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D. Esqué-de los Ojos1∗, R.Ghisleni2, A. Battisti3†, G. Mohanty4, J.

Michler4, J. Sort5, A.J. Brunner3
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5Institució Catalana de Recerca i Estudis Avançats (ICREA) and Departmanet de F́ısica,
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Abstract

The present work represents a progress towards the understanding of the mechanical behaviour of
the fibre/matrix interface during push-in tests of fibre-reinforced polymer-matrix composites. Finite
element simulations incorporating a cohesive zone model are used for this purpose. Different values of
interface strength, interface fracture toughness, fibre diameter and friction coefficient are considered
to study how they affect the load–displacement curves. A critical value of the displacement exists,
being independent of the fibre diameter for given values of interface strength and fracture toughness,
marking the separation between two regimes: (i) a cohesive-dominated zone interaction and (ii) a
frictional contact between debonded fibre and matrix. Maps showing the different regimes are con-
structed, proving their helpfulness to tune the mechanical properties of the interface in order to favour
a certain mechanical response. Finally, we study the debonding velocity and how this is affected by
the mechanical properties of the interface providing an empirical relation.
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1 Introduction

Composite materials that combine the properties of at least two single-phase materials in a

synergistic manner have been widely investigated over the years in order to enhance the prop-

erties or to create new functionalities that are not attainable using the individual constituent

materials separately [1]. Basically, in fibre-reinforced materials, the matrix transfers the stress

to the fibres, which, due to their higher load resistance, enhances the amount of stress that

the composite can bear before failure. This stress transfer will occur along the fibre/matrix

interface and in consequence, will depend on the bounding between the fibre and the matrix

or, in other words, on the mechanical properties of the in-terface. Hence, it is easy to under-

stand the great deal of interest in the field of interface tailoring. The reader is encouraged to

consult the recent work from Karger-Kocsis et al. [2] where a thorough review, since the year

2000, on the recent advances in fibre/matrix interface engineering can be found. Among other

things, different fibre types (organic and inorganic) along with routes for interface treatment

are presented. Some examples are the sizing of glass to protect them from fracture and of

carbon fibres to improve interfacial fracture toughness when using polyaryletherketones (a

type of thermoplastic polymer). An alternative route presented in [2] is the addition of nano

fillers into sizing formulations, having the advantage of enhancing the roughness of the fibre,

increasing the local modulus of the fibre and hence the shear strength and, finally, allowing

the possible structuring of nano fillers for sensing applications. As carbon fibres are one of

the most studied reinforcing structures, it is also interesting to mention the work by Sharma

et al. [3] reviewing the topic of the surface modification of carbon fibres and also the carbon

fibre/polymer interfacial adhesion.

As aforementioned, the mechanical performance of composite materials depends not only on

the mechanical properties of each individual phase or component but also on the interactions

between them. For this reason, the study of the mechanical performance of fibre-reinforced

composites is an active topic, especially regarding the study of the fibre/matrix interface [4]

– [9]. Some previous works have emphasized especially the optimization of the interface to

attain optimal performance [10] – [12]. A good understanding of the mechanical behaviour of

the fibre/matrix interface is needed in order to identify the most critical parameters governing

the mechanial performance of this type of systems.

The typical experiment to test fibre-reinforced composites is the push-in or push-out of

a single fibre with a cylindrical flat punch whose diameter is smaller than that of the fibre.
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In the literature one can also find some examples showing the study of interfacial properties

in fibre-reinforced composites by means of finite element (FE) simulations. Chandra and

Ghonem [12] conducted simulations of push-out tests on titanium matrix composites at room

and elevated temperatures where silicon carbide fibres were chosen as the reinforcing material.

In their work, they introduced a novel FE analysis to extract values of shear and frictional

strength along with the fracture energy values associated with the interfaces. In doing so, they

compared different interface models, being one of them the cohesive zone model that consists

of a constitutive relation between the tractions acting on the interface and the corresponding

interfacial separation (debonding). This cohesive zone formulation is based on the works by

Barenblatt and Needleman [14],[15] along with constitutive relations presented by Lin at al.

[16]. Lin et al. [17] also used the cohesive zone model in a parametric study of the effects of the

friction coefficient, the interfacial bond strength and the process-induced residual stresses on

the fibre/matrix interface failure system. They showed that their model was able to capture

the behaviour of a polyester/epoxy composite during push-out tests. Chen et al. [18] presented

FE simulations studying the interface behaviour of Al2O3 fibre-reinforced NiAl composites at

room and high temperatures. The objective was to understand the interfacial behaviour of

that kind of intermetallic matrix composites and to correlate the mechanical performance of

the interface with experimental data to extract the intrinsic shear strength of the interface.

