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Abstract: The fracture behavior of microstructured silica optical fibers containing surface cracks in 
tension was investigated using a simplified 3D analysis. Strengthening caused by the polymer coating 
was considered to be associated with the closure stresses uniformly applied to the crack surfaces, 
which were generally created by the thermal mismatch between the coating resin and the silica glass. 
The stress intensity factor of the surface cracks in tension was evaluated with considering the crack 
configurations and surface coating. The effects of crack configurations and closure stresses on the 
failure loads were also discussed. 
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1 Introduction 

Newly developed microstructured optical fibers have attracted increasing attention as they are cost 
efficient and can provide a wide variety of optical properties such as dispersion, birefringence and 
nonlinearity. However, strength and associated reliability are major technical concerns before they can 
reach the full potential for telecommunication industry. Mechanical properties and fracture 
mechanisms of conventional silica optical fibers have been investigated using experimental testing 
and 2D analytical analyses in which surface cracks were approximately treated as semi-circular cracks 
in an infinite medium [1-3]. For the microstructured optical fibers, unfortunately, very few investigations 
have been conducted on their mechanical and fracture behavior. It is well known that the intrinsic 
strength of silica fiber is a bout 14 GPa although the practically achievable strength is orders of 
magnitude less due to surface defects. For commercial applications, an optical fiber is required to 
pass the proof test at 0.7 GPa. Recent work on microstructured silica optical fibers indicated that they 
failed in a brittle manner and cracks initiated from the fiber surfaces [4]. Therefore, surface cracks and 
defects may play an important role in determining the mechanical strength of microstructured silica 
optical fibers. On the other hand, the effects of polymer surface coatings have not been well 
understood although apparent increase of failure loads was observed in the coated fibers. The 
possible reasons were attributed to crack length reduction [5-6], Poisson�s ratio effects [7] and the 
generation of closure stresses [8]. The objectives of the current study are to investigate the tensile 
fracture behaviour of coated microstructured optical fibers containing surface cracks. Simplified 3D 
fracture analysis has been conducted to replace expensive 3D finite element analysis. The effects of 
crack configurations and closure stresses on the failure loads have also been investigated. 

 
2 3D fracture analysis 
 

2.1 Fiber without coating  
 
For an optical fiber, the final failure is dominated by surface cracks. In this work, the analysis was 
simplified as a cylinder with finite size containing one crack, as shown in Figure 1. To account for the 
existence of hollow channels, an effective axial elastic modulus was introduced. For a fibre without 
coating, it can be estimated by  
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Where gE is the elastic modulus of silica glass, ψ  is the cross-sectional area fraction of the air holes. 
The axial stress in the fibre is  
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Neglecting the interaction between the crack and the air holes, the stress intensity factor can be 
evaluated by [9] 
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where ( )θ,/,/ caDaF  is a nondimensional function that can be obtained by numerical analysis. It is 

a function of ca / , Da /  and θ ; ( )xyarctg /=θ . Q is the crack shape factor, which can be 
determined by 
 

 ( ) 65.1/464.11 caQ +=                                                                              (4)    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Coated fiber 
 
For a coated optical fiber, based on the rule-of-mixtures [10], the axial stress in glass and coating 
material can be estimated by 
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where P is the tensile force, cE and t  are the axial Young�s modulus and the thickness of coating, 
respectively. 
 
Wang and co-workers [7] suggested that if a crack is fully filled by coating material it may respond in 
the same way as the bulk material when a load is applied. That is, the crack is healed by the coating 
material, shown in Figure 2(a). 
  

