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Pull-out and fragmentation in model fibre 
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An experimental study has been carried out of debonding and fibre rupture in model com- 
posites. A single glass rod or fibre was embedded in the centre of a long transparent silicone 
rubber block. Strains in the rubber in close proximity to the rod or fibre were measured as the 
specimen was slowly stretched. Pull-out forces, strain distributions, and debonded lengths 
are compared with the predictions of a simple theory based on a fracture energy criterion for 
debonding, and taking into account friction at the debonded interface. Experiments were car- 
ried out with rods of different diameter, rubber blocks of varied cross-section, and with two 
levels of adhesion. By extrapolating the debonded length to zero, values of the debonding 
force in the absence of friction were obtained. They were in accord with fracture energies of 
about 50 J/m 2 for weak bonding and about 200 J/m 2 for strong bonding. Fibre fragmentation 
lengths were measured also. They were in reasonable agreement with the inferred fracture en- 
ergies and the measured frictional properties of silicone rubber sliding on glass. In a separate 
study, it was found that the frictional stress between cast silicone rubber and glass was ap- 
proximately constant, about 0.1 M Pa, rather than proportional to pressure, for pressures ex- 
ceeding about 0.02 MPa. This feature is attributed to a particularly smooth interface between 
the two materials. 

1. Introduction 
Models of composites are widely used to test the 
strength of adhesion between resin and fibre. Many 
test methods have been adopted. We deal here with 
two: fibre pull-out and fibre fragmentation. Theoret- 
ical treatments have been developed in both cases, 
based on energy or stress criteria for debonding, i.e., 
assuming either that failure occurs at a critical rate of 
release of strain energy, designated the adhesive frac- 
ture energy Ga, or that it occurs at a critical value of 
interfacial shear stress z i. 

In a pull-out test, Fig. 1, a fibre is embedded part- 
way in a block of matrix and the force required to pull 
it out is determined. For  a relatively stiff fibre embed- 
ded in a soft matrix, the pull-out force F provides both 

t h e  fracture energy G a and strain energy in the newly 
debonded portion of the matrix. Griffith's energy 
criterion then yields the result [1, 2] 

F 2 = 4 ~ A r E m G  a (1) 

where E m is Young's modulus for the matrix material, 
assumed to be linearly elastic, r is the fibre radius, and 
A is the cross-sectional area of the sample. 

This relation has been compared with experimental 
results for steel cords embedded in rubber blocks [1]. 
For a wide range of values of cord radius, size of 
rubber block, Young's modulus of rubber, and embed- 
ded depth of cord, reasonably good agreement was 
found between inferred values of adhesive fracture 
energy and those measured directly with a peel test for 
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a layer of the same rubber adhering to a flat steel 
surface. 

Similarly, for a relatively soft, linearly elastic fibre 
embedded in a hard, inextensible matrix, the solution 
is [3-5] 

F 2 = 4rtZr3EfGa (2) 

where Ep is Young's modulus of the fibre. Piggott et al. 

considered the general case when significant deforma- 
tions occur in both the fibre and the matrix [6]. They 
related the fracture surface energy 2rtrLG~ to the 
stored energy in the fibre and matrix and obtained the 
result 

F 2 = 4n2ranEfGa L, (3) 
where 

The term L denotes the fibre embedded length and R 
is the effective radius of the surrounding matrix, v m is 
Poisson's ratio for the matrix. Because Equation 3 
arises from equating total energies, rather than the 
rate of energy release as a debond grows, it is not 
considered here to be a valid result of fracture mech- 
anics. However, it differs from other pull-out theories 
by introducing the embedded length L explicitly. 

In the following section, the analysis leading to 
Equation 1 is extended to include the work of fric- 
tional sliding. This also introduces the debonded 
length, and hence the embedded length L, explicitly. In 
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Figure 1 Pull-out of a rigid rod showing debonded zone of 
length X. 

later sections, experimental measurements of pull-out 
and friction are reported for glass fibres embedded in 
soft rubber blocks. 

The fibre fragmentation test, Fig. 2, was introduced 
by Kelly and Tyson [7] and has been widely employed 
to measure adhesion between a resin and a fibre 
[8-13]. A tensile force is applied to a long resin block 
with a single long fibre embedded along its axis. 
Successive fractures of the fibre take place as the 
specimen is stretched until the stress transferred from 
the matrix is no longer large enough to break the fibre 
again. The average final length l of fibre fragments is 
taken as an inverse measure of the interfacial shear 
strength ~i 

3l/4r = ab/~i (4) 

where r is the fibre radius and cy b is its tensile breaking 
stress. (The numerical factor 3/4 allows for a distribu- 
tion of broken fragment lengths.) 

