
This article was downloaded by: [Siauliu University Library]
On: 17 February 2013, At: 07:23
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Advanced Composite Materials
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/tacm20

Measurement of interfacial shear
strength of carbon fibre/epoxy
composites using a single fibre
pull-out test
Shiqiang Deng a , Lin Ye b & Yiu-Wing Mai c
a Centre for Advanced Materials Technology, Department
of Mechanical and Mechatronic Engineering, The
University of Sydney, NSW 2006, Australia
b Centre for Advanced Materials Technology, Department
of Mechanical and Mechatronic Engineering, The
University of Sydney, NSW 2006, Australia
c Centre for Advanced Materials Technology, Department
of Mechanical and Mechatronic Engineering, The
University of Sydney, NSW 2006, Australia
Version of record first published: 02 Apr 2012.

To cite this article: Shiqiang Deng , Lin Ye & Yiu-Wing Mai (1998): Measurement of
interfacial shear strength of carbon fibre/epoxy composites using a single fibre pull-out
test, Advanced Composite Materials, 7:2, 169-182

To link to this article:  http://dx.doi.org/10.1163/156855198X00129

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan, sub-
licensing, systematic supply, or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand, or costs or damages whatsoever or

http://www.tandfonline.com/loi/tacm20
http://dx.doi.org/10.1163/156855198X00129
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


howsoever caused arising directly or indirectly in connection with or arising out of
the use of this material.
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Abstract-Single fiber pull-out tests were conducted for G34-700/ Araldite-F, T700S/Araldite-F and 
T800H/Araldite-F model composites using an improved experimental set-up to evaluate the interfacial 
shear strength (IFSS). The modified method made it possible to reduce the formation of resin meniscus and 
to accurately define the embedded fibre length, and it also provided a practical approach to conveniently 
estimate the IFSS for comparison of the fibre-matrix adhesion between different composite systems or 
different fibre surface conditions. A strong interfacial adhesion and unstable debonding process without 
detectable friction stages were found for all types of model composites with fibres being chemically 
treated/sized or sizing being removed. The electrochemical oxidation treatment and sizing on the carbon 
fibres noticeably increase the IFSS of the composites. 

Keywords: Single fibre pull-out test; fibre-matrix interface; fibre-matrix adhesion; carbon fibre/epoxy 
composites. 

1. INTRODUCTION 

There are three main micromechanical tests which have been developed to evalu- 
ate interfacial shear strength (or interfacial fracture toughness) of continuous fibre- 
reinforced composites, namely, the fragmentation test, the indentation test and the 

single fibre pull-out test [1-3]. The last may also be subdivided into the pull-out 
test and the microbond test [4]. Among these methods the single fibre pull-out 
test is the most extensively used because of its simplicity and versatility as well 
as the fact that it is a direct method for measuring fibre-matrix adhesion. How- 

ever, there are some inherent drawbacks associated with the single fibre pull-out 
method [5]. A main problem is that the resin meniscus formed on the fibre using 
current procedures of specimen preparation makes the determination of the embed- 

ded fibre length difficult. Also, the presence of the meniscus has a certain effect 

on the interfacial bond strength due to possible premature failure caused by stress 
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concentrations in the meniscus region before interfacial debonding. Moreover, for 

a single fibre pull-out test designed to determine the interfacial properties it is es- 

sential that the interfacial debonding occurs before the fibre breaks. Since in pull- 
out tests the interfacial debonding force is directly related to the embedded fibre 

length, there is a maximum embedded fibre length which permits the fibre to be 

pulled out without breakage. The maximum embedded fibre length is usually very 
short, especially for composite systems with very fine fibres and/or strong interfacial 

bonding. For example, the maximum embedded fibre length is generally less than 

200 ttm for carbon fibre/epoxy matrix systems, which causes certain difficulties in 

specifying the embedded fibre length in the preparation of specimens for pull-out 
tests. 

A modified pull-out test procedure was adopted in this work to evaluate the in- 

terfacial adhesion between fibres and matrices for three carbon fibre/epoxy systems. 
The basic test geometry is similar to that proposed by Gu et al. [6], but a special 

procedure was applied in this work, which made it possible to reduce the formation 

of resin meniscus and to accurately define the embedded fibre length. 

2. EXPERIMENTAL PROCEDURE 

The carbon fibres used in this study were G34-700 (Grafil Inc., USA), T700S and 

T800H (Torayca Inc., Japan). The G34-700 fibres were supplied with two different 
surface conditions, i.e. one without any surface treatment and the other treated using 
electrochemical oxidation and then coated with a thin layer of epoxy sizing (0.4% 

by mass). The 'as received' T700S and T800H fibres were treated and sized by the 
manufacturer. Some of the T700S and T800H fibres were washed in a methylethylke- 
tone (MEK) solution for 1 h and then dried for 2 h in an oven at 200°C to re- 
move the sizing. An epoxy resin (Araldite-F, Ciba-Geigy, Australia) was chosen 
as the matrix material. Piperidine was added as the hardener to the epoxy with 
a weight ratio of 5: 100 after degassing the epoxy at 100°C in a vacuum cham- 
ber. 