Also, they reached the conclusion that fibre debonding can occur at the top side for thicker

samples and at the bottom side for thinner samples. You et al. [19] used the cohesive zone

model with a linear elastic traction-separation law to investigate the push-out behaviour of

SiC fibre-reinforced copper matrix composites. In doing that, they found excellent agreement

between simulations and experiments, using an inverse fitting process to calibrate the traction-

separation law and the damage evolution law. Finally, Jäger et al. [8] used the same cohesive

zone model as in [5] and [6] to assess the behaviour of the fibre/matrix interface using an

energy-based evaluation of the interfacial failure

In a previous publication [6], the authors performed single fibre push-out tests on carbon-

fibre epoxy laminates with different fibre treatment (comparing desized fibres as reference

with fibres with deposited, COOH-functionalized carbon nanotubes and with fibres oxidized

by the application of electric fields in a water-based suspension) using thin laminate slices

(roughly 30 micron thick). They further, applied the energy analysis approach proposed for

SiC ceramic matrix composites by Mueller et al. [9] to their systems and complemented
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the experimental analysis by preliminary FEM simulations based on a model derived from

the work by Rodriguez et al. [5]. They concluded that the different fibre tretaments did

not sgnificantly affect the non-linear point of the load-displacement curves, but indicated

different behavior after full debonding of the fibres, i.e., the push-out regime was presumably

dominated by friction. The FEM simulation was helpful in identifying essential parameters

determination the experimentally observed shape of the load-displacement curves. The micro-

mechanical push-out experiments were compared with interfacial shear strength measurements

on double-notch tension specimens, indicating same improvement in interfacial shear strength,

but with a relatively large scatter. These results were tentatively attributed to changes in

surface roughness of the carbon fibres due to the different treatments.

From the above cited works, it is evident that an active interest exists on applying FE

analysis techniques to the study of the fibre/matrix interface. Here we present FE simulations

of push-in experiments, extending the range of parameters compared with the previously

published results [6]. One essential component of the present work is varying the properties

of the fibre/matrix interface for different fibre diameters. The objective is to discern the most

critical parameters governing the slide of a fibre embedded in a matrix and to identify the most

sensitive properties of the fibre/matrix interface, in order to be able to tackle an hypothetical

need or improvement.

2 Finite element simulations and the cohesive zone model

Finite element (FE) simulations were performed to study the behaviour of the interface be-

tween carbon fibres and an epoxy polymeric matrix, in which the fibres were embedded, under

fibre push-in test test. In doing so, four parameters were taken into account: diameter of the

fibres (D), interface strength (τ), interface fracture toughness (Γ) and friction coefficient (µ)

between the fibre and the matrix. The values considered for each of the aforementioned pa-

rameters were: D = 4, 5, 7 and 9 µm; τ = 50, 75, 100, 200, 300 and 500 MPa; Γ = 100,

150, 200 and 250 J/m2 and µ = 0 and 0.05. Combination of all these values gave as a result

almost 200 simulations. The bearing-in-mind idea was to study how these four parameters

were affecting the response of the fibre/matrix interface during push-in of an isolated fibre.

The mesh used for the simulations consisted of 27,760 – 48,020 (depending on the diameter

of the fibre) 4-node fully- integrated elements. Push-in modelling of a single fibre in a matrix

was considered to be axisymmetric. Length of the fibres was kept constant and equal to 375
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µm. Figure 1 shows a sketch of the finite element model. The fibre/matrix interface was

considered as infinitely thin. During preparation of the model, a cohesive fibre/matrix zone

interaction [5], [6], [8], [13], relating stress and displacements at the interface (Eqs. 1 and

2), was assumed along with a quadratic failure criterion (Eq. 3) governing the initiation of

damage. Once damage was initiated at the interface, contact between fibre and matrix was

ruled by Coulomb friction, with a friction coefficient µ. It is worthy to mention here that the

considered values for µ = 0 and 0.05 were arbitrary and had the sole purpose of comparing a

frictionless and friction contacts between the debonded fibre and the matrix.

t =
√

〈tn〉2 + t2t + t2s (1)

δ =
√

δ2n + δ2t + δ2s , (2)

where t is the total stress at the interface and δ the total displacement. Sub-index n refers to

normal to the surface while t and s refer to the transversal directions. Brackets for tn in Eqs.

1 and 3 denote the Macaulay brackets, that return the argument if positive and give a zero if

negative. This means that only tensile stresses are taken into account during the calculations.

