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ABSTRACT 

 

This paper investigates the influence of hydrogen loading and other stages of the fabrication process 

on the mechanical strength of fibre Bragg gratings. Following UV-irradiation, tensile tests were 

carried out on Ge-B codoped photosensitive fibres with and without hydrogen loading. Fibre Bragg 

gratings (FBGs) were written using a range of UV wavelengths, namely 246 nm, 255 nm and 266 

nm. The tensile strength of the optical fibres was determined in their as-received status and 

following the various stages of FBG fabrication. The mechanical strength was assessed using 

Weibull statistics. The results indicate that the strength of FBGs is influenced by the UV irradiation 

parameters and by the hydrogen-loading process. FBGs fabricated using shorter UV wavelengths 

and low pulse power intensity exhibit a high mechanical strength. The FBGs written in hydrogen 

loaded fibres have less than 50% of the strength of FBGs that have not been hydrogen-loaded. Fibre 

fracture morphology observed by scanning electron microscope (SEM) reveals fracture mechanisms 

of FBGs, which are correlated with the structural change of the silica fibres induced during the FBG 
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inscription process. Combined with surface information gathered by atomic force microscopy 

(AFM), fracture mechanics is applied to understand the mechanisms of strength degradation caused 

by the FBG inscription process.  

PACS codes: 42.50.VK; 42.79.Dj; 42.81.pa 
 
Keywords: Fibre Bragg grating strength; Hydrogen loaded optical fibre; Bragg grating formation 

mechanisms, mechanical resistance of fibre Bragg gratings 

 

1. INTRODUCTION 

 

A fibre Bragg grating (FBG) consists of a periodic perturbation of the refractive index of the core of 

an optical fibre. FBGs are formed by exposure of pristine glass fibres to an interference pattern 

formed between intersecting UV laser beams. To achieve a high Bragg reflectivity, the 

photosensitivity of the pristine fibre is enhanced either by doping the core with elements such as 

Ge, or Sn [1], or by hydrogen-loading the optical fibre via immersion in high pressure hydrogen [2]. 

The high pressure hydrogen-loading technique has been shown to achieve ultrahigh photosensitivity 

in GeO2-doped fibres [3]. Hydrogen loading is commonly used to allow FBG fabrication in 

standard telecommunication optical fibres. 

FBGs are required to have a specific degree of mechanical robustness according to their 

application. For instance, as sensors, the strain to failure should be higher than that of the measured 

object to ensure that no sensor failure occurs before the failure of the object. Previous work [4] has 

shown that continuous-wave (CW) UV exposure can produce high-mechanical-resistance FBGs 

with mean strength and m-values close to those of pristine optical fibres. However, a range of 

pulsed lasers are also used in the fabrication of FBGs. Gratings can be written quickly and have 

been fabricated from a single laser pulse during the fibre draw process [5]. It has been reported that 
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the use of pulsed UV-irradiation to form FBGs degrades the mechanical strength [6, 7]. Varelas et 

al [7] reported that the median strength of UV irradiated fibres was around 50% of that of non-

irradiated fibres. The total irradiation dose was found to have a limited influence on the mechanical 

strength, which varied from 2.5 to 2.7 GPa when the total dose increased from 1.0 kJ/cm2 to 3.0 

kJ/cm2. An investigation by Feced [8] revealed that the UV wavelength had an influence on the 

mechanical strength. In [8], the strengths of FBGs written using UV irradiation at 193 and 248 nm, 

at an average pulse intensity of 1.0 J/cm2, were 0.84 and 0.69 GPa, respectively. Following on from 

the work reported in [6], using laser wavelengths of 246 and 266nm, this paper examines the 

influence of key process parameters on the mechanical strength of irradiated fibres. These 

parameters include the pulse power, total dose and wavelengths of 246, 255 and 266nm.  

