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Abstract  
                  One of the important affects on the properties of composites is the 

adhesion strength at interface between the fiber and the matrix where could have 

a significant effect on crack propagation in the composites. The aim of this 

paper was to find that if the twisted bundle of glass fibers effected on the 

adhesion strength, i.e. the interfacial shear stress and the strain energy at 

interface of fiber reinforced polymer matrix composites, using, first, the 

interfacial shear stress by Cox model [1], second the energy release rate model 

derived by Nairn [2,3,4] which included the residual stress and friction effects as 

a theoretical analysis. The experimental part we used the microbond drag-out 

test [5] as tensile test. It was found when the turns numbers of glass fiber bundle 

of diameter (200 µm) about fiber axis increased the full debond force increased, 

so the interfacial shear stress and the energy release rate (strain energy) 

increased. Because the restrained of crack propagation increased as the screw 

thread pitch increased. The friction region in force-displacement curves for glass 

fiber bundle where the fiber twisted or not, was slip hardening and increased as 

twist number increased. 

 

Introduction:    
                The engineering importance of a composite material  is that two or 

more distinctly different materials combine together to form composite materials 

which possesses properties that are superior, or important in some other manner, 

to the properties of the individual components [6]. The strength of composites 

material at interface between the fiber and the matrix which characterized by the 

interfacial shear stress and the energy release rate, which plays an important role 

in the performance and behavior of fiber reinforced composite materials. Many 

tests  used to measure the maximum pull-out force but the recent one is the drag-

out test [5,7] which used in this paper to measure the maximum pull-out force 

for twisted bundle of glass fiber reinforce epoxy matrix and from the force-

displacement curve in the experimental part, the interfacial shear stress (IFSS) in 

MPa and the energy release rate G∞ in J/m
2 would be calculated.  

The interfacial shear stress [1] defined as the maximum pull-out force (Fp) 

divided by the adhesion area of the fiber.   

e

p

lr2

F

f

ifss


                  ------------- 1 

Where: 

Fp  the maximum pull-out force or the full debond force ( N ) 

rf    the fiber radius 

le    embedded length  
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IFSS physically mean the average interfacial shear stress at time of failure [4]. It 

might be useful for qualitative work but has several limitations when one desired 

more rigorous interfacial characterization. To derived more fundamental results 

about interfacial properties is to use fracture mechanics  by recording the load 

required for crack to growth or the critical energy release Gic as a function of 

current crack length and other relevant specimen geometry which can effected 

by many factors such as embedded length , fiber and matrix materials , cure time 

and internal stress. In this paper   the energy release rate using the same 

mathematical model  of single fiber by Nairn  including the effect of friction and 

internal stress [4,6] used to calculate the effect of twisting fiber ( number of 

turns about its axis per embedded length) for U-shaped specimen. 

 

 2- The Energy Release Rate Model :  

                From the energy-based criteria [3,4,6,7,8] which depend on two 

concentric cylindrical model with a crack length (a) in a region at which the 

fiber enter the matrix fig (1) 

 

  
Fig (1) : The coordinate system used for the axisymmetric stress analysis of two concentric 

cylinders. 

 The origin of the z axis is placed at the debond tip. The zone 0 < z < a  is the debonded zone. The 

zone                 (l - a) < z < 0 is the intact or bonded zone. 

 

The energy release rate of crack length (a) written as: 
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                                                                                     -------------------- 2              

          

 

CT(a) is the cumulative stress transfer function defined by  

 

                     ------------------------- 3 
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  β is the shear-lag parameter defined as [ 8,9,10] . 
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All constants of equations (2) and (5) defined in the appendix, the term ka)(  -d  

represent the difference between the stress applied to the fiber and the frictional 

stress transfer rate in the debonding zone multiplied by the crack length (a)  

                          
f

f

r

T2
k       ------------- 6     

In fig (2) Fknik is corresponding to zero initial crack length while Fp 

corresponding to the point at which the crack length is nearly equal to the length 

of droplet or le in equivalent cylindrical model, Tf is the absolute value of the 

constant interfacial friction stress which can determined form force-

displacement curve after debonding (Fp) where: 

ef

f
f

lr2

F
T


   ,     Ff is the friction force. 