Fibre fragmentation tests have been performed on a 
large variety of materials: glass fibre/Nylon 6, glass 
fibre/polypropylene and glass fibre/high density poly- 
ethylene [8]; glass fibre/epoxy [9, 10]; and carbon 
fibre/epoxy [11 13]. 
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Figure 2 Fragmentat ion of a brittle fibre in an elastic matrix. 

The fragment length l was found to be reduced 
when a coupling agent was applied to the fibre surface 
to enhance the adhesion and it was increased when 
specimens were tested at a higher temperature or 
exposed to boiling water for a period of time, in 
accordance with expected changes in adhesion. 

However, the theoretical understanding of frag- 
mentation is somewhat unsatisfactory because there 
is no independent way of measuring xi. Moreover, 
although the result, Equation 4, has been widely used, 
it has not been subjected to a critical experimental 
test. An energy criterion for failure at the resin-fibre 
interface, followed by fibre rupture, is employed here 
instead. Experimental measurements are described for 
a model system consisting of a single glass fibre em- 
bedded along the central axis of a long transparent 
silicone rubber block. They are compared with the 
results of pull-out experiments, where a glass fibre is 
embedded partway into a rubber block and pulled out 
by a tensile force. Different levels of adhesion between 
the glass fibre and the rubber have been employed, 
and a wide range of fibre diameter and size of rubber 
block, in order to test the proposed mechanism of 
fragmentation comprehensively. 

An essential feature of the mechanics of breaking an 
embedded fibre into many fragments is that the force 
applied to a fibre fragment must rise up to the break- 
ing force of the fibre again, after fibre rupture has 
already occurred. Thus, as debonding continues along 
a fragment of fibre, the force required to propagate the 
debond must increase continuously. This feature can 
be observed in experimental measurements of the 
force applied during fragmentation. It implies that an 
additional mechanism enters into the debonding pro- 
cess, other than the work of debonding, which would 
be expected to remain constant as debonding pro- 
ceeds. 



One possible cause of additional work is frictional 
sliding between detached portions of the fibre and 
resin. Friction can contribute significantly to the ap- 
parent work of detachment. For example, an ex- 
ternally applied pressure has been shown to increase 
the pull-out force dramatically [14, 15]. The contribu- 
tion of friction is especially large for deeply embedded 
and large-diameter inclusions [-5]. Moreover, it in- 
creases as debonding continues and the length over 
which sliding takes place increases [5, 16]. In ex- 
periments with steel rods or cords embedded in rubber 
blocks, large frictional contributions to the measured 
pull-out force were found [5, 16, 17]. A similar com- 
parison is attempted here for glass fibres embedded in 
a silicone rubber block. In this case, independent 
measurements have been made of both the frictional 
properties of the interface and the strength of adhe- 
sion. 

Measurements have been made of the distribution 
of stresses and strains within the rubber while a 
debond propagates along the fibre, starting at one end. 
They are compared with the predictions of a simple 
pull-out theory based on a fracture energy criterion 
for debonding, including friction. By extrapolating the 
debonded length to zero, values of the debonding 
force in the absence of friction were obtained. 

Fibre fragmentation lengths were l~easured also. 
They are compared with the pull-out results and 
employed to derive fracture energies in the final part of 
the paper. 

2. Theoretical  considerations 
A simple energy balance between work done by the 
applied force, energy expended in debonding, and 
elastic energy stored in the newly debonded material, 
leads to Equation 1. In order to include work ex- 
pended in frictional sliding as well, we consider the 
increment in pull-out force, OF, due to friction: 

~F = 2rcrgp~X (5) 

where r is the fibre radius, tl is the coefficient of 
friction, p is the compressive stress and X is the 
debonded length. If the compressive stress is set up by 
frustrated Poissonian contraction of an incompress- 
ible elastic matrix material, in the form of a thin tube 
surrounding the fibre, then p is given by 

p = f / 3 r c a  2 (6) 

where a is the outer radius of the tube. On integration, 
the relation between pull-out force F and debonded 
length X is obtained as [16] 

l n (F /Fo)  = 2 g r X / 3 a  z. (7) 

where Fo is the pull-out force for a debonded length X 
of zero. This result is based on the assumption that the 
coefficient of friction, Ix, is constant. But, as shown in 
the Appendix, the frictional properties of silicone rub- 
ber sliding over a smooth glass surface were found to 
be rather unusual. For pressures greater than about 2 
per cent of Young's modulus E of the rubber, the 
frictional stress was found to be independent of pres- 
sure, rather than proportional to it. 