The procedure for preparing a fibre pull-out specimen is schematically illustrat- 
ed in Fig. 1. Two small pieces of glass slides (one 0.17 mm, the other 0.34 mm 
in thickness) were placed at a distance of about 1.5 mm apart on a base glass 
slide. A small drop of the uncured resin was placed on the edge of the 0.17 mm 
thick glass slide. A liquid silicone release agent was applied to fill in the gap 
between the two glass slides and on the top surface of the 0.34 mm thick glass 
slide, as shown in Fig. 1. A single carbon fibre was laid with one end in the mid- 
dle of the resin drop. Then, the whole system was moved onto the stage of an 

optical microscope, with the base glass slide being fixed. Under view of the mi- 

croscope, the fibre was gradually drawn out of the resin until a desired embedded 
fibre length was achieved. Finally, the whole sample was carefully put on a steel 

plate, to be cured in an oven at 120°C for 16 h. After curing, the glass slide with 
the cured resin drop and the fibre was mounted on a paper frame similar to that 
described in the ASTM test standard (ASTM D3379-75) with a gauge length of 
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Figure 1. Schematic of a fibre pull-out specimen. 

20 mm. The embedded fibre length was measured using a MD-30 Plus image anal- 

ysis system in a computer which was connected to the optical microscope. There 
are several advantages for the use of the silicone release agent in the preparation 
of the fibre pull-out specimens. The release agent pushes back the uncured resin 
from around the carbon fibre when the fibre is drawn, and it also prevents the resin 

from migrating along the fibre during curing by decreasing the wettability of the 
resin on the fibre, so that the resin meniscus formed around the fibre can be re- 
duced. 

The single fibre pull-out tests were carried out at ambient temperature using an 
Instron 5567 universal test machine with a very sensitive load cell (2.5 N). A crosshead 

speed of 0.1 mm/min was applied. After testing, the specimen was checked under 
the optical microscope to determine whether the fibre had been pulled out or fibre 

breakage had occurred. The pull-out length (or embedded fibre length) was confirmed 

by measuring the length of the matrix socket. A high resolution SEM was used to 

determine the fibre diameter and define the interfacial failure mode of the pull-out 

specimens. 
The apparent average interfacial shear strength, fa, at failure for the model composite 

systems was calculated from the pull-out test using the peak load, Fd, the embedded 

fibre length, L, and the fibre diameter, do 1 I 
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3. RESULTS AND DISCUSSIONS 

Optical micrographs of a typical fibre pull-out specimen before and after testing for 
the T700S/Araldite-F model composite are shown in Fig. 2. It can be seen that only 
a tiny meniscus formed on the fibre, and there is a matrix socket after the fibre was 

pulled out. 
Some typical load-displacement curves are shown in Fig. 3 for the single fi- 

bre pull-out tests of the treated/sized and untreated/unsized G34-700 fibres with 
different embedded fibre lengths. The characteristics of load-displacement curves 
for the untreated/unsized G34-700 fibres are similar to those of the treated/sized 

.-.-..- ... 

Figure 2. Optical micrographs of a typical fibre pull-out specimen for treated/sized G34-700/Araldite-F 
with an embedded fibre length of 28 Am: (a) before pull-out test; (b) after pull-out test. 
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G34-700 fibres, but with lower peak loads for the same embedded fibre lengths, 
shown in Fig. 3. For T700S and T800H fibres with and without sizing, similar 

load-displacement curves were obtained. Generally speaking, interfacial adhesion in 
these carbon fibre/epoxy composite systems is fairly strong. The applied load in- 

Figure 3. Typical load-displacement curves for single fibre pull-out tests of G34-700 fibres: (a) treated/ 
sized; (b) untreated/unsized (numbers in the figure indicate embedded fibre lengths in J1.m). 
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creases almost linearly with the displacement until the peak load is reached, followed 

by a sudden drop to zero, indicating the instantaneous debonding of the fibre-matrix 
interface. The embedded fibre lengths, allowing a successful pull-out of the fibre, for 
these model composite systems are very short, generally less than 100 ?m as shown 
in Fig. 3. 

In the single fibre pull-out tests conducted in this study, the interfacial debonding 
process proceeded in an unstable manner and no detectable interfacial friction stage 
can be found on the load-displacement curves. This is due to the short embedded 
fibre length and the strong fibre-matrix adhesion. Since the tests were carried out 
at a constant strain rate with a fixed gauge length which is much longer than the 
embedded fibre length, elastic deformation will occur at the fibre free end when the 
load is applied. When debonding occurs, a sudden release of the elastic strain energy 
stored in the system under tension leads the instantaneous fibre pull-out from the resin 

and, as a result, the fibre motion in the resin is undetectable because of its dynamic 
behaviour. Moreover, the elastic contraction of the fibre in the radial direction at a 

high debonding load during the pull-out process also assists in its quick extraction 
from the resin. 