 

 

                                                                               
           

Fig (2): A typical force-displacement curve taken from pull-out test 

Fp 

Ff 
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Returning to equation (4) ∆T is the difference between the specimen 

temperature and the stress free temperature and with the thermal expansion 

coefficient equation (2) would include thermal stress addition to friction stress 

(k) and the external stress (бd). 

For a specimen without observed debond growth [5] and from force-

displacement curve the peak debond force is corresponding to the point at which 

the debond reached the end of droplet then the critical energy release rate: 

 

       -------------- 7                                                )a(GG lim
la

ic



 

                                                                              

To calculate G(a) in long –droplet limit or the limit as  el , the cumulative 

stress transfer function would be: 
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Where 

            
2

f

d
d

r

F


   

 

The balance forces of a drag-out specimen shown in fig (3) if l1=l2=l1/2 then the 

horizontal balance force f = 0 and the pull-out force P1=P2=P       

                  

                                   

                                              
Fig (3): Force equilibrium for the drag-out configuration 
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To convert the drag-out force (F) to pull-out force (P)  [3]. 

 

H

l

2

F
P 2/1                            --------------- 9  

Where : 

l1/2=l1=l2  ( when the balance force = 0) 

H= cross head displacement 

F= drag out force 

P is the pull out force for one side of specimen  

 

And to convert the drag-out cross-head displacement to pull-out displacement 

∆: 

2/1

22

2/1 lHl                                    -------  10 

 

4- Sample Preparation: 
                   A polysiloxane molds fig(4-a) cat by a razor, a bundle of E-glass 

fiber  twisted with (0,5,7,10) turn s of the same radius (20011m) fixed at the 

razor cut fig(2-b), the fiber protrudes over few millimeter outside the specimen, 

similar to micobond test .these molds have different embedded lengths l, 

(2.6mm,3mm,3,4 mm,4mm,5mm,6 mm ), then epoxy of three volume parts 

(hexandiodiglycidether resin and one part of 3,3 diaminodicyclohexyl-methane 

as hardener), the mixture purred slightly in U-shape polysiloxane mold with (5 

mm) free fiber length and cured for five days at room temperature in order to 

minimize the internal stresses,  epoxy-twisted glass fiber specimens fig (4-c) get 

out from the polysiloxane mold carefully after five days. The specimen attached 

to fixed grip of tensile tester (Instron 1122) and steel hook of diameter (2mm) 

fixed in the moving grip of the tensile tester used to drag the fiber fig (4-d). 
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Fig(4-a) : polysiloxane molds            Fig(4-b):Glass fiber fixed in 

polysiloxane 

                                                                             mold. 

                                                       
Fig(4-c):Epoxy-glass fiber U-shaped       Fig(4-d): U-shaped specimen under 

               specimen                                                      tensile tester 

 

 

Fig(4) : The preparation of U-shaped specimen . 

The test temperature (ΔT= -12C
0
) [11,12,13] and the force applied as well as the 

displacement recorded by Instron tester with drag-out rate 0.5 mm/min, the glass 

fiber and epoxy thermal and mechanical properties were same in references 

[2,4,6,8] . 
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4-Results and Discussion: 
       Figure (5) shows the relation between applied pullout force and the 

corresponding displacement of embedded fiber, the data of these curves taken 

from Instron recorder after used equations (6,7) (converting the drag-out force 

and displacement to pull-out force and displacement). In figure (5) the peak 

force due to crack length equal to the embedded length, the peak force (Fp) for 

each specimen tested recorded and then using equations (1,5,8,9) the results 

tabulated in tables (1,2,3,4). In these tables the energy release rate G∞(le)  J/m
2
 as 

the embedded length increase would increased for all turn numbers because the 

interfacial area of twisted fiber increased. When the twisted bundle fiber 

dragging out, the crack propagated in smooth area at interface this because the 

glass fiber surface is more hardening than epoxy surface as in fig (5).  
 