Figure 1 3D fracture model showing the surface crack and the central array of hollow channels 
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Figure 2 Sketch of coating effect 

(c) (d) (a) (b) 

clσ

cσcσ gσ

eσ
c� 

a� 

gσ 
 
 
 
 
 
 
 
 
 
 
However, the Young�s modulus of a polymer coating is significantly lower than that of silica glass. It is 
questionable whether the coating filled within a crack can completely respond in the same way as the 
bulk material (silica glass). Roach et al [8] suggested that the filling material can bridge the surfaces of 
a crack via a closure stress, clσ , which resists the crack opening when subjected to a tension force. 
Hand and co-workers [3] explained the existence of closure stresses as a result of thermal expansion 
mismatch between the coating and glass. The strain in the polymer coating can be estimated as 
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Where gα and cα are the thermal expansion coefficients of the glass and epoxy, respectively. T∆  is 
the difference between the curing temperature and room temperature. The closure stress can be 
estimated if the Young�s modulus of the coating is known. Assuming a rigid substrate and limited 
lateral strain in the coating, the effective modulus effE  of the polymer is 
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and the closure stress is 
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Obviously, a higher closure stress can be obtained when the Poisson�s ratio of the coating approaches 
to 0.5. For a well coated fiber, surface cracks can be considered to be completely filled with polymer. 
The segment of the fiber with one surface crack under uniform axial tension is shown in F igure 2(a), 
where the crack is far away from the fiber ends where the tension loads are applied. For simplicity, the 
contribution of surface coating and closure stress clσ  to the propagation of a surface crack can be 

represented by an effective closure stress eσ , uniformly distributed over the upper and lower surfaces 
of the crack, as shown in Figure 2(b). The stress intensity factor caused by the combination of the 
applied tensile stress gσ  and effective closure stress eσ can expressed as 
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The stress intensity factor caused by effective closure stress is 
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where ( )θ,/,/ caDaFc  is the geometry function. For a thin coating, the coating layer itself has a 

limited effect on the stress intensity factor and then we have cle σσ ≈ . The stress intensity factor is 

reduced to zero when the magnitude of closure stress clσ  approaches to gσ . In other words, we 
have   
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Therefore, )( clIK σ can be approximately evaluated using the same geometric factor for the applied 
stress, i.e.,   
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Then, the equation (9) can be reduced to  
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Depending on the processing procedures, it is possible a surface crack is partially filled by the coating, 
as illustrated in Figure 2(c) and Figure 2(d). Similarly, the effect of partial filling on the stress intensity 
factor can be estimated by 
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and then 
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3 Results and discussion 
 

3.1 Stress intensity factor and failure loads of bare fiber  
 
In the analysis, a silica fiber with a diameter of 100 µm was used, and the cross-sectional area 
fraction of the channels is 3.5%, the pitch =̂6 µm, and then d=24 3 µm. The coating thickness is 10 
µm. The Young�s modulus and Poisson�s ratio of the silica glass were taken as 70.3GPa and 0.17, 
respectively. The fracture toughness was ICK =0.75 MN m-3/2. The Young�s modulus and the Poisson�s 
ratio of the polymer coating are 3.96 GPa and 0.39, respectively. Three different crack configurations 
were taken into account: 1) a=5 µm and c=8 µm, 2) a=20 µm and c=25 µm and 3) a=20 µm and 
c=15 µm. For the uncoated optical fibers without hollow channels, the geometry factor F, is shown in 
Figure 3. By using Eq. (3), Eq. (4) and F (Figure 3), the stress intensity factor for the uncoated fibers 
with hollow channels and different crack configurations can be obtained, as shown in Figure 4. In 
Figure 4, it can be seen that the  stress intensity factors changes with a/D, a/c and �, indicating the 
influence of finite lateral surface constraint. The failure load is defined as the value when the stress 
intensity factor equals to the fracture toughness, i.e., 0.75 MNm-3/2. As shown in Figure 4, the failure 
loads are apparently dependent on the crack length. 
 
 



 

 

 

    
  
 
  
 
 

 

 

 

 

 

 

 

 

3.2 Failure loads of fully coated fibers  
 
The variation of failure load Pf with closure stress in fully filled coated fibers is shown in Figure 5. It is 
clear that the failure load increases with the closure stress. To this end, it is necessary to explore the 
ways to increase the closure stresses, such as increasing the thermal mismatch (thermal expansion 
coefficient) between the fibre and coating and the curing temperature T∆ . However, attention should 
also be directed to the possible change of other physical and optical properties as a consequence of 
these methods. If the closure stress is ignored, the difference of failure loads between a bare fiber and 
a coated fiber can be only attributed to the load diverted to the coating material. On the other hand, a 
sufficiently high closure stress is expected to offset the effects of surface cracks. In fact, the 
magnitude of closure stresses is generally limited by the strength and ductility of coating materials. A 
premature failure of the coating layer is quite possible before a high closure stress can be established. 
 