Fabrication of FBGs while the fibre is being drawn has demonstrated that high strength FBGs can 

be produced [9]. No reduction in strength was observed when FBGs were written using a KrF 

excimer pulsed laser of 248 nm at a pulse average intensity of 1.0J/cm2 immediately after silica 

fibres were drawn and before the protective coating was applied to the fibres. The irradiated fibres 

showed a median strength of 5.8 GPa. However, on-line FBG fabrication provides low reflectivity 

FBGs (less than 10%) [9]. The structural change of the irradiated fibres with low reflectivity may 

not reach a threshold at which mechanical damage is caused. FBGs fabricated in hydrogen-loaded 

fibres have a higher reflectivity than those fabricated in non-hydorgen-loaded fibres under the same 

irradiation conditions [3]. It is not clear whether there is a relationship between the reflectivity and 

the mechanical strength of FBGs. Previous research has shown no change in mechanical strength of 

optical fibres following hydrogen-loading [11]. However, no further work has been reported on the 

strength of the hydrogen-loaded fibres that are subjected subsequently to the UV-writing process. 

This paper determines the mechanical strength of FBGs using Ge-B codoped fibres with and 

without hydrogen-loading. Observation of the fracture surface, combined with the observation of 



 4

the surface morphology using an atomic force microscopy (AFM), enables possible mechanisms for 

the reduction of the mechanical strength of optical fibre with different photosensitivities to be 

proposed.  

 
2. FBG FABRICATION PROCESS 

2.1  Optical fibres and pre-processing preparation 

The investigation was carried out using Ge-B-F doped photo-sensitive fibres (Fibercore PS1250). 

The fibres are composed of a silica cladding and a core of 5% wt germania with boron phosphorus 

doped-silica. They are single-mode fibres with a polyacrylate coating. The fibre has a cladding 

diameter of 125 μm and a cut-off wavelength of 1250 nm. The polyacrylate coating is highly 

absorbing in the ultra violet (UV) region of the spectrum, requiring removal of the coating prior to 

fabrication of the FBG. A 20 mm long section of the polyacrylate buffer coating was removed from 

the fibre surface before the inscription of FBGs. The process of removing the coating reduces the 

strength of the optical fibres to some extent, depending on the stripping method employed. In a 

previous investigation [6], a chemical-solvent stripping method was determined to have the least 

damaging effect, maintaining 80% of the strength of the pristine optical fibre. Therefore, this 

method was employed in this investigation. The fibres were soaked in the chemical solvent, and a 

lint-free tissue soaked with acetone was used to remove any coating residue.  

 

Seven sets of fibres, each set comprising 15 fibre samples of a length of 300mm, were prepared 

under the same conditions in order to determine the Weibull distribution of the fibre strength. The 

details of the sets of fibres and the processing parameters are listed in Table 1.  
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Among all the sets, only set D was subjected to hydrogen loading prior to the coating removal and 

UV-irradiation. The fibres were placed in a steel chamber filled with hydrogen at a pressure of 120 

bar. The hydrogenation took place for one week at room temperature.  

 

2.2 UV-irradiation process 

The fabrication of FBGs was accomplished by exposing the stripped section of the fibre to UV-

beams in the phase mask configuration [12]. The exposure parameters (the wavelength of light, 

pulse energy and total exposure dose) listed in Table 1 were different for each set of fibres,. Three 

lasers were used with wavelengths of 246 nm, 255 nm and 266 nm. The specifications of the lasers 

are detailed in Table 2. Samples of the fibre that were not hydrogen-loaded were irradiated at the 

three laser wavelengths, while the 255 nm irradiation was carried out on both the hydrogen and 

non-hydrogen loaded fibres to compare the difference of the FBG mechanical strength. The FBGs 

fabricated using the 245 nm laser had the Bragg wavelength of 1300 nm determined by the period 

of the phase mask used, and the Bragg wavelength was 1320 nm for the FBGs inscribed using the 

255 and 266 nm lasers. The exposure time for each fibre was approximately 60s. 

The reflectivity of the FBGs formed in the Ge-B-F doped fibre without H2-loading was in the range 

23-30%, while the FBGs formed in the hydrogenated fibres had a reflectivity of approximately 

60%.  

After being processed, the fibres were kept in a desiccator (23°C, 26.5% RH) to protect the fibres 

from the effects of humidity, which has been shown previously to degrade the mechanical strength 

of optical fibres [13]. The time interval between the FBG fabrication and the mechanical testing 

was 7 days.  
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2.3  Tensile tests and microscopic observations 

Tensile tests were conducted to evaluate the mechanical strength of the fibre sets listed in Table 1. 