(

〈tn〉

tcn

)2

+

(

tt

tct

)2

+

(

ts

tct

)2

= 1 . (3)

Here, tct = tcs as it was considered that both transversal directions are equivalent. Additional

details on the constitutive equations can be found elsewhere [5], [6].

For the different parts of the model, we considered the polymeric matrix to behave as a

purely elastic material, the flat punch exerting the load during the push-in test as a perfectly

rigid body with a frictionless contact with the top part of the fibre. As for the fibre, we

considered it as a transversely isotropic material. Additionally to the aforementioned simula-

tions, the Supplementary Material of the electronic version of the present paper shows results

concerning: (i) the effect of the matrix’s Young’s modulus on the push-in load – displacement

curves and (ii) the influence of thermal stresses on the push-in load – displacement curves and

also on the damage (debonding) at the fibre/matrix interface. It is important to take into

account thermal stresses in the model, as during curing and annealing processes one can reach

differences in temperature of 100 K, inducing the onset of debonding prior to the push-in test.

Effect of residual stresses during pull-out was already explored by Bheemreddy et al. [20]
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by directly including the stresses in the model, while here the stresses were built-up given a

cooling down step and differences in the coefficients of thermal expansion (CTE) of the fibre

and the matrix.

Tables 1 and 2 summarize the mechanical and thermal properties considered for both, fibre

and matrix, components. Young’s modulus of the matrix was considered higher from what

could be expected from an epoxy polymer to capture the influence of neighbouring fibres [6].

Although this point could be arguable, one should bear in mind that this high value of Young’s

modulus for the epoxy polymer was chosen in order for the simulation to be able to show the

different interaction regimes between the fibre and the matrix. Future studies should take into

account the variation of the mechanical properties of the epoxy polymeric matrix depending

on the distribution of fibres around the tested region. From Figure S1 in the Supplementary

Material it can be seen that a large variation in the Young’s modulus of the matrix has a

rather limited effect on the results. Hence, fixing the mechanical properties of the constitutive

parts of the composite and varying the properties of the interface, as aforementioned, was

considered to be the best approach in order to focus the simulations on the fibre/matrix

interface. Also, and as noted above, here we considered that the matrix behaves as a purely

elastic material. Jäger et al. [8] did take into account the effect of the plastic deformation

of the matrix on the load – displacement curves during push-out simulations. However, here

it was decided not to include such plasticity as mechanical properties of the matrix will be

highly influenced by the fibre-distribution around the tested fibre. It can be noted that the

FEM simulation in [6] as well as that presented here uses thicker laminate slices than those

used in the experiments described in [6], namely 375 µm instead of 30 µm. A further series of

experiments was performed on 300 micron thick slices showing push-in failure of the carbon

fibres before full debonding took place [21] contrary to the case of the 30 micron thick slices

[6]. A detailed analysis of these results will be published later.

3 Results and discussion

3.1 Fiber push-in simulations: Applied load – top fiber displacement analysis

Figure 2 shows the load – displacement curves for different values of Γ and τ , P and d being the

applied load by and the displacement of the punch pushing the fibre, respectively. Each part of

Fig. 2 ((a) to (h)) shows results for different diameters of the fibre (D) and friction coefficients
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(µ). Each row corresponds to a constant value of Γ and each column to a constant value of τ .

Here, just a small selection of the simulated P – d curves is presented, the additional curves

can be found in the Supplementary Material available in the on-line version of the present

article. Comparing parts with the same value of Γ, one can see that an increase in τ increases

the elastic regime, characterized by a linear dependence between P and d, during the push-in

of the fibre. Interestingly, one can do an analogy between these curves and the uniaxial stress

– strain behaviour during the tensile test of a material. The interfaces characterized by a

low value of interface strength τ (left column with τ = 50 MPa) follow a power-law relation,

that saturates for those cases with µ = 0. Instead, interfaces with higher values of τ (right

column, with τ = 500 MPa) resemble an elastic-perfectly plastic material (with saturation for

µ = 0 and linear increase of load for µ = 0.05). This is a worthy comparison as it indicates

that by increasing the value of τ , the interface becomes more rigid i.e., higher loads will

be needed to reach the point at which the interface behaviour is dominated by the friction

between the matrix and the debonded part of the fibre. The point at which this change in

regime occurs can be easily identified in the different parts of Fig. 2 (and Figs. S2 – S5 in

the Supplementary Material) as it corresponds to the displacement d where the load saturates

for µ = 0. We designate the displacement at which P becomes linear with d (saturated for

µ = 0 and monotonically increasing for µ = 0.05) as the critical punch displacement dcr.

