutal increase and decrease 
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in the crack growth rate). The period of these fluctuations can be related to the 
distance between two fibres; this fluctuation could thus be due to the deflection 
of the crack and to the local interface debonding which occurs when the matrix 
crack reaches a fibre.  

• The last stage (zone III, high crack length) is characterised by a slight increase in 
the crack growth rate. It is important to recall that none fibre rupture is observed; 
this suggest that this increase could be due to edge effects. 

 
It can be noted that in the present study, the matrix crack propagated along the whole 

specimen without fibre rupture (due to the low applied load). The results (in term of bridging) 
are very similar for composites TMC1 and TMC2. 

 
Numerical simulations of the test are also reported in figures 5 (represented in solid 

line). The three stages previously described for the experimental curve are well predicted. The 
comparisons between the simulation and the tests results are in good agreement. Note that, 
because of the principle of the modelling (Continuum Damage Mechanics), the brutal increase 
and decrease in the crack growth rate (experimentally observed in zone II) are not modeled. 

 

 
numerical simulation; the left crack;  the right crack of the hole. 

Test performed on a SM1140+/Ti-6242 composite at 400°C, (R=0.1, F=50Hz), normalized axes. 
 

Fig. 5 (a) Fatigue crack growth rate data and model; (b) number of cycles during the cracking. 
 
 
3.2 Effects of different parameters on the crack growth rate 

 
As explained in section 1, different material aspects have been introduced in the present 

model, their effects are studied in this section. 
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3.2.1 Edge effects 
 
Edges have very important effects in monolithic materials: there is a high increase of the 

stress intensity factor when the crack is close to the edge of the specimen. This is the reason 
why, it is very important to take them into account in the modelling of the composite. The 
edge effects are introduced in the definition of the weight functions [11]. 

Fig. 6 presents two modelling: (1) the test specimen has a finite width (the edge effects 
are taken into account) and (2) the test specimen is supposed to have an infinite width (the 
edge effects are neglected). In stage II, two phenomena are opposed: in one hand the edge 
effects tend to increase the crack growth rate, and in the other hand the increase of the number 
of fibre bridging (as a function of the crack length) tends to decrease the rate. When the edge 
effects become more important than the fiber bridging, an increase of the crack growth rate 
can be observed (stage III). Thus, as expected, the crack growth rate in the finite width is 
more important than in the infinite one. 

 

σmax=218 MPa 
R    = 0,1 
T    = 400°C 
Hole length: 2,86 mm 
Hole width: 0,8 mm 
 left side data 
 right side data 
 simulation finite width 
 simulation infinite width 

 
Fig. 6: Fatigue crack growth rate data and model (normalized axes). 

 
3.2.2 Effects of the shape of the hole 

 
Several simulations have been performed taking into account different dimensions for 

the central hole. Some results of these simulations are reported on the Fig. 7. The dimensions 
of the hole are indicated on the right side of the figure. B=0 represents the case of a central 
internal crack, where the fibres are broken inside. B= ∞ represents the case of an initial crack 
located on one edge of the specimen. The results of the simulation show a significant 
influence of the geometry and location of the hole. For small initial holes, the influence of the 
edge effects is lower. Concerning the width of the hole, Fig. 7 shows that the different crack 
growth rates are in between the case B=0 (blue) and B=1 (red). 
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Legend Blue ∆ Red \ Yellow  Magenta + Green  
B

B 
A 0,8 0,8 0,8 0,8 2,86 
B 0 ∞ 2,86 0,8 0,8 

A
B 

 
Fig. 7: Number of cycles during the cracking for different size of hole (normalized axes). 

 
3.2.3 Effects of fibre ruptures 

 
The evolution of the closure pressure P(x) along the crack for various crack lengths is 

shown in Fig. 8. Near the crack tip, P(x) is negative opposed to the thermal residual stresses to 
allow the closure of the crack. The closure pressure increases initially strongly, then its slope 
becomes weak. Due to the presence of the hole, the stress in the bridging fibre is more 
important in the vicinity of the crack tip. 

 
Fig. 8: closure pressure for different crack length (normalized axes). 

 
Fig. 8 shows that the axial stress in the fibres increases as the crack length increases. In 

the other hand, the strength of the fibre decreases as the number of cycles increases due to 
fatigue effects. A fibre breaks when its axial stress is greater than its strength σc (this fibre 
does not longer carry any load). Then the load in traction is shared between the surrounding 
fibres[17]. 

Two simulations are presented in Fig. 9: (1) the tensile strength of the fibre is equal to 
as-received SM1140+ fibres (σr) and (2) the tensile strength is voluntarily divided by two to 
take into account fatigue effects on the strength of the fibres. 

 

numerical simulation (σr); numerical simulation (σr/2); 
the left crack of the hole;  the right crack of the hole. 

 
Fig. 9: Crack growth rate with broken fibre (normalized axes). 
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In the first case, there is no fibre rupture, while in the second case the first fibre rupture 
appears in the fibre near the crack tip for a critical crack length ac equal to 45% of the 
specimen width. This leads to the ruptures of all the fibres inside the matrix crack (<ac). The 
crack growth rate increases quickly and becomes equivalent to the crack growth rate in an un-
reinforced matrix. 

 
In the present study, the fibre strength is supposed to be constant during the tests and 

equal for all the fibres. This is a limitation of the present model, but this point is now under 
investigation at ONERA.  
 
4. CONCLUSION 
A multiscale analysis of a bridged crack propagation in a Titanium matrix composite has been 
performed, taking into account the elasto-visco-plastic behaviour of the matrix. Several crack 
growth tests were performed on different composite plates. The simulations of these tests 
show good agreement between the experimental analysis and the model described in this 
paper. That shows the feasibility of the modelling used. The generality of this model allows 
some parametric study in order to analyse the influence of some geometrical (shape or 
location of the hole) or material (fibre volume fraction, fibre strength,…) characteristics on 
the crack propagation. However it still remains to study several points as the time-dependent 
fatigue crack growth[18] or the evolution of the fibre strength during the crack propagation[19]. 
These two points are now under investigation at ONERA. 
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