In the tensile test, the fibres were end-tabbed using cardboard tabs attached with a fast curing 

adhesive, to protect samples from failure within the grips of the tensile testing machine. The gauge 

length of the samples was 160 mm while the total length of the fibre was 260 mm. The tensile tests 

were performed on an Instron Model 6025 tensile testing machine with a load cell of 100 N 

capacity. The tensile failure load was measured under a strain rate of 0.035/min. 

In each set of fibres, 15 specimen were tested. Tests were considered valid when fibres fractured 

within the gauge length. In practice it was observed that all of the fibres that had had their coating 

removed fractured within the stripped section and that those which had also been UV irradiated 

failed within the UV-exposed region. The tensile strength was then determined by dividing the 

failure load by the area of fibre glass (assuming a constant diameter of 125 μm). The test 

environment was maintained at 23°C, and 55% RH. A two-parameter Weibull model was employed 

to analyse the strength distribution of each set of data. The Weibull modulus, m, is defined by: 

ln( ln( ( ))) ln ln− − = −1 F m mσ σ σ         (1) 

Where F(σ) is the cumulative failure probability at each stress level, σ. The parameter, m, defines 

the distribution scale of each set of measured data. ⎯σ is the strength at which 63.3% of samples fail 

within a set of fibres.  

When a fibre broke into two pieces during the tensile measurement, the two fracture surfaces were 

collected for Scanning Electron Microscopy (SEM) observation. The fracture morphology was used 

for analysing fracture mechanisms. Optical fibres that failed at high stresses were observed to 

shatter into small pieces so that fracture surfaces suitable for examination were not obtained.  
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3. RESULTS 

The tensile test results which were analysed using the two-parameter Weibull model are 

summarised in Table 3, showing the mean strength and the Weibull modulus. The mean strength of 

the as-received fibres, with coating intact, was as high as 4.95 GPa. Following removal of the 

polyacrylate coating, the mean strength was reduced to 3.38 GPa. The mechanical strength was 

significantly reduced by the process of removing the coating. The width of the strength distribution 

increased, with a corresponding decrease of the m-value from 66 to 3.1 as seen in Fig. 1 and Table 

3. Two previous investigations [4, 14] revealed no strength degradation when hot sulphuric acid 

was used to strip the coating. However, the mechanical measurements were conducted immediately 

after the stripping process. It has been found that the time lapse between the acid-stripping process 

and strength measurement has a major impact on the strength of stripped fibres [6]. However the 

fibres stripped chemically by the method used in this investigation showed little sensitivity to the 

time lapse under a similar storage condition following 7 day storage in a desiccator. The 

chemically-stripped fibres retained 68% of their original strength, compared with a 50% strength 

loss by using the acid-stripping method. In contrast, measurements on Corning SMF 28 fibres 

following chemical-stripping process showed a significant degradation with a mean strength of 0.92 

GPa [8]. Hence, a large variation in the strength of stripped fibres may exist depending on what 

stripping method is used and how carefully the fibres are handled. 

Stripped fibres that were subsequently UV-irradiated show a further reduction in the mean strength 

and a slight decrease in m-values. However the extent of UV degradation depends on the 

wavelength of the UV irradiation, and whether or not the fibre had been hydrogen-loaded, as seen 

in Table 3.  

3.1  Influence of UV-parameters on the FBG mechanical strength  
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Figure 1 shows the failure stress of irradiated PS1250 fibres plotted against the cumulative failure 

probability, comparing the strength of FBGs without hydrogen loading formed under irradiation at 

the different wavelengths. The data points show scatter and are non-linear on the Weibull plot for 

the UV-exposed fibres. If only one mechanism is responsible for the fracture of a material, the 

Weibull plot is expected to show a linear dependence of the failure stress on cumulative failure 

probability, as is seen in the as-received optical fibres (Set A) in Fig. 1. In the as-received fibres, a 

polymer coating is applied just after the fibres are drawn, which ensures that no mechanical defects 

are introduced. In the process of FBG fabrication, defects of various sizes could be induced during 

the coating removal and UV-irradiation, producing the wide distribution of the strength and non-

linear performance. 