This displacement sets the boundary between two different behaviours: a cohesive-interaction

regime for displacements below dcr and a frictional regime for displacements above dcr. Figure

3 shows additional simulations for combinations of mechanical parameters that need d ≥ 6 µm

to saturate P . Remarkably, from Fig. 2 (and Figs. S2 – S5 in the Supplementary Material)

it can be seen that, for a given combination of interface properties, dcr is independent of the

diameter of the fibre. Note that simulations in Fig. 3 are only for a unique value of the

fibre diameter, D = 4 µm. It is also worthy to mention from Fig. 2(a) that load slightly

increases for µ = 0 and D = 9 µm. The reason for this increase in load is that the fibre

has debonded completely and, since the bottom part of the fibre in our model is tight to

prevent vertical displacement of the entire fibre (in other words, the model considers a push-

in simulation, but not a push-out of the fibre), the load starts to increase as a consequence of

the inability of the fibre to slide out. In order to account for the effects of thermal stresses,

e.g., from the curing process, FEM simulations were performed comparing systems with and

without thermal stresses (see Figure S6 in the Supplementary Material for a selection of these



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

results). It can be concluded that the shape of the curves is not significantly altered by

thermal stresses. The only difference is that those systems with residual compressive stresses

require higher loads to displace the fibres and that the respective dcr is slightly increased.

Also in the Supplementary Material, Figure S7 shows two experimental load – displacement

push-in curves for two systems with different fibres’ diameters (experimental details are briefly

described in the Supplemental Material). As it can be seen, the observed tendencies are in

agreement with those shown by Figure 2 and Figures S2 – S5, where a reduction of the fibre’s

diameter result in lower loads for a given imposed displacement.

3.2 Active deformation regime during fiber push-in: cohesive interaction vs.

frictional contact

By collecting the values of dcr for each pair of τ and Γ we can build-up a deformation map

showing the governing regime during push-in. Figure 4 represents a τ – dcr plot for different

Γs and, analogously, Figure 5 shows the Γ – dcr plot for different values of τ . In Fig. 4, it

can be seen how each series of data for a given value of Γ delimits the range of displacements

that will be governed by the cohesive interaction (left-hand side) and those affected by the

frictional contact between the part of debonded fibre and the matrix (right-hand side). Also

in Fig. 4, it can be seen that, by increasing the value of τ , the range of variation of dcr values

is reduced, from ∼4 µm to ∼10 µm at τ = 50 MPa and from ∼0.5 µm to ∼1.5 µm at τ =

500 MPa, when changing the value of Γ. In other words, increasing the value of the interface

strength τ reduces the variability of the critical punch’s displacement delimiting the transition

between both regimes occurring at different values of the interface fracture toughness. For

lower values of τ , changes in Γ imply a great variation on the values of dcr. In turn, for a

given Γ, only if Γ is high a change in τ results in an appreciable change of dcr. Fig. 4 is useful

to predict whether it makes sense or not, for a given value of τ , to vary the value of Γ in order

to promote a certain deformation regime (i.e., dominated by fibre debonding or by frictional

contact). From an experimental point of view, changes in the deformation regime, most likely

require changing either the fibre or the matrix material. Indeed, Battisti et al. [6] showed

that surface modification by means of electrophoretic deposition of carbon nanotubes (CNT)

or oxidation of the surface lead to similar debonding initiation, i.e., none or little effect of

treatment on interfacial adhesion, but significantly higher loads were required to push-out the

fibres when using CNTs (see Fig. 8 (a) in [6] for details).
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Figure 5 reveals that the evolution of the punch’s critical displacement with the interface

fracture strength is linear. Analogous to Fig. 4, for each value of interface strength, displace-

ments at the left-hand side of the lines indicate cohesive-interaction dominated regimes, while

displacements at the right-hand side of the lines indicate the regime dominated by the fric-

tional behaviour between the fibre and the matrix. Again, for a given τ , the greatest variation

of dcr is obtained for higher values of Γ. In turn, for a given value of Γ, interfaces with lower

values of τ will be more sensitive to changes of Γ. From Fig. 4 we can see that, for the limiting

case of τ → ∞, changing the value Γ will not be translated into a change of dcr. Notice here

that both Figs. 4 and 5 do not depend on the friction level between the debonded fibre and

the matrix, in agreement with Fig. 2 where it is shown that the dcr is independent of both