In the pull-out and fragmentation experiments the 
experimentally-measured tensile strain at the debond 
tip was always larger than 0.04, and the corresponding 
compressive stress set up by frustrated Poissonian 
contraction in the rubber was thus always greater 
than 0.02E. Under all of the experimental conditions 
encountered in the present experiments, therefore, the 
product gp can be assumed to be a constant k, inde- 
pendent of the magnitude of the normal stress p. On 
integrating Equation 5 subject to this condition, the 
pull-out force is obtained as 

F = 2~zrkX + F o. (8) 

Thus, a linear relationship is predicted to hold be- 
tween pull-out force F and debonded length X. By 
extrapolating the measured pull-out force F as a 
function of debond length to the case when X = 0, i.e., 
in the absence of a frictional contribution, the inter- 
cept F o yields the strength of adhesion Ga by means of 
Equation 1. Experimental measurements of matrix 
strain as a function of location, debond length, and 
applied force are compared with the predictions of 
Equations 1 and 8 in later sections of this paper, and 
values of G a are deduced from them. 

3. Experimental details 
3.1. Materials  
Elastic resins were prepared by mixing Sylgard S-184 
liquid silicone resin (10 parts) and Sylgard C-184 
curing agent (1 part), both provided by Dow Coming 
Co. The mixture was degassed at room temperature 
and then cured to form a transparent elastic matrix 
material, as indicated in Table I. Young's modulus E 
of the cured material was taken from the initial slope 
of a tensile stress-strain relation, measured at a strain 
rate of about 2 x 1 0 - 4 / s .  

Glass rods of various diameters from 80-800 gm 
were prepared from Pyrex glass, and glass fibres, 
having a diameter of about 10 lam were obtained from 
Owens Corning. Glass plates, used as control surfaces, 
consisted of microscope slides (Fisher Scientific Com- 
pany, Cat. No. 12-550A.) All the glass surfaces were 
cleaned with sulphuric acid, washed, dried, and then 
treated in one of two ways: either with a 50 per cent 
solution of a silane coupling agent (Primer 92-023, 
Dow Corning Co.) in hexane, to promote bonding to 
the silicone resin; or with a 1 per cent solution of 
phenyl isocyanate in anhydrous ether, to react with 
hydroxyl groups on the glas s surface and thus minim- 
ize bonding to the silicone resin. 

3.2. Pul l -ou t  expe r imen t s  
Surface-treated glass rods were first coated with a thin 
layer of silicone resin, which was partially cured for 1 

T A B L E  I Young's moduli E of matrix materials 

Resin Cure temperature (~ Time (h) E (MPa) 

A 110 12 2.8 
B 80 12 2.5 
C 23 168 1.2 
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hour at 23 ~ A series of red dots was then applied 
along the length of the fibre, at 3 mm intervals, using a 
paste made up of red dye, Cabosil powder (Cabot 
Corporation), and silicone resin, in order later to carry 
out measurements of strains set up in the resin in close 
proximity to the fibre. 

In some cases it was desired to vent to air the cavity 
formed at the end of a rod during pull-out experi- 
ments. A length of fine copper wire was then adhered 
to the end of the glass rod before it was covered with 
resin. 

Specimens were prepared with two cross-sections: 
circular, using a plastic straw as a mould, 100 mm long 
and 5.25 or 6.25 mm in diameter; and rectangular, by 
cutting parallel-sided strips from a sheet made in a 
mould, 100mm in width, 150mm in length, and 
2-8 mm in height. In the first case, a glass rod was 
placed in the centre of the cylindrical cavity and 
uncured silicone resin was poured around it. In the 
second case, the mould was half filled with resin which 
was then slightly cured at 23 ~ for 4 hours. Then, 
several fibres or marked glass rods were placed parallel 
to each other on the surface of the resin and the 
remainder of the resin was added, covering the fibres or 
rods and filling the mould. Strips were cut so that a 
single glass rod or fibre was centrally located along the 
axis. The cross-sectional area of the strips varied from 
about 1.5 x 2 mm to about 4 x 8 mm. 

Curing was completed at the temperatures and for 
the times listed in Table I. After curing, the fine copper 
wire, if used, was pulled out, leaving an air channel 
leading from the exterior to the end of the rod or fibre. 

No significant differences were found in the pull-out 
behaviour for samples with different shapes of cross- 
section. On the other hand, the size of the cross- 
sectional area had a strong effect on the pull-out force, 
as described later. 

The initial distance between red dots in the resin 
near the glass fibre was measured with a low-power 
microscope. Then, as the sample was stretched, the 
applied tensile force and the distance between dots 
were measured simultaneously, at convenient inter- 
vals. Stretching was imposed at about 10 Ilm/s on 
samples having initial lengths between 60 and 
100 mm. 

The critical strain at which debonding began at the 
fibre or rod tip was determined by measuring the 
distance between two marks on the surface of the 
sample just below the end of the glass rod as a debond 
was seen to initiate at the tip and propagate along the 
rod. 