a) Wavelength vs. mechanical strength 

When plotting the mean tensile strength against the wavelength of the lasers which were used to 

fabricate the FBGs, an almost linear relationship is obtained as shown in Fig. 2. Exposure at shorter 

UV wavelengths appears to produce FBGs with greater mechanical strength (Set E) when compared 

to that obtained using the longer UV wavelengths (Set F). FBG fabrication at 246 nm (Set E) gives 

the FBGs a higher mean strength than those exposed at 255 (Set C) and 266nm (Set F). The total 

energy dose of the 255nm exposure (Set C) is more than 39 times that of 266 nm exposure (Set F), 

but the strength of Set C fibres is 1.8 times higher than that of Set F fibres. It appears that the total 

exposure energy dose has little influence on the mechanical resistance while the laser wavelength 

produces a significant effect. When Set F is compared to Set G, both of which were irradiated by 

the 266 nm laser, Set F shows only 10% higher strength than Set G, even though the total exposure 

dose for the former set is 28% of the latter. Feced et al [8] reported a similar result where a higher 

strength was achieved using the laser operating at 193 nm than that obtained using UV irradiation at 

248 nm for a pulse fluence of 1 J/cm2. The FBGs had strengths of 0.84 GPa and 0.69 GPa, 
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respectively. The FBGs fabricated using the three wavelength lasers in this investigation show 

higher strength than those reported in [8]. This could be because that the stripped fibres exhibited a 

strength of 0.92 GPa prior to irradiation, significantly lower than that of the stripped fibres in the 

present investigation (3.38 GPa).  

b) UV pulse peak intensity vs. mechanical strength 

The influence of peak pulse intensity on the mechanical strength is shown in Figure 3. Although the 

fibre sets were fabricated using different laser wavelengths, the general trend shows that an increase 

of pulse peak intensity reduces the mechanical strength. The exception is Set E which shows a 

higher strength than that of Set C though Set E was fabricated using a higher peak pulse energy. 

The poor mechanical resistance of FBGs fabricated at 266nm could be caused by both the longer 

laser wavelength and the high pulse energy which is 3.5 times that of the 246 nm lasers and over 80 

times that of the copper vapour system (255 nm). Hence it is difficult to distinguish between these 

two variables on the basis of the present results. However, the peak energy of a single pulse seems 

less influential than the laser wavelength in reducing the strength. Set E, fabricated using a 246 nm 

laser, has a greater strength than Set C, fabricated using 255 nm in spite of the pulse peak intensity 

of the former laser being 20 times higher than that of the latter. This suggests that laser wavelength 

has a more profound influence on mechanical strength than does the pulse peak intensity.  

 

3.2  Influence of hydrogen loading on the FBG mechanical strength  

As shown in Table 3, UV-irradiation under similar conditions induced a strength degradation of 

36% for fibre Set C and 70% reduction for fibre Set D, which contained the same type of fibres but 

Set D had been hydrogen-loaded. To show the influence of hydrogen loading, the failure stress of 

the irradiated fibres with and without hydrogen loading is plotted against cumulative failure 
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probability in Fig. 4. It is clear that hydrogen loading had a significant impact on mechanical 

strength, the mean strength being less than 50% of that of the fibres that had not been hydrogen 

loaded. The power density and total energy dose used during the exposure of Set D, the hydrogen-

loaded fibres, were lower than those applied to the Set C (not hydrogen-loaded), as seen in Table 3. 

Limberger et al [11] investigated the mechanical strength of Ge-doped photosensitive fibres both 

with and without hydrogen-loading prior to UV-irradiation. Their results revealed a small 

degradation of the mechanical strength, from 4.74 GPa to 4.62 GPa, along with a decrease in the m-

value from 165 to 69, for fibres that were processed in H2 at 120 Bar for 16 months. However, no 

degradation was observed when the fibre was loaded in H2 for two weeks. The short-term H2-

loading process causes no reduction in the mechanical resistance of the fibre. However, this 

investigation shows that the mechanical strength of H2-loaded fibres is significantly reduced 

following UV-irradiation.  