µ and D. As shown in Fig. S6, dcr does not depend on having or not thermal stresses and

concomitantly, thermal stresses neither affect Figs. 4 and 5. However, Figure S8 shows the

initial debonding for two different fibres’ diameters and different interfacial strengths. This

initial debonding is caused by the differences on the thermal coefficient expansions of the fibre

and the matrix. The initial debonding depends on the fibre’s diameter, being higher for bigger

fibres, but as the interfacial strength increases this difference is reduced and, eventually, for

high enough values of τ , this initial debonding difference disappears. Here it is worthy to

remark that present simulations correspond to push-in experiments on isolated fibers. One

would expect that, when taking into account the effect of surrounding fibers, the tendency

would be to have stiffer structures and hence, that curves in Figs. 4 and 5 could be displaced

to the right. However, a recent investigation (to be published) performed by the same authors

show that the initiation of fiber debonding is independent of both fiber treatment and fiber

packaging, analogous to [6], but for another fibre type and a thicker slice that results in fibre-

push-in rather than push-out. In order to accurately study the effect of neighbouring fibers a

three-dimensional mesh would be needed.

3.3 Speed of crack propagation in terms of interfatial mechanical properties

Another interesting output of the present analysis is the study of the crack length propagated

across the fibre/matrix interface as a function of the punch’s displacement. To establish the

crack length one can track, during the simulations, which nodes at the interface fulfill the

quadratic failure criterion (Eq. 3). Knowing the internode separation and how many nodes

have failed in each simulation one can infer the crack length. Figure 6 shows one example
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of crack length vs. punch displacement (d). It is evident that from this sort of curves it is

difficult to draw any meaningful conclusion besides the fact that a linear relation between

crack length and d is reached in all cases. Alternatively, one can study the slope (m) of this

linear part. Figure 7 shows the variation of the slope with the diameter (D) of the fibre

for a selection of interface properties (additional figures can be found in the Supplementary

Material). From Fig. 7 one can notice that the relation between m and D is linear and, hence,

it can be adjusted following a simple linear fit like:

m = a+ b×D , (4)

where a ≡ a(τ) and b ≡ b(τ). This fitting process was done for the different values of τ at

constant Γ and µ. Table 3 summarizes the values for the coefficients a and b. It should be

noted that for τ ≤ 100 MPa, the m vs D curves tend to overlap. For each value of Γ and

µ, the different values of a and b obtained from the fitting can, in turn, be fitted using the

following set of equations

a = a1 − (a1 − a2)× e−[(a3τ)a4 ] ; (5)

b = b1 − (b1 − b2)× e−[(b3τ)b4 ] . (6)

Table 4 summarizes the coefficients ai and bi for µ = 0 and µ = 0.05. Eqs. 5 and 6 along with

coefficients given in Table 4 proved to be useful to see how, for a given interface, changes on

τ , Γ and/or µ affect the velocity of crack propagation at the fibre/matrix interface. In spite of

the relatively complex expressions defining a and b coefficients, some qualitative conclusions

can be drawn. From Table 3 one can see that for small values of Γ, parameters a and b

remain almost constant for any value of τ , meaning that the slope m, or how fast the fibre is

debonding, does not depend on the value of the interface strength. Even for larger Γ values, m

does not significantly vary with τ for τ ≥ 200 MPa. In other words, even for high Γ, a critical

value of τ will be reached beyond which the debonding speed is not affected. This result goes

on the same lines as what has been discussed for Figs. 4 and 5. In Fig. 4 it was shown that,

for high values of τ , variations in Γ had almost no effect on the critical punch displacement

delimiting the cohesive-interaction and frictional regimes. Analogous, for a given value of Γ,

just when this value was high, a variation of τ translated into a significant change of dcr. Fig.

5 corroborated the aforementioned results, i.e., for high values of τ , the variation of Γ was not

affecting the value of dcr. So, what transpires from all this discussion is that a contour exists
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in the range of the interface properties to favour a certain regime (cohesive vs. friction) or to

modify the debonding speed between the fibre and the matrix.

4 Conclusions

This works presents finite element simulations on the push-in of fibre-reinforced composites by

recourse of a cohesive zone model, inspired by experimental push-out and push-in tests. The

study has taken into account different values for the diameter of the fibres, interface strength,

interface fracture toughness and friction coefficient between the fibre and the matrix. In do-

ing so, the existence of a critical displacement of the top part of the fibre has been shown.