  
         Fig (5): A schematic diagram represents the interface between the twist 

glass fiber and the epoxy matrix . 

  

 his could also seen in figure (6) at the friction part so the slip hardening 

[14] forced the friction region to be less than the peak force, for this reason the 

interfacial shear area taken to be (2πrfle) which used in calculated the interfacial 

shear stress (equation (1)) and also when the energy release rate calculated (σd 

and Tf in equation (8)). From tables ( 1,2,3,4) and for same twist number there 

was no consistent relation found between the interfacial shear stress (IFSS) and 

embedded length or in other words the (IFSS) is not always increase as 

embedded length increase. 

This due to the following two main causes: 

1- Applied stress effected by residual thermal stress, this effect could be seen in 

the values of energy release rate with out thermal stress effect G∞(le) at ΔT=0 

which is always less than the energy release rate G∞(le). 

2- During crack growth, the external load overcome not only forces of 

interfacial bonding in intact region fig (1), but also friction in already debonding 

region (friction 

region).This effect could be seen also in the values of G∞(le) at k=0 . 
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The interfacial shear stress for embedded length (2.6mm) and for (zero turn, five 

turns, seven terns, ten turns) are respectively (15.3 MPa, 18.05 MPa, 31.26 MPa, 

40.1 MPa) that is when the twist number increased the drag-out or pull-out force 

increased, which because of the restrained of crack propagation increased as the 

screw thread pitch increased. 

In table (5) the results of testing the energy release rate for specimens of same 

embedded length and of different number of turns were tabulated .the energy 

release rate for embedded lengths (2.6mm,3mm,3.4mm,4mm, 4.6mm,5mm) 

increased as the number of turns (surface area) increased   and this effect is 

specially obtained in long embedded length (5 mm). 
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Fig (6): Pullout force vs. displacement of different twisted glass fiber reinforced     

             epoxy matrix. 
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Table 1: Different embedded lengths of zero-turns 
MATRIX-FIBER: Epoxy –glass fiber

 

Turn : zero -turn 

 

Embedded length                                       2.6 mm                                       3.0 mm                       3.4 mm                      

4.0 mm 

     (mm) 

Drag-out debond                                         24                                                205                             267                               

85 

Point (N) 

Drag-out friction                                        20                                                 215                             100                               

35 

Point (N) 

Pull-out debond                                           50.4                                              235.1                           94.7                              

119.38 

Point (N) 

Pull-out friction                                           6.5                                               184.06                           44.4                              

64 

Point (N) 

IFSS at debond                                           15.3                                              62.3                               22.15                           

23.74 

Point (Mpa) 

Shear-lag 

Parameter 1/β                                           1665.5                                         1665.5                            1665.5                        

1665.5 

(µm) 

G∞(le)                                                        103.8                                          116.26                            129.34                        

154.3 

J/m
2
 

G∞(le) at ∆T=0                                          85.07                                           115.4                              112.06                       

135.9 

J/m
2 

G∞(le) at k=0                                              132.49                                        452.37                             437.2                         

681.58 

J/m
2
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Table 2 : Different embedded lengths of  5-turns                                     
MATRIX-FIBER: Epoxy –glass fiber

 

 Turn : 5 -turn 

                     

Embedded length                                        2.6 mm                                    4.0 mm                             4.0 mm                             

      (mm) 

Drag-out debond                                         60                                             52                                       142        

Point (N) 

 Drag-out friction                                          55                                            55                                       80 

Point (N) 

Pull-out debond                                          59.05                                     82.2                                       83.58 

Point (N) 

Pull-out friction                                            14                                          20.9                                     21.6 

Point (N) 

IFSS at debond                                             18.05                                     16.35                                   16.61 

Point (Mpa) 

Shear-lag   

Parameter 1/β                                            1665.5                                      1665.5                                 1665.5 

 (µm) 

G∞(le)                                                         107.41                                    190.91                                  194.9 

J/m
2   

 

G∞(le) at ∆T=0                                           89.69                                     166.11                                  170.26 

J/m
2 

G∞(le) at k=0                                            179.29                                      332.6                                   334.9                        