3.3. Fragmentation experiments 
Fine glass fibres, about 10 gm in diameter, or glass 
rods, were placed in a horizontal mould which was 
then filled with degassed silicone resin and cured using 
the conditions listed in Table I. Samples were 
stretched at rates of 10 gm/s or 1 mm/s and stretching 
continued until it was clear that the fibre had been 
fully fragmented. The lengths of fibre fragments were 
then measured with a microscope at magnifications of 
30 x or 100 x ,  while the sample was held stretched. 
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3.4. Determination of adhesive and cohesive 
fracture energies 

Silicone resin was cast as a sheet, about 1.5 mm thick, 
on the treated surface of a glass microscope slide and 
cured at temperatures of 23 ~ or 80~ A strip of 
muslin cloth was adhered to the surface to prevent the 
silicone layer from stretching during detachment. The 
adhesive fracture energy G, was calculated from meas- 
urements of peel force F for peeling the silicone resin 
strip away at a peel angle 8 of 45 ~ Fig. 3: 

G a = F(1 - cos 0)/~v (9) 

where w is the width of the strip. 
Similarly, the cohesive fracture energy Gc was calcu- 

lated from the tearing force F and the width t of the 
tear for a sheet of resin, about 1.5 mm thick, torn apart 
by pulling half-sections away from each other at 180 ~ , 
Fig. 4, at a speed of 10 gm/s. 

G c = 2 F / t .  (10) 
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Figure 3 Measurement of adhesive fracture energy by peeling. 
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Figure 4 Measurement of cohesive fracture energy by tearing. 



The torn width t was measured with a microscope 
after the test. The tear generally ran at an angle of 
about 45 ~ to the thickness of the sheet. 

3.5. Determination of frictional coeff icient for 
si l icone resin sl iding against glass 

For frictional measurements at low contact pressures, 
a block of silicone rubber, 20 mm in length, 10 mm in 
width, and 1 mm in thickness, was adhered to the 
lower surface of an aluminium sled, pressed against a 
horizontal fiat glass surface and towed over it at a 
speed of about 10 gm/s. For  higher contact pressures, 
several short rods with domed-top surfaces, having a 
radius of about 3 ram, were adhered to the aluminium 
sled, pressed simultaneously against the glass surface, 
and pulled over it. In this case, the total contact area 
for the set of circular contact regions was measured 
through the glass, with a microscope. 

The frictional force F was measured for various 
values of normal force N, and the frictional coefficient 
g was calculated from the ratio 

= F/N. (II) 

Results are given in the Appendix. 

4. R e s u l t s  a n d  d i s c u s s i o n  
4.1. Fibre pul l -out:  experimental observations 
A typical force-displacement curve for fibre pull-out is 
shown in Fig. 5. At a sufficient force, i.e., when the 
strain at the debond tip reached a critical value and 
the strain energy was high enough, a debond was seen 
to propagate for a distance of about 0.3 mm along the 
interface. Simultaneously, a drop in force could be 
observed in the force~tisplacement curve. Ttie pull- 
out force then increased with increasing displacement 
and increasing length of debond. This stick-slip pro- 
cess repeated itself as the sample was continuously 
stretched and the debond propagated along the fibre. 

Growth of the debond could be observed with a 
microscope by the appearance of some small spots at 
the interface when the rubber became detached from 
the surface of the glass rod. For  a small rod embedded 
in, and strongly bonded to, a large block of rubber, the 
rate of propagation of the debond was relatively high 
(greater than about 30 gm/s) and the debonding could 

Displacement 

Figure 5 Sketch of force-displacement relation for fibre pull-out. 

be observed very clearly under the microscope. But for 
a sample with a low rate of debonding or with weak 
adhesion, the stick-slip process was much slower and 
the spots were not evident. In this case, the location of 
the debond tip was determined from the experi- 
mentally measured strain distribution, as described 
below. 

The strain measured at the debond tip fluctuated 
along with the stick-slip failure process. The highest 
value of strain observed was taken as the critical level 
of strain in the matrix at the site of debonding. It was 
about 0.12 for a typical strongly bonded specimen. 

4.2. Fibre pul l -out:  strain distr ibut ion in the 
matrix 

Distances between red dots near the fibre surface were 
measured during pull-out and the corresponding ten- 
sile strains calculated. Typical strain distributions are 
shown in Fig. 6. The location of the end of the glass 
fibre is denoted at x = 0. The - x  direction indicates 
distance along the rubber block past the end of the 
fibre. The strain here was uniform, of course. The + x 
direction denotes distance along the fibre. Here, the 
strain in the debonded region appeared to vary line- 
arly with distance from the fibre end up to the debond 
tip, indicated by the vertical broken line in Fig. 6. Past 
this point, the strain in the rubber was effectively zero. 

As the applied load was increased, the debonded 
length increased and the strain distribution shifted 
linearly to higher levels (Fig. 6). The measured strain 
distributions are replotted in Fig. 7 against the dis- 
tance x' from the tip of the debond, for different levels 
of pull-out force. All of the data are seen to fall on a 
single line in this representation, in accordance with 
Equation 8, when the frictional stress ~tp is constant. 
As the debonded length increased, a proportionally 
higher force was needed to overcome the increasingly 
large frictional contribution. 