This critical displacement separates the load – displacement curves obtained during push-in

experiments into two different regimes: one governed by the cohesive interaction between the

fibre and the matrix, and another ruled by the frictional contact between the debonded part

of the fibre and the matrix. By plotting the critical displacement against the mechanical prop-

erties of the fibre/matrix interface, the existence of a limiting value for the interface strength

was unveiled, above which no significant variation on the critical displacement value could be

achieved. Finally, empirical relations for the speed of fibre debonding are provided, showing,

again, that a limiting value for the interfacial strength exists, beyond which the debonding

speed is no longer affected. Our results provide valuable information in order to predict the

deformation behaviour of the fibre-reinforced composite materials and, in particular, to decide

whether further change in the interfacial properties of the fibre/matrix system could allow an

enhancement of the composite mechanical endurance.
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[7] M. Greisel, J. Jäger, J. Moosburger-Wil, M.G.R. Sause, W.M. Mueller, S. Horn.Compos.

Part A 66 (2014) 117.
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Table 1 
 

Fibre

E2 = E3 
(GPa) 

E1 (GPa)  12  G13 = G23

(GPa) 
G12 (GPa) 2=3    

(K‐1) 
1      
(K‐1)

k2=k3
(W/m∙K)

k1 
(W/m∙K) 

40  230 0.26  24 14.3 12∙10‐6  ‐1.2∙10‐6 3 16

Table 2 

Matrix 

E (GPa)          
(K‐1)

k1 
(W/m∙K) 

300  0.35 62∙10‐6  0.65

 

Table 1. Mechanical(22) and thermal(23) properties for the fibre used during finite element simulations. Direction 1 goes along 
the fibre and directions 2 and 3 are transversal to the fibre.  

Table 2. Mechanical and thermal(24,25) properties for the matrix used during finite element simulations.  

Tables 1 and 2



Table 2 

 

 
  100 J/m2  150 J/m2 200 J/m2 250 J/m2

(MPa)  a  b  a b a b a  b

50 
22.07
(14.46)

3.55 
(3.32) 

19.66
(13.48)

2.95
(2.96)

18.66
(13.13)

2.80
(2.80)

16.91 
(12.91) 

2.95
(2.72) 

75 
22.07
(13.83)

3.50 
(3.29) 

18.31
(12.72)

2.86
(2.77)

16.51
(12.04)

2.57
(2.52)

15.62 
(11.70) 

2.42
(2.38) 

100 
22.06
(13.64)

3.45 
(3.27) 

18.10
(12.39)

2.83
(2.73)

15.93
(11.56)

2.49
(2.42)

14.65 
(11.07) 

2.28
(2.23) 

200 
22.04
(13.34)

3.45 
(3.26) 

18.10
(12.05)

2.83
(2.70)

15.79
(11.17)

2.45
(2.37)

14.14 
(10.45) 

2.20
(2.13) 

300 
22.04
(13.20)

3.46 
(3.25) 

18.10
(11.89)

2.82
(2.71)

15.76
(11.00)

2.45
(2.37)

14.17 
(10.35) 

2.19
(2.13) 

500  22.02
(13.09)

3.46 
(3.25) 

18.09
(11.77)

2.83
(2.71)

15.77
(10.88)

2.45
(2.37)

14.21 
(10.24) 

2.19
(2.12) 

 

 

Table 3 
 

(J/m2)  a1  a2  a3 a4 b1 b2 b3  b4

100  21.52 
(14.50) 

22.12 
(13.09) 

0.00
(0.01)

0.34
(‐2.14)

3.48
(3.40) 

3.47 
(3.25) 

0.00 
(0.03) 

‐1.02
(‐1.86) 

150  18.10 
(13.48) 

21.38 
(11.77) 

0.02
(0.01)

3.21
(‐2.42)

2.95
(2.96) 

2.83 
(2.71) 

0.02 
(0.02) 

‐8.44
(‐6.25) 

200  18.85 
(13.13) 

15.77 
(11.00) 

0.02
(0.01)

‐5.71
(‐3.49)

2.45
(2.87) 

4.90 
(2.37) 

0.02 
(0.02) 

‐4.21
(‐4.22) 

250  16.92 
(14.30) 

14.17 
(10.24) 

0.01
(0.02)

‐4.79
(‐2.19)

4.22
(2.82) 

2.19 
(2.12) 

0.03 
(0.02) 

‐3.35
(‐3.53) 

 

Table 2. Parameters obtained for Eq. (4). Values in parenthesis correspond to  = 0.05, while the 
others are for  = 0.  

Table 3. Parameters obtained for Eqs. 5 and 6. Values  in parenthesis correspond to  = 0.05, while 
the others are for  = 0.  