 

4 Mechanical strength analysis from fracture surface observed by SEM  

 

The fibre fracture surfaces were observed under the SEM. If the optical fibres broke at a low stress 

(<1500 MPa), the fracture surfaces commonly showed a region of hackles radiating from a 

semicircular region as seen in Fig. 5. This semicircular region consists of a mist zone and a mirror 

zone where a flat surface is seen. The radius of the mirror zone varied with the measured failure 

stress. High strength fibres showed a small mirror zone. When the failure stress is between 1500 to 

3000 MPa, the fracture morphology changed to a relatively flat surface without clear signs of a 

single crack initiation point, as shown in Fig. 6. No mirror zone is observed in the fracture surface 

in this case. The fracture surface shows a typical feature of a brittle material. When the failure stress 

was above 3000 MPa, the fibres were shattered into small pieces and could not be examined. The 
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features of fracture morphology are related to the level of failure stress only, regardless of the 

treatment conditions of optical fibres.  

 

An empirical relationship has been proposed by some investigators [15, 16] to correlate the mirror 

zone radius to the strength of glass fibres as: 

 

σf r1/2 = C     (2) 

 

where: σf is the fracture stress of the fibre, r is the radial depth of the mirror zone, and C is a 

constant 

 

A linear fit is expected when plotting σf against (r1/2)-1.  Levengood’s work [16] reported a linear 

relationship between the depth of the mirror zone and the actual depth of the surface defect. The 

term (r1/2)-1, derived from the depth of mirror zone measured in H2-loaded fibres, is plotted against 

strength in Fig. 7. The data points are located around a line. The linear regression fit to this line is 

obtained with a correlation coefficient of 0.85. 

 

SEM observations showed that 13 of the 14 failed specimens of the irradiated hydrogenated fibres 

(Set D) had a surface defect initiated fracture morphology. As seen in Fig. 4, apart from one fibre, 

all the failure stresses of hydrogenated fibres are below 1400 MPa. The exception exhibited a high 

failure strength of 1540 MPa, showing no sign of surface defect initiated failure. From this, it is 

evident that surface defects are a dominant factor controlling fracture in UV irradiated 

hydrogenated fibres.  
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In contrast, in the set of UV irradiated non-hydrogenated fibres (set C), only three out of 14 samples 

showed signs that failure was initiated from the surface. These three fibres also had a failure 

strength of less than 1400 MPa. The fracture surface shown in Figure 6 exhibits the features that are 

seen in most of the fractured non-hydrogen loaded fibres with a failure stress above 1400 MPa. 

 

5  Examination of UV-induced strength degradation using fracture mechanics 

 

The SEM investigation revealed that the majority of the hydrogen-loaded fibres and some of the 

non-hydrogen-loaded fibres inscribed with FBGs had fractures originating at the surface from a 

defect of a size that is too small to be resolved in the SEM. AFM observations, reported in [17], 

have shown that the writing of FBGs is accompanied by creation of surface corrugations on the 

fibre, oriented perpendicular to the axis of the fibre and with a period equal to 455 nm for the FBGs 

written using a phase mask with a period of 900 nm. Figure 8 shows a typical AFM image of the 

irradiated surface of a fibre inscribed with FBGs. The location of the surface troughs corresponds to 

the location of the peak of the intensity of the interference fringes. It was found that the depth of the 

corrugation increased with UV intensity and was significantly increased by hydrogen loading the 

fibres prior to FBG writing. It is conceivable that the corrugation depth may be related to size of 

defects promoting failure in the fibre tensile tests.  

 

The relationship between fracture stress and defect size is governed by fracture mechanics. The 

fracture behaviour of glass fibres was originally investigated by Griffith [18], and his conclusions 

on the role of defect and fracture energies have been subsumed into modern fracture mechanics. 

Assuming that the surface defects may be considered to be cracks, the relationship between fracture 

stress and defect size is given by  
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a
KIC

f πβ
σ =   (3) 

where:  

σf is fracture stress of the fibre 

KIC is a material constant, known as the fracture toughness of the material 

a is the defect depth 

and β is a geometrical constant 

 

The surface troughs induced by UV-exposure may approximate to surface cracks. Thus the defect 

depth in Eqn 3 is taken from the measured surface trough depth based on AFM observation. 