3.3 Failure loads of partially coated fibers 
 
It is also worthwhile to consider the situation where a crack is partially filled (Figure 2(c)). Figure 6 
shows the effect of unfilled crack depth on the failure loads. It can be seen that the failure load 
decreases with the increase of the unfilled crack depth. Note that the result shown in Figure 6 is an 
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Figure 4 Stress intensity factors for different crack configurations 
(coated fibers with channels) 
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 Figure3 Variation of geometry function F with crack configurations  
(uncoated fibers without channels) 
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approximate estimation as for a partially filled crack, and the lateral strain in the thin coating layer can 
not be strictly constrained as in a fully filled case, which will result in a relatively lower closure stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 Conclusions 
 
A simplified 3D crack analysis was conducted to understand the failure behaviour of surface cracked 
optical fiber with and without polymer coating. The results showed that the stress intensity factor was 
strongly dependent on crack configurations, especially crack depth. The closure stresses caused by 
polymer coasting could significantly increase the failure load. It is therefore worthwhile to explore the 
ways to increase the closure stresses provided other properties will not be made worse. The situation 
of partially filled surface cracks was also investigated. The failure load decreased with increasing the 
length of the unfilled cracks.   
 
Acknowledgement 
 
Cheng Yan wishes to acknowledge the support of two ARC Discovery Projects. 
 

References 
1 A.Skontorp. Strength and failure mechanisms of polyimide-coated optical fibres. In Smart structures and 

materials 2000: Sensory phenomena and measurement instrumentation for smart structures and materials, 
Proceedings of SPIE, Vol.3986, pp 240-251, 2000. 

2 [R. J.Castilone, G. S.Glaesemann, T. A.Hanson. Relationship between mirror dimensions and failure stress 
for op tical fibres. In optical fibre and fibre component mechanical reliability and testing ��, Proceedings of 
SPIE, Vol. 4639, pp 11-20, 2002. 

3 R. J.Hand, B. Ellis, B. R. Whittle, F. H, Wang. Epoxy based coatings on glass: strengthening mechanisms. 
Journal of Non-Crystalline Solids, 315(3), pp 276-287, 2003. 

4 C. Yan, X. D. Wang, L. Ye, K. Lyytikainen, J. Canning. Mechanical failure of holey optical fibres in tension. 
Lasers and Electro-Optics Society, 2005. LEOS 2005. The 18th Annual Meeting of the IEEE, pp 529- 530. 

5 B. D. Fabes, D. R. Uhlmann. Strengthening of glass by sol-gel. coatings. The American Ceramic Society. 
Vol. 73, pp978-989, 1990. 

6 B. D. Fabes, G. D. Berry. Infiltration of glass flaws by alkoxide coatings. Journal of Non-Crystalline Solids, 
121(1-3), pp 357-364, 1990. 

7 F.H. Wang, R.J. Hand, B. Ellis and A.B. Seddon. Glass Strengthening with Epoxy Based Coatings: A 
Fractographic Study. Phys. Chem. Glasses, 36 (1995), p p 201. 

8 D. H. Roach, S. Lathabai, B. R. Lawn. Interfacial Layers in Brittle Cracks The American Ceramic Society. 
71(1), pp 97-109, 1988. 

9 Y. X. Fan, T. Y. Fan, D. J. Fan. The approximate analytical solution for both surface and embedded cracks 
in cylinder with finite size. Engineering Fracture Mechanics, 16(1), pp 55-67, 1982.  

10 A.Skontorp. Nonlinear constitutive properties of silica optical fibres for embedded sensory applications. FFA 
TA 1998-60, The Aeronautical Research Institute of Sweden, Bromma, Sweden, 1998. 

 

0 2 4 6 8 10 12 14 16 18 20
0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

P
f  (

N
) 

a′

 a=20�m, c=15�m 
  

)( mµ

Figure 6 Variation of failure load with unfilled  
crack depth  
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Figure 5 Failure load as a function of  
closure stress 
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