Tables 3 and 4



Figure captions 

Figure 1. Schematic drawing showing  the FE element model used  in  the present study.   The 
fibre  is  considered  as  a  transversely  isotropic material while matrix  is  taken  as  an  isotropic 
elastic solid. Interaction between fibre and matrix is modelled with a cohesive zone model and 
a frictional contact between the fibre and the matrix once debonding initiates, the fibre/matrix 
interface  being  infinitely  thin.  Vertical  displacement  of  the  bottom  part  of  the  system  is 
prevented  and,  given  the  symmetry  of  the  problem,  here  a  two‐dimensional  axisymmetric 
mesh  is used.  Fibre  is displaced downwards by  a perfectly  rigid  flat punch with  a diameter 
equal  to  the pushed  fibre. Contact between  the  top‐part of  the  fibre  and  the  flat punch  is 
considered frictionless in all cases.   

Figure 2. Load (P) – top fibre displacement (d) for different combinations of interfacial strength 
(),  interface  fracture  toughness  (),  friction  coefficient  ()  and  fibre  diameter  (D).  Closed 
symbols are for  = 0 and open symbols for  = 0.05. Left column is for = 50 MPa ((a)  = 100 
J/m2; (c)  = 150 J/m2; (e)  = 200 J/m2; (g)  = 250 J/m2) and right column for = 500 MPa ((b) 
 = 100 J/m2; (d)  = 150 J/m2; (f)  = 200 J/m2; (h)  = 250 J/m2). Vertical dotted lines indicate 
the value of  the critical displacement  (dcr) marking  the boundary between  the  two different 
interfacial behaviours (cohesive zone and frictional displacement) except for parts (c), (e) and 
(g), whose dcr values are indicated in Fig. 3. Circled region in part (a) shows the increase in load 
for the case of D = 9 m, = 50 MPa,  = 100 J/m2 and  = 0 (see text for details).  

Figure  3.  Load  (P)  –  top  fibre  displacement  (d)  for  a  fibre  diameter D  =  4m  and  friction 
coefficient    =  0.    This  set  of  simulations  complements  those  shown  in  Fig.  2  and  allows 
determination of the critical displacement dcr  in case the value  is above 6 m (maximum top 
fibre displacement imposed for simulations in Fig. 2).  

Figure 4.  Interfacial  strength  () – critical displacement  (dcr)  curves  for different values of . 
This  representation  results  in an  interfacial behaviour map  showing  two  zones: Zone ①, at 
the left‐hand side of each curve, shows a region governed by the cohesive interaction between 
the  fibre and  the matrix,  and ② at  the  right‐hand  side of each  curve, where  the  frictional 
contact between the part of the debonded fibre and the matrix dominates. It can be seen that, 
for high values of a change on  will not greatly affect  the value of dcr, while  the effect  is 
increased  when  decreasing  .  Effect  of  including  thermal  stresses  will  be  to  move  the 
represented curves slightly to the right. See Figure S6 in the Supplementary Material for more 
information.  

Figure 5. Interface fracture strength ( ) – critical displacement (dcr) for different values of . As 
in Fig. 4, this representation results  in an  interfacial behaviour map showing two zones: Zone 
①,  at  the  left‐hand  side  of  each  curve,  indicates  a  region  governed  by  the  cohesive 
interaction between  the  fibre and  the matrix, and ② at  the  right‐hand  side of each  curve, 
where  the  frictional  contact  between  the  part  of  the  debonded  fibre  and  the  matrix 
dominates. It is worthy to note here that dependency between  and dcr for each value of is 
linear, being  the slope reduced while  increasing .  In other words, also as  in Fig. 4,  it can be 
seen how for high values of , a change in  is not translated into a remarkable variation of dcr, 

Figure captions



while  the effect  is  increased when   is  reduced. Effect of  thermal  stresses will be  to  slightly 
reduce the slopes of the   – dcr  curves, see Figure S6 in the Supplementary Material for more 
information. 

Figure  6.  Evolution  of  the  crack  length  with  the  top  fibre  displacement  for  an  interfacial 
fracture strength  = 100  J/m2, D = 4 m and different values of  interface  toughness . The 
results reveal that the crack  length propagation rate stabilizes with a constant slope for each 
value of .  

Figure 7. Propagation velocity of the interfacial crack, m, leading to fibre debonding in terms of 
the fibres’ diameter D for different values of the interface toughness  and at a constant value 
of  interfacial  fracture  strength,   =  200  J/m2.  Superimposed  are  the  linear  fitting  functions 
using Eq. (4). That for   100 MPa, the curves S vs. D virtually overlaps. Additional figures are 
available in the Supplementary Materials. 