The debonding load was found to be correlated approximately linearly with the em- 
bedded fibre length for G34-700/Araldite-F, T700S/Araldite-F and T800H/Araldite-F 
model composites (Figs 4, 6 and 8). The fibre surface treatment and the sizing on 
G34-700 and T700S carbon fibres obviously improved the interfacial shear strength 
of the model composite systems (Figs 5 and 7). However, no obvious effect of the 

Figure 4. Debonding load versus embedded fibre length for G34-700 fibres. 
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Figure 5. Interfacial shear strength versus embedded fibre length for G34-700 fibres. 

Figure 6. Debonding load versus embedded fibre length for T700S fibres. 
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Figure 7. lnterfacial shear strength versus embedded fibre length for T700S fibres. 

Figure 8. Debonding load versus embedded length for T800H fibres. 
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Figure 9. Interfacial shear strength versus embedded length for T800H fibres. 

oi nn _ ......... 

Figure 10. Comparison of interfacial shear strengths for G34-700, T700S and T800H carbon fibres in 
Araldite-F epoxy. 

sizing on the IFSS values was found for the T800H/Araldite-F model composite 
system (Fig. 9). In recent years various methods in relation to fibre surface treat- 

ments and sizing have received extensive attention [7-10]. For carbon fibre-epoxy 

systems, a fundamental relationship has been shown to exist between fibre surface 
chemicals and interfacial adhesion. It is believed that some surface treatment methods 
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Figure 11. SEM micrographs of typical G34-700 carbon fibres after pulled-out from the resin (carbon 
fibre diameter is 7 ttm): (a) treated/sized; (b) untreated/unsized. 

such as oxidation treatment increase the content of oxygen-containing groups on the 
fibre surface, so that the chemical reaction between fibres and resins is enhanced. 
The sizing applied to the G34-700, T700S and T800H fibres with a tiny thickness 
is generally an epoxy compatible material. Although the exact composition is not 

known, it is assumed to be an epoxy formulation deficient in a curing agent. Such a 
formulation is proved to increase the fibre-matrix interfacial shear strength [8, 9]. In 

the present study, the G34-700 fibres were supplied with two different surface condi- 

tions, untreated/unsized and treated/sized. Therefore, the increase of the interfacial 
shear strength for G34-700/Araldite-F system is attributed to both surface treatment 
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Figure 12. SEM micrographs of T700S carbon fibres: (a) with sizing; (b) without sizing. 

and sizing (Figs 4 and 5). For T700S and T800H fibres, since the surface treatment 

and sizing have been made by the manufacturer, the effect of the surface treatment 

may still exist after the sizing on the fibre surface was removed using MEK solution. 

Consequently, Figs 7 and 9 show only the influence of sizing on the interfacial shear 

strength of the composite systems. 
A comparison of the interfacial shear strength between different composite sys- 

tems was made in Fig. 10. As expected, the untreated/unsized G34-700 and desized 

T700S fibres show low IFSS values, and the surface treatment and sizing improve the 

fibre-matrix adhesion substantially. Figure 11 illustrates typical SEM micrographs 
of the carbon fibres after they were pulled out from the resin. The surface along the 
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Figure 13. SEM micrographs of G34-700 carbon fibres: (a) untreated/unsized; and (b) treated/sized. 

pull-out length of the untreated/unsized G34-700 fibre is almost free of matrix ma- 

terial, indicating a poor interfacial adhesion, but for the treated/sized G34-700 fibre 
there is some matrix material stuck on the surface along the pull-out length, showing 
a strong interfacial adhesion. 

The sizing on the T800H carbon fibres does not show a clear effect on the IFSS 

values, which may be attributed to the differences in fibre surface topography and 

fibre surface chemical compositions. The amount and type of the sizing on G34-700, 
T700S and T800H fibres are different from each other according to the specifications 
from the manufacturers. The sizing on the surface of T700S carbon fibres can be 

clearly seen by SEM (Fig. 12), but the sizing on G34-700 and T800H carbon fibres 
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Figure 14. SEM micrographs of T800H carbon fibres: (a) with sizing; (b) without sizing. 

cannot be identified (Figs 13 and 14). The fibre surface topography was also found 
to be significantly different between the three types of carbon fibres. The surface 
of T700S fibres is very smooth, but the surface of G34-700 and T800H fibres is 
rather rough, and tiny surface grooves parallel to the fibre axis can easily be seen 

(Figs 13 and 14). The fibre surface roughness may have an over-riding influence on 
the IFSS values compared with the sizing for the T800H/Araldite-F model composite. 
However, for the G34-700S/Araldite-F system, the double effects of the fibre surface 
treatment and sizing on the IFSS exist, which could improve the fibre-matrix adhesion 

greatly though the fibre surfaces are rough, so that a noticeable increase of the IFSS 
for the treated/sized G34-700 fibre model composite can be expected. 
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4. CONCLUSIONS 

The single fibre pull-out test procedure applied in this study makes it possible to 

reduce the formation of resin meniscus and to accurately define the embedded fibre 

lengths, and it also provides a practical approach to conveniently estimate the IF- 
SS for comparison of the fibre-matrix adhesion between various composite systems 
or different fibre surface conditions. A strong interfacial adhesion and an unstable 

debonding process without detectable friction stages were found for all three types of 
model composites. The electrochemical oxidation treatment and/or sizing on carbon 

fibres noticeably increased the IFSS of the composites. 
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