The intercept of a plot of strain versus the length X 
of the debond corresponds to the pull-out force F 0 
associated with the bond strength at the interface in 
the absence of friction (Equation 1). 

A systematic study of pull-out forces was carried 
out using well-bonded glass rods of various diameters. 
In all cases, a plot of pull-out force versus debonded 
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Figure 6 Variation of tensile strain in the elastic matrix with dis- 
tance x from the tip of a well-bonded embedded fibre. F = 900 g, O; 
753 g, ,It; 683 g, A; 570 g, 0 ;  472 g, O. 
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Figure 7 Tensile strains in the elastic matrix plotted as a function of 
the distance x' from the debond front. Results taken from Fig. 6. 
F = 900g, A; 753g, A; 683 g, O; 570g, �9 
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Figure 8 Pull-out force versus length of debonded zone for well- 
bonded rods of various radii r. 

length gave a straight line in agreement with Equation 
8. Results are shown in Fig. 8 for rod diameters of 
80 lam to 630 lam, embedded in rubber blocks with a 
cross-sectional area of about 22 mm 2. The slope of the 
plot of pull-out force versus debonded length in- 
creased substantially, from 0.18 to 1.11 N/mm, as 
predicted by Equation 8. The intercept force F o in- 
creased with both fibre diameter and sample area. 

On the other hand, when the cross-sectional area of 
the rubber block was changed from 4 to 29 mm z, 

~" 16. 
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0 
0 
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Figure 9 Pull-out force versus length of debond for a well-bonded 
rod (180 gm diameter) embedded in resin blocks of various cross- 
sectional areas A. 

about 7 times larger, the slope of the plot of pull-out 
force versus debonded length for a fibre of diameter 
180 lam was more or less constant, as shown'in Fig. 9. 
These effects of fibre diameter and area of block cross- 
section on pull-out force are in good agreement with 
the predictions of Equation 8. 

Values of k (=  lap) and adhesive fracture energy G a 

were calculated from the slope and intercept of plots of 
pull-out force versus debonded length, using Equation 
8. They are given in Table II. A consistent value for tap 
was obtained of 0.53 ___ 0.08 MPa, but this is much 
larger than the value measured directly in frictional 
sliding experiments which was only about 0.1 MPa 
(see Appendix). The discrepancy may be due to differ- 
ences in surface roughness [18, 19]. 

Values of adhesive fracture energy G, were calcu- 
lated from Fo, using Equation 1. The value obtained 
was 210 _ 30 J/m 2. A directly measured value could 
not be obtained for these strongly bonded specimens 
using peel tests. The rubber sample broke instead of 
detaching because the adhesive strength was large, 
close to the cohesive strength of the rubber, which was 
found to lie in the range 245-350 J/m 2. Thus, a pull- 
out test provides a possible method to measure adhe- 
sive strength when other methods lead to cohesive 
rupture. 

T A B L E  II  Pull-out results for well-bonded rods 

Resin Rod Calculated Calculated 
area diameter Slope Intercept lap = k G a 
A d r~dk F 0 (MPa) (J/m 2 ) 
(mm 2) (lam) (N/mm) (N) 

4.05 180 0.25 _+ 0.07 
10.68 215 0.36 4- 0.02 
13.16 185 0.30 _+ 0.03 
22.19 80 0.18 + 0.01 
19.58 180 0.35 _+ 0.02 
21.07 230 0.32 _+ 0.08 
22.42 360 0.55 _ 0.02 
19.52 410 0.62 _+ 0.02 
23.79 630 1.11 _+ 0.0.7 
31.74 315 0.53 _+ 0.03 

1.4 4- 0.1 0.44 160 
2.9 4- 0.2 0.53 210 
3.2 _+ 0.3 0.52 240 
2.9 + 0.2 0.72 270 
3.9 4- 0.3 0.62 250 
4.0 4- 0.1 0.44 190 
5.4 _+ 0.2 0.49 200 
5.3 _+ 0.2 0.48 200 
7.3 + 0.6 0.56 200 
5.5 _+ 0.4 0.54 170 