Figure S1. Load (P) – top fibre displacement (d) for an  interfacial strength = 50 MPa. Closed 
symbols are  for a Young’s modulus of  the matrix E = 300 GPa and open  symbols  for E = 50 
MPa.  Comparing fibres with same diameter D and same value of interface fracture toughness 
, it can be seen how strong variations on the Young’s modulus of the matrix result in almost 
unnoticeable changes in the P – d curves.  

Figure S2. Load  (P) –  top  fibre displacement  (d)  for an  interface  fracture  toughness  = 100 
J/m2  and  different  combinations  of  interfacial  strength  (),  friction  coefficient  ()  and  fibre 
diameter (D). Closed symbols are for  = 0 and open symbols for  = 0.05. (a)  = 50 MPa; (b)  
= 75 MPa; (c)  = 100 MPa; (d)  = 200 MPa; (e)  = 300 MPa; (f)  = 500 MPa.  

Figure S3. Load  (P) –  top  fibre displacement  (d)  for an  interface  fracture  toughness  = 150 
J/m2  and  different  combinations  of  interfacial  strength  (),  friction  coefficient  ()  and  fibre 
diameter (D). Closed symbols are for  = 0 and open symbols for  = 0.05. (a)  = 50 MPa; (b)  
= 75 MPa; (c)  = 100 MPa; (d)  = 200 MPa; (e)  = 300 MPa; (f)  = 500 MPa. 

Figure S4. Load  (P) –  top  fibre displacement  (d)  for an  interface  fracture  toughness  = 200 
J/m2  and  different  combinations  of  interfacial  strength  (),  friction  coefficient  ()  and  fibre 
diameter (D). Closed symbols are for  = 0 and open symbols for  = 0.05. (a)  = 50 MPa; (b)  
= 75 MPa; (c)  = 100 MPa; (d)  = 200 MPa; (e)  = 300 MPa; (f)  = 500 MPa. 

Figure S5. Load  (P) –  top  fibre displacement  (d)  for an  interface  fracture  toughness  = 250 
J/m2  and  different  combinations  of  interfacial  strength  (),  friction  coefficient  ()  and  fibre 
diameter  (D). Closed  symbols are  for  = 0 and open  symbols  for  = 0.05.  (a)  = 50 MPa;       
(b)  = 75 MPa; (c)  = 100 MPa; (d)  = 200 MPa; (e)  = 300 MPa; (f)  = 500 MPa. 

Figure S6. Load (P) – top fibre displacement (d) comparing the situations of a relaxed system 
(no  residual  stresses) with  a  system  presenting  residual  stresses  originated  from  a  cooling 
down process (T = 100 K). Here, four extreme combinations for the interface properties have 
been considered with  = 50 and 500 MPa and = 100 and 250 J/m2 in order to maximize the 
effects that residual stresses may have. Part (a) is for a fibre’s diameter D = 4 m while part (b) 
is for D = 9 m. As it can be observed, thermal stresses do not affect the overall morphology of 



the P – d curves, though the onset of the frictional governed regime is slightly delayed. This will 
imply that curves in Fig. 4 will move to the right, while in Fig. 5 the slopes will be reduced due 
to thermal stress. 

Figure  S7.  Experimental  quasistatic  load  (P)  –  top  fibre  displacement  (d)  curves  for  two 
different fibre’s diameters  (D). Solid black  line  is for D  7 m and dashed red  line for D  5 
m. Same tendencies as  in the simulations can be observed, where higher diameters require 
of higher loads to impose the same displacement.  

Figure S8. Fibre debonding –  interfacial  strength  () plot  showing  the  initial debonding after 
cooling down and previously to push‐in. Variation  in temperature corresponds to T = 100 K 
and initial debonding is independent of the interface fracture toughness . For low values of  
initial debonding is more important for bigger fibres (here open symbols are for D = 4 m and 
close symbols for D = 9 m) but, as t is increased, difference is reduced and for higher enough 
initial debonding disappears. Hence,  the  effect of having different  values of  coefficient  of 
thermal  expansion  for  the  fibre  and  the  matrix  is  reduced  when  having  high  values  of 
interfacial strength. Note that for  = 500 MPa results overlap. 

Figure S9. Propagation speed of the interfacial crack m leading to fibre debonding in terms of 
the fibres’ diameter D for different values of the interface toughness . Closed symbols are for 
 = 0 and open  symbols  for  = 0.05.  (a)  = 100  J/m2;  (b)  = 150  J/m2;  (c)  = 200  J/m2;         
(d)   =  250  J/m2. Notice  how  for part  (a)  S  is  almost  independent on  . As   increases, m 
becomes more sensitive to  for a given value of D. 
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