Equation 3 suggests that plotting fracture stress against inverse square root of defect depth should 

yield a straight line. Fig 9 shows a plot of mean failure stress against the defect depth of fibres from 

sets B, F and G. The 0.7 nm defect depth for Set B that was not UV-irradiated was the amplitude 

value of the AFM measured surface roughness. The corrugation depth for Set F was 1.7 nm 

measured from the AFM observation in the centre of irradiated region where the UV intensity is 

known to be the highest. The depth for Set G was 6.1 nm, calculated from the relationship of the 

corrugation amplitude and UV pulse intensity derived from the measured data in [17]. A linear line 

is obtained, suggesting that the changes in corrugation introduced by UV irradiation cause the 

reduction of fracture stress.  

 

More quantitative assessment can be made by assuming that the value of β is 1.0, representing a 

semi-elliptical crack configuration [19] and that the fracture toughness of glass fibres is 0.8 

MPa.m1/2 [20]. In Eqn 3, these values are then used to calculate the fracture stresses σf, with the 

measured corrugation depth as the defect depth. The result, also plotted in Fig. 9, shows that the 

calculated fracture stresses are considerably overestimated by a factor of between 5 and 9. There is 
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high confidence in the values of fracture toughness used and the value of the constant β for this 

geometry configuration. Hence it is likely that the errors lies in an under estimation of the defect 

sizes.  

 

Values of defect depths necessary to produce the measured fracture stresses can be calculated using 

the same expression (Eqn 3) by putting the measured fracture stresses into the equation lie between 

18 and 170 nm, which is approximately 25-80 times greater than the measured corrugation depth. 

The discrepancy could arise from the fact that only a small area (10×10 μm2) in UV irradiated area 

was observed using AFM. More severe defects present in the rest of the irradiated area will not be 

detected. The value of the corrugation depth used in the calculations and in Figure 9 is a mean value 

across a 10 μm width, which is unlikely to represent the deepest defect that will initiate the failure. 

The UV beam profile is not completely uniform resulting in local “hot spots” which may introduce 

more severe local damage. These local damage sites will become the defect initiating brittle failure. 

 

Secondly it is possible that the defect opening is so fine that the AFM cannot measure the true 

depth, only the surface relief. In the FBG fabrication process, the high intensity UV interference 

pattern creates the surface corrugation consisting of a series of compacted troughs. The process may 

also produce cracks or defects which extend from the points of greatest corrugation depth into the 

fibre. The driving force for the cracks could be local thermal stresses, generated by the alternating 

bands of high and low temperature which the interference pattern will produce within the fibre. It 

may also be due to the existence of stress concentration between the irradiated and non-irradiated 

bands.  
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Despite the discrepancy in the measured corrugation depth and the calculated defect sizes necessary 

to produce the observed failure stresses, changes in corrugation depth appear to represent the 

changes in real defect size in their effect on fracture stress. Increased pulse power intensity and 

hydrogen loading of the fibres are observed to cause increased corrugation depth [17] and thus 

decreased mean fracture stress.  

 

It seems likely that at the high intensity regions of the interference pattern, a process of photo 

ablation could take place, locally removing the surface material along the interference fringe. Thus 

the observed effect of increased laser intensity may be explained, which will increase corrugation 

depth and decrease fracture stress. There may exist thermal stresses generated across the fringes 

which could aid a crack nucleation process. However, whether the effect of different laser 

wavelengths on the change of fracture stresses is linked to the change of corrugation depth is 

unclear, because the corrugation depth was investigated using the 266 nm laser only . 

 

 

4. CONCLUSIONS 

 

(1) Measurements of the tensile strength of batches of optical fibres containing FBGs produced 

using laser wavelengths of 246, 255 and 266 nm and different peak intensities have 

demonstrated that: 

(a) Mean fibre tensile strength is reduced from 3.38 GPa in the un-irradiated condition to a 

maximum of 2.52 GPa after gratings are written. 