Average 0.53 + 0.08 210 _+ 30 
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4.3. Effect of external pressure 
Under extension, a large void formed at the end of the 
fibre. The question arises: how much effect does the 
pressure differential between the external atmosphere 
and the vacuum within the void have on the pull-out 
force? By allowing air to enter the void through a fine 
hole, the vacuum within it could be relieved. Samples 
were studied with and without such an air path. The 
results are shown in Fig. 10, where closed symbols 
denote unvented samples and open symbols denote 
samples with an air channel. In all cases, a straight line 
relationship was obtained between pull-out force and 
debonded length. Venting the debond cavity to the 
atmosphere only caused a slight decrease in pull-out 
force for both fibre diameters employed; 440 and 
290 lain, and weakly bonded samples behaved in the 
same way as well-bonded ones (Table III). Thus, the 
effect of the vacuum set up at the end of the fibre 
appears to be slight. This is probably because, for 
these materials, frictional stresses are largely inde- 
pendent of applied pressure. A greater effect of atmo- 
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Figure 10 Pull-out force versus length ofdebond for weakly bonded 
rods embedded in elastic blocks. Circles: rod diameter d = 440 pro; 
squares: d = 290 gm. Open symbols are for specimens with an air 
channel from the rod tip to the external atmosphere. 

spheric pressure would be expected for materials that 
show Coulombic frictional behaviour. 

4.4. Comparison of values of friction stress 
and fracture energy G. for different 
systems 

Values of k (=  lap) and G a w e r e  calculated from the 
slope and intercept of experimental relations between 
pull-out force and debonded length for weakly bonded 
samples. The values are listed in Table III. For sam- 
ples cured at room temperature the average value of 
lap was 0.52 4-0.02 MPa, similar to that obtained 
before for strongly bonded samples. Thus, the fric- 
tional stress lap was found to be consistent in all cases. 
For the weakly bonded samples the average value of 
the adhesive fracture energy G a was 48 Jim z, con- 
siderably smaller than for the samples prepared with 
an adhesion promoter. Even smaller values, about 
40 J/m 2, were obtained with a somewhat stiffer rubber 
resin, having a value of Young's modulus of 2.5 MPa 
(Table III). 

Values of the adhesive fracture energy for weakly 
bonded samples were determined by peeling measure- 
ments. (Strongly bonded samples broke instead of 
detaching.) The results are given in Table IV and 
compared with values deduced from pull-out experi- 

T A B L E  IV A comparison of values of G, (J/m 2) 
(1) Strong bonding (silane-treated glass) 

Pulbout Fragmentation 
210 4- 30 210 4- 30 

(2) Weak bonding (phenyl-isocyanate treated glass) 

Pull-out Fragmentation Peel 

Resin A 48 4- 5 50 _+ 25 51 4-_ 8 
Resin B 40 4- 8 - -  44 4- 6 

T A B L E I I I Effect of externai pressure on pull-out 

Area Diameter Slope Intercept Calculated Calculated 
A d ~dk F o pp = k G a 

(mm z) (pm) (N/ram) (N) (MPa) (J/m z) 

Resin A (E = 1.2 MPa)  

21.6 290 0.50 4- 0.09 1.5 + 0.1 
"21.6 290 0.46 _+ 0.01 1.2 4- 0.1 
25.5 440 0.72 4- 0.02 2.4 +_ 0.2 

a25.5 440 0.70 4- 0.03 1.9 • 0.2 

0.55 4- 0.02 50 4- 8 
0.50 4- 0.02 28 _+ 5 
0.52 4- 0,02 69 4- 15 
0.51 4- 0.02 44 4- 10 

Average 0.52 4- 0.02 48 4- 15 

Resin B (E = 2.5 MPa) 
25.5 510 0.82 4- 0.01 

a25.5 510 0.76 +_ 0.02 
35.0 570 0.99 __ 0.02 
36.0 600 1.09 4- 0.03 
36.0 760 1.15 4- 0.06 
47.5 570 1.10 4- 0.06 

3.3 4- 0.2 
3.1 _+0.2 
3.6 4- 0.3 
3.6 4- 0.3 
3.5 4- 0.6 
4.0 4- 0.6 

0.51 _+ 0.02 53 4- 8 
0.47 +_ 0.02 45 _+ 8 
0.55 4- 0.02 41 4- 7 
0.58 + 0.02 38 4- 7 
0.48 + 0.03 28 4- 10 
0.61 4- 0.03 37 4- 11 

Average 0.53 4- 0.05 40 + 8 

"Sample with a hole to air. 
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T A B L E  V Pull-out results for fine silane-treated fibres 

Resin Fibre Deb0nd 
area diameter force Calculated 
A d F 0 G a 
(mm 2) (gm) (g) (J/m 2) 

1.64 8.8 29.7 305 
1.78 10.1 28.0 180 
2.05 9.2 34.2 337 
2.65 10.7 33.5 222 
3.64 9.5 46.0 334 
3.74 10.9 41.0 225 

Average 270 _ 60 

First break Second Third 

o 

i1 

Displacement 

Figure 11 Sketch of the force-displacement relation in a fragmenta- 
tion experiment. 

ments. For resin A, a soft rubber, the adhesive fracture 
energy from pull-out was 48 J / m  2, and that from 
peeling was 51 J / m  2. For resin B, a stiffer rubber, the 
adhesive fracture energy from pull-out was 40 J/m 2 
and that from peeling was 44 J/m 2. Thus, fairly good 
agreement was obtained. 