J/m
2
 

 
Table 3 : Different embedded lengths of  7-turns 
MATRIX-FIBER: Epoxy –glass fiber 

 

 Turn : 7 -turn 

                     

Embedded length                                       2.6 mm                                  3.4 mm                              5 mm                                                    

      (mm) 

Drag-out debond                                         65                                          210                                     158                                         

Point (N) 

 Drag-out friction                                        84                                            180                                    82                                      

Point (N) 

Pull-out debond                                           102.2                                       176.2                               203.6                                       

Point (N) 

Pull-out friction                                            44                                            100                                 120.01                                          

Point (N) 

IFSS at debond                                            31.26                                        41.24                               32.39 

Point (Mpa) 

Shear-lag   

Parameter 1/β                                              1665.5                                     1665.5                             1665.5                        

 (µm) 

G∞(le)                                                         169.43                                      480.4                              336.7              

J/m
2
 

G∞(le) at ∆T=0                                           150.03                                      457.8                               309.57 

J/m
2 

G∞(le) at k=0                                                505.69                                    1250.4                             1920.8                    

J/m
2
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Table 4 Different embedded lengths of  10-turns:  
MATRIX-FIBER: Epoxy –glass fiber

 

 Turn : 10 -turn 

                     

Embedded length                                     2.6 mm                                       3.0 mm                           4.6 mm                         

5.0 mm                

      (mm) 

Drag-out debond                                       86                                               102                                   170                               

86          

Point (N) 

 Drag-out friction                                      88                                                 20                                   120                                

60 

Point (N) 

Pull-out debond                                         131.1                                           125                                   247.1                          

173.5 

Point (N) 

Pull-out friction                                            55                                              42                                     175                            

50.6 

Point (N) 

IFSS at debond                                            40.1                                            33.14                                 42.73                        

29.19 

Point (Mpa) 

Shear-lag   

Parameter 1/β                                            1665.5                                       1665.5                                1665.5                       

1665.6 

 (µm) 

G∞(le)                                                      481.6                                           335.5                                 486.3                        

717.12 

J/m
2
 

G∞(le) at ∆T=0                                         456.5                                          305.12                             454.5                        

669.03 

J/m
2 

G∞(le) at k=0                                             816.2                                          744.5                              2807.09                   

1405.68           1405.68 

J/m
2
 

 
Table 5 : The energy release rate (J/m

2
) of  embedded length  at  different turns. 

 

 

Embedded length le (mm)                 G∞ at zero-turn             G∞ at 5-turn           G∞ at 7-turn                    G∞ at 

10-turn  

 

          2.6 mm                                         103.8 J/m
2
                  107.4 J/m

2
                169.23J/m

2
                        

281.6 J/m
2
 

        

     3 mm- 3.4 mm                                   122.8 J/m
2
                   ---------                    280.2 J/m

2
                        

235.5 J/m
2
 

      

     4 mm- 4.6 mm                                    154.3 J/m
2
                192.9 J/m

2
                 -------                               

486.3 J/m
2
 

                                                            

           5 mm                                              ----------                        -------                     336.7 J/m
2
                     

717.12 J/m
2
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Appendix [2,6] 

           The defined Ai, Cij , and Di  required for the calculations described in this 

paper are listed below: 

 
                                                                        

Here vf and vm are the volume fractions of fiber and matrix within the droplet. 

For the concentric cylinders in macroscopic specimens 
                                 

                                             
 

EA and ET are the axial and transverse moduli of the fiber ,VA and VT are the 

axial and transverse Poisson's ratios of the fiber, Em is the modulus of the 

matrix, Vm in the Poisson's ratio of the matrix, αA and αT are the axial and 

transverse thermal expansion coefficients of the fiber, and αm is the thermal 

expansion coefficient of the matrix. The fiber is treated as transversely isotropic 

with the axial direction along the axis of the fiber. The results for isotropic fibers 

are easily generated be setting EA = ET = Ef , VA = VT = Vf ,and αA = αT = αf 

where subscript f indicates thermomechanical properties of an isotropic fiber. 

The matrix is here always considered to be isotropic. 
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