(b) Further decreases in mean strength to as low as 1.0 GPa are produced by increases in laser 

peak intensity, and increases in wavelength from 246 to 266 nm. 
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(c) Hydrogen loading the fibres prior to grating inscription, causes reduction in peak tensile 

strength from 2.16 GPa to 1.01 GPa for the same fabrication condition using the 255 nm 

laser 

(2) Fracture surface observation using the SEM have revealed that fibres failing at stresses less than 

1500 MPa showed fractures indicating a single defect origin from the surface. 

(3) Atomic Force Microscopy (AFM) of fibre surfaces after irradiation showed the presence of 

surface corrugations with a period identical to that of the interference pattern used to form the 

FBG.  

(4) A relation between inverse square root of corrugation depth and mean fracture stress has been 

found, suggesting a fracture mechanics basis for the influence of the surface corrugation on 

mean tensile strength 

(5) Defect depths to produce observed strength are calculated to be between 25-80 times greater 

than the observed corrugation depths. It is concluded that the mean corrugation depths represent 

a population of defects whose extremes are the defects which cause failure.  
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Fig. 1  Weibull plot of fibre strength for Ge-B-F doped fibres in the form of as-received, coating-

removed and irradiated under different UV-wavelengths  

 

 

 

 

 

 

 

 Fig. 2  Mechanical strength of FBGs fabricated at different laser wavelengths 

 Solid line: fitted trendline 
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Fig. 3  Mechanical strength of FBGs fabricated in Ge-B codoped fibres using different peak pulse 

intensity 

 

 

 

Fig. 4  Weibull plot of fibre strength for irradiated Ge-B codoped fibres with/without hydrogen 

loading (exposed to UV radiation at 255nm) 

1

10

100

100 1000 10000

Strength MPa

C
um

. f
ai

l. 
Pr

ob
. %

Set A: as-received

Set B: stripped

Set C: irradiated,
No H2-loaded
Set D: irradiated,
H2-loaded

0

1000

2000

3000

4000

5000

0 100 200 300 400 500 600

Peak pulse intensity  (105 W/cm2)

M
ea

n 
str

en
gt

h 
M

Pa

Set C
Set E

Set F
Set G



 21

 

 

 

Fig. 5  Fracture surface showing failure initiated from surface, a mirror zone, mist zone and hackle 

region in a hydrogen-loaded and UV irradiated fibre with a fracture stress of 603 MPa. 

 

 

Fig. 6  Fracture surface without signs of surface crack initiation observed in a non-hydrogen loaded 

and irradiated fibre with a fracture stress of 1688 MPa 
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Fig.7   Relation between strength and the depth of the mirror zone in the hydrogen-loaded and UV 

irradiated optical fibres. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 c) 3-D surface (1×1 μm)     

Fig. 8  AFM image of irradiated Ge-B codoped fibre surface (FBG inscription condition: 266nm 
laser, 2.8 W/cm2 pulse average density) 
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Fig. 9   Relation between strength and surface defect depth of optical fibres  
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Table 1: Process parameters of optical fibres  

Fibre 
set 

Fibre type                      UV exposure parameters 

  λ (nm) Pulse average 
intensity (W/cm2) 

Pulse peak 
intensity (W/cm2) 

Total dose 
(J/cm2) 

A As-received  

B Stripped  

C Irradiated 255 74 3.5x105 6640 

D H2-loaded & 
Irradiated  

255 55 2.6x105 4914 

E Irradiated 246 2.0 8.1x106 180 

F Irradiated 266 1.4 2.8x107 170 

G Irradiated 266 4.5 5.7 x107 610 

 
Table 2:  Laser parameters  
 
Laser type Laser 

wavelength 
Pulse width 
(ns) 

Pulse energy 
(mJ) 

Repetition rate 

Injection seeded, frequency 
doubled Nd:YAG pumped 
dye laser with frequency 
doubled sum-frequency 
mixed output 

246 10 ≤ 3 25 Hz 

Frequency-doubled copper 
vapour laser 

255 35 0.2 6 kHz 

Injection seeded, 
frequency-quadrupled 
Nd:YAG laser 

266 5 ≤ 150 10 Hz 

 

Table 3: Mechanical strength and Weibull modulus of optical fibres and FBGs 

Fibre set A B C D E F G 

Mean 
strength 
(GPa) 

4.95 3.38 2.16 1.01 2.52 1.21 1.10 

Weibull 
modulus, m 

66.6 3.1 2.2 2.4 3.2 3.6 1.2 

 


