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Abstract debonding is considered as an important

) ) _ ] mechanism of energy absorption during the
This paper investigated the effect of residual t4jjyre of a composite. Interfacial shear strength,
thermal stresses on carbon fibre pullout by \yhich controls the occurrence and evolution of
using cohesive zone modelling. The finite fihre/matrix debonding, is one of the main

element method was applied to analyse the properties used to characterise the interface. The

interface between the fibre and matrix due to widely used techniques to quantify the
curing. A comparison study on the anisotropic nterfacial strength. There are three stages

and isotropic ~material properties are qyring a single fiore pullout, which include

considered using four typical carbon fibres, gastic deformation stage before debonding,
T300, AS4, T800HB-40B and IM7. The results geponding stage and sliding stage. In the first

show that the simplified isotropic fibres model giage, the fibre and the matrix are well bonded.
would overestimate the compressive residual o5 the pullout force increases, a crack

axial and interfacial radial stress. The nrgpagates along the interface between the fibre
anisotropic material properties of the fibres 559 the matrix, leading to a complete

should be considered in the theoretical study of geponding, which is the debonding stage. In the
carbon fibre pullout. The results also show that |5t stage, the fibre slides out from the matrix,
the influence of the residual thermal stresses is yith friction acting between the two newly
significant at the stage of frictional sliding afte  formed surfaces. Several analytical and
interfacial debonding. numerical models have been developed for the
single fibre pullout test [2-5].

Residual thermal stresses are caused by the
mismatch in the coefficient of thermal

Carbon fibre used in advanced composites €xpansion between the fibre and matrix during
contains at least 92% carbon [1]. This type of the curing process. Residual thermal stresses
material has generated a great scientific and Play an important role in a mechanical
industrial interest due to its remarkable Performance of a composite structure [6], which
characteristics and properties’ such as small can have Significant effects on the fibre-matrix

size, high stiffness, low thermal expansion and interfacial properties such as interfacial
high strength. debonding. The residual stresses developed at

The properties of interface between the the fibre/matrix interface provide large frictional
fibre and matrix often influence significantly the ~resistance in the pullout process, which increase
composite performance in all types of the fracture energy consumption [7]. Several
composites, such as failure mode and the studies have been carried out on the distribution

fracture toughness of composites. Interfacial Of residual thermal stresses in a single fibre

1 Introduction
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composite [8-10]. To authors’ knowledge, the
study on the effect of residual thermal stresses
on fibre pullout is still insufficient. ]
The purpose of this paper is to investigate :
the single carbon fibre pullout test under the g |
influence of residual thermal stresses by using R
cohesive zone modelling. Four typical

Pullout Force

commercial carbon fibres T300, AS4, T80OHB- Sembnfinie Mt
40B and IM7 with anisotropic elastic and &
thermal prOpeme.S embgddgd In epoxy matrix Fig. 1. (a) A schematic diagram of the fibre putlou
HY6010 ?-re considered in thls study. o model; (b) Axisymmetric finite element model wittiae

In this paper, a numerical model is firstly mesh around the interface.
established, followed by the analysis of Cohesive zone (CZ) modelling [11] is a

distribution of the residual thermal stresses commonly used technique for investigating the
along the interface between the fibre and matrix. fracture failure governed by crack or debonding
Secondly, the results obtained from the propagation. It bridges the gap between the
anisotropic material properties of fibore model stress- and energy-based approaches. Cohesive
with simplified isotropic fibre model are zone model establishes the traction-separation
compared. Finally, the effects of the residual relation for the interface. The traction across the
thermal stresses on the fibre pullout test are interface increases and reaches to a peak value,
examined. then decreases and eventually vanishes,
permitting a complete decohesion [12]. In this
research, a bilinear cohesive law was
implemented, which reduces the artificial

The physical problem of a typical fibre pullout compliance inherent in the intrinsic cohesive
test can be treated as a cylindrical fibore Zone model [13]. A small number of four-node,

embedded in a semi-infinite matrix, as shown in @xisymmetric cohesive elements (COHAX4)
Fig. 1(a). The radius of the fibre is denoted as Were used to define the cohesive zone.
R, and L, is the total embedded fibre length.

In a fibre pullout test, a pullout force with low 3 Results and Discussion

pullout rate is applied uniformly on the top

surface of the fibre in the axial direction. The 31 pistribution of Residual Thermal
commercial finite element package Abaqus was giresses

used to investigate the fibre pullout problem.

Due to the symmetry of this problem, a two- In the thermal stress analysis, there is no
dimensional  axisymmetric model was mechanical pullout force. The loading is from
constructed in this finite element analysis. The the change of the temperature during a curing
radius and depth of the matrix are much larger process. A temperature changeAdf= -95°C
than the dimensions of the fibre in the numerical was chosen in the finite element simulations,
models so as to simulate a semi-infinite matrix which corresponds to a typical curing process
body. The bottom of the model is constrained in from 120°C cooling down to the ambient
both the radial and axial directions. The vertical temperature of 25°C. In the first case study,
side along the axisymmetric axis is constrained carbon fibre T300 R, = 3.5um) embedded in

only in the radial direction. A very fine mesh epoxy matrix HY6010 with fibre embedded

(element size: dm x1um) is used in the area length L = 10Qum was considered. The
around the interface between the fibre and the hani y | and phvsical " f the fib
matrix to ensure the accuracy of the numerical mechanical and physical properties of the fibre

results, which is shown in Fig. 1(b). and matrix are summarized in Table 1 and 2.