There are special difficulties in carrying pull-out 
experiments with fine glass fibres, with a diameter of 
only 10 gm. Details of the failure process are hard to 
see on such a small scale. In particular, it proved 
difficult to determine the debonded length. In this 
case, therefore, the initial pull-out force Fo was taken 
as the maximum force reached before a small drop 
occurred in the experimental force~zlisplacement rela- 
tion. The adhesive fracture energy Ga was estimated 
from this initial force Fo and the results are given 
in Table V. The average value obtained for G, was 
270 _ 60 J/m 2, slightly larger than for previous sam- 
ples using larger-diameter glass rods. This may be due 
to the higher rate of debond propagation observed 
with a fine fibre embedded in a large block of rubber, 
causing a higher adhesive fracture energy. 

4.5. Fragmentat ion tests: experimental  
observat ions 

When a sufficiently large tensile force is applied to a 
single fibre embedded in a block of rubber, it breaks 
and the ends of the broken fibre move apart, leaving a 
cylindrical void between them. Simultaneously, the 
applied force drops, Fig. 11. Subsequently, as the 
applied force is increased further, two debonds pro- 
pagate along the fibre in both directions, away from 
the point of fracture. Eventually, the force becomes 
high enough to cause fracture of the fibre again, 
elsewhere. This process continues until the fibre is 
completely fragmented. 

This successive stressing and debonding of the fibre 
before it breaks again can be considered as a series of 
repeated pull-out processes. In principle, therefore, 
pull-out theory can be applied to fibre fragmentation. 
Measurements were made of strain distributions in a 
single-fibre fragmentation sample, for comparison 
with those observed before. 

Local strains could only be measured accurately for 
large-diameter fibres. An example is given in Fig. 12 
for a fibre of diameter 150 gm after two fractures had 
occurred. The first fracture took place at the position 
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Figure 12 Tensile strain in the elastic matrix on either side of 
the point of second fracture of a weakly bonded rod, diameter 
d = 150 gm. The first fracture occurred at x = 27.6 mm. 
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Figure 13 Dependence of the coefficient of friction I a on pressure P 
for silicone rubber sliding on glass. Resin A (E = 2.8 MPa), O;  
B (E = 2.5 MPa), /~ ; C (E = 1.2 MPa), [~. 

denoted x = 0, when the applied force F reached 
536 g. The debond then propagated in both directions 
away from the fracture point until the applied force 
reached 543 g, when the second fracture occurred, at a 
point 27.6 mm away. A half-length of this fragment, 
13.8 mm, is shown as 1/2 in Fig. 13. The position 
marked x ~ - 14 mm represents the debond tip be- 
cause the measured strain was effectively zero after this 
point. Thus, the debonded length, determined from 
the distance between the broken end of the fibre and 
the tip of the debond, is almost exactly one-half of the 
length of the fibre fragment�9 It may be concluded that 



T A B L E  VI Fragmentat ion tests with larger-diameter fibres: F b is the fibre breaking force; F d is the force right after the fibre broke 

First break Second break 
A d F b F d F b F d I~ F o Ga 
(mm 2) (gm) (g) (g) (g) (g) (mm) (N) (J /m 2) 

20.99 150 536 234 543 375 27.6 1.9 _ 0.4 113 • 50 
21.52 180 476 200 545 385 28.3 1.2 • 0.3 50 • 25 

"21.09 200 - -  662 420 31.7 1.2 • 0.3 46 • 23 

4: the first fracture occurred before the test. 

T A B L E V I  I Fragmentat ion of silane-treated fine glass fibres 

A d No. of F b lc F0 Ga 
(mm 2) (gm) fragments (N) (ram) (N) (J /m 2) 

2.83 10.4 3 0.57 • 0.03 26.3 • 10.3 0.34 223 
2.72 10.9 4 0.49 • 0.07 22.5 • 6.6 0.28 150 
2.86 10.0 6 0.52 _+ 0.04 21.4 • 6.5 0.34 230 
3.10 9.3 4 0.51 • 0.05 22.3 • 3.8 0.33 215 
2.88 10.7 6 0.54 • 0.02 19.1 • 5.5 0.37 2.53 
2.78 10.7 5 0.48 _+ 0.10 18.5 • 6.0 0.31 184 

Average 210 4- 30 

the debonded length is equal to one half of the length 
of a characteristic fragment when the applied force is 
equal to the fibre breaking force. Thus, pull-out theory 
explains the basic features of fragmentation. 

Equation 8 relates the applied force F to the initial 
pull-out force F o and the debonded length X. Thus, 
the initial pull-out force F o can be calculated from the 
measured breaking force and the fragmentation 
length. In this calculation the constant gp was taken to 
be 0.5 MPa, as in the pull-out study. 