2 Numerical Model
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Table 1 Material properties of carbon fibres. [8] 1 that the interfacial radial stress is also
Parameter T300 | AS4 Efgé" M7 compressive and varies almost linearly from -
T 16.3MPa near the top end to -12MPa near the

ransverse . .

Young's Ef |15 15 23 21 bottom end of the fibre. As discussed by
modulus (GPa) Parlevliiet et al. [14], the fibre always
mgmc;u(rgpsa) E. | 230 235 204 290 experiences compressive residual stresses in

) : most polymer composite laminates. In contrast,
Axial shear G, 27 27 25 14 . . . .
modulus (GPa) the magnltude.of llnte.rfamal shea}r stress is very
Transverse small. The distribution of residual thermal
shear modulus G | 7 7 9 8 stresses obtained in this study exhibits similar
(GPa) trends as those reported in previous work [8, 9].
Axial 1] 013 0.013 00203 | 0.0144 As the fibres loaded in compression along the
Poisson’s ratio 12 . . . . .

_ _ interface, this may lead to interfacial debonding
Fibreradius R | 35 35 2.6 2 and fibre microbuckling [15]. To improve the
(um) : . :

Transverse fibre-matrix bond strength, fibre treatment, such
coefficient of . as fibre coating (sizing) are commonly used.
thermal a, 12 x10° 15 x10° 18 x10° 10 x10°
expansion
(°C) ’
Longitudinal i | s s e
coefficient of z 10 20 30 40 50 60 70 8 90  1p0
thermal azf -0.7x10° -0.5x10° | -0.9x10° | -0.2 x10° ?:, 5
expansion 7 U
(°C) L i
E: 15 . ,‘
Table 2 Material properties of epoxy. [15] z i
Epoxy ..:Z: = = In fibre
Parameter HY6010 A
Young’s modulus (GPa) E, 3.4 = = ~lnmatrix
-30
Poisson’s ratio Vin 0.36 . Epm) o _
Coefficient of thermal expansion (/°C) aQ,, 62 x10° . (a)m Reildu?: axL?I stﬁrssszs |n7zlbregﬂand90mag:x

The residual stresses fields at the interface
from the numerical simulation are plotted in
Fig. 2, which presents the distribution of axial
stresses and interfacial radial and shear stresse:
along the interface between fibre and matrix.
These plots only show the distribution of
residual stresses along the interface fram
10um to z= 90um, which excludes the results
around the singularity points. The singularity 2
points, where the fibre intersects the matrix at
the two ends £= 0 and z= 10Qum), can be
identified by mesh sensitivity study.

As shown in Fig. 2(a), the axial stress in
the fibre near the interface is significantly 3.2 Effect of Carbon Fibre's Anisotropy on
different from that in the matrix. The axial stress Residual Thermal Stresses
in the fibre is compressive and its value
increases towards the fibre bottom end, while To apply this study to practical problems, four
the axial stress in the matrix is tensile and small typical commercial carbon fibres, T300, AS4,
A large matrix radius (here it's theoretically T800HB-40B and IM7 embedded in epoxy
infinite) leads to small values of all the residual matrix HY6010 were considered in this
thermal stress components [9]. Fig. 2(b) shows investigation. The material properties of the four
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Fig. 2. Residual thermal stresses along fibre-matri
interface (T300).



carbon fibres and matrix are listed in Table 1
and 2. As shown in Fig. 2, the residual axial

stress in matrix and interfacial shear stress arefour

very small, therefore, only the residual axial
stress in the fibre and the interfacial radial stre
will be presented and discussed in the following
section.

As listed in Table 1, carbon fibres are
transversely isotropic materials, whose elastic
properties and thermal extension coefficient in
fibre axial direction are significantly different
from those in transverse directions. Zhou and
Mai [16] indicated that fibre anisotropy is an
important factor to influence the stress transfer
and the interfacial debonding in both fibre
pullout and pushout. In this study, it is
hypothesized that the anisotropic behaviour of
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Fig. 3(b) shows the difference of the
maximum interfacial radial stress among these
real fibres is small. The averaged
magnitude is around -16MPa in the case of
anisotropic real carbon fibres, which may be
due to the small differences of coefficient of
thermal expansion in these fibres. The
magnitude of radial stress for anisotropic real
carbon fibres is lower than the simplified
isotropic carbon fibres. The maximum
difference is 14%. Both Figs 3(a) and 3(b)
indicate that the effect of anisotropic material
property is significant on the residual thermal
stresses