The results for a soft rubber (E = 1.2 MPa) with a 
weakly bonded fibre are given in Table VI. The adhe- 
sive fracture energy calculated from Fo was about 
50 J/m 2, quite similar in magnitude to those estimated 
from fibre pull-out experiments. 

The results of fibre fragmentation experiments for 
strongly bonded fibres are given in Table VII. Fo was 
calculated from the fibre breaking force and fibre 
fragment length, using Equation 8. The adhesive frac- 
ture energy was 210 _+ 30 J/m 2, in good agreement 
with the results from fibre pull-out experiments. These 
results indicate that both fibre pull-out and frag- 
mentation have the same fracture mechanism. 

To the best of the authors' knowledge, effects of 
sample size and test speed on fibre fragmentation have 
not been examined previously. They are considered 
together here, because it was observed that samples 
having larger cross-sectional areas tended to fail 
quickly, at higher rates of debonding. Experiments 
were carried out using well-bonded samples of differ- 
ent cross-sectional area from 3 to 5 mm 2. As the area 
increased, the calculated adhesive fracture energy in- 
creased significantly, from 210 to 300 J/m 2. On the 
other hand, when the sample area was held constant at 
3 mm 2, but the test speed was increased from 0.5 to 
50 mm/min, the adhesive fracture energy increased in 
a similar way, from 210 to 310 J/m 2. It is concluded 
that pull-out theory accounts satisfactorily for fibre 

fragmentation, including changes in sample cross- 
sectional area, but care must be taken to ensure 
that the rate of debonding is constant. Otherwise, 
for viscoelastic matrix materials, the fracture energy 
increases significantly as the rate of debonding is 
increased. 

4.6. Values of fracture energy Ga from different 
experiments 

A comparison of adhesive fracture energy values is 
made in Table IV. For  strong bonding, the value was 
about 210 J/m 2 from both pull-out and fragmentation 
tests. Values for weak bonding were about 50 J/m 2 
from pull-out, fragmentation and peel tests. Thus, 
good agreement was found between values of G, from 
pull-out and fragmentation measurements, and from 
peeling experiments when comparison was possible. 

5. Conclusions 
1. A critical pull-out force F o was found to be 

necessary to initiate debonding at the end of a fibre 
embeddedin  a silicone rubber block. 

2. The pull-out force then increased linearly as the 
length of the debond increased, indicating that a 
frictional effect is important. 

3. The strain in the rubbery matrix increased 
linearly with distance from the point of initial debond- 
ing, being greatest at the fibre end. 

4. The slope of plots of pull-out force versus length 
of debond was strongly dependent on the fibre dia- 
meter, rising from 0.18 N/mm to 1.11 N/mm as the 
fibre diameter increased from 80 gm to 630 gin. As the 
cross-sectional area of the matrix block was increased 
from 4 mm 2 to 29 mm z, the intercept F o increased, but 
the slope remained more or less the same. These effects 
are consistent with a simple theory of pull-out, includ- 
ing frictional sliding. 
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5. In a fragmentation test, the applied force drops 
when the fibre breaks. Then, as the applied force is 
increased, debonds propagate along the fibre in both 
directions away from the site of fracture, until the load 
is sufficient to break the fibre again. Fibre fragmenta- 
tion can be considered as a repeated fibre pull-out test, 
until all of the fragments are fully debonded. 

6. The average length of fibre fragments and the 
average fibre breaking force allow the adhesive frac- 
ture energy Ga to be estimated from pull-out theory, 
when allowance is made for friction. 

7. Good  numerical agreement is found between 
values of G a from pull-out and fragmentation meas- 
urements, and from peeling. 

8. Inferred frictional stresses at the debonded inter- 
face were much larger than directly measured values. 
This may be due to differences in surface roughness. 

Appendix: Friction between silicone 
rubber and glass 

A study of friction was made by sliding samples of 
silicone rubber over a glass surface. Two Mnds of 
rubber sample were used: a block of rubber and an 
assembly of rods with spherical asperities. The latter 
sample enabled higher normal pressures to be applied 
by reducing the contact area. The frictional coefficient 
was measured for normal pressures ranging from 
0.002E to 0.3E, where E is the Young's modulus of the 
rubber, ranging from 1 3 MPa. 

The frictional coefficient was found to be strongly 
pressure-dependent, Fig. 13. At low contact pressures, 
it was more or less constant. However, when the 
pressure was greater than about 1-2% of the value of 
Young's modulus of the rubber, the values of la de- 
creased sharply. The results then fell on a line with a 
slope of - 1 on a plot of log I~ versus log(p/E), i.e., the 
frictional shear stress, given by ~p, was constant. The 
value of t~P measured using a rubber block with a flat 
surface was about 0.07 MPa, and for a rubber speci- 
men with curved surfaces it was about 0.12 MPa. This 
slight difference in ~p may be due to edge effects with 
the different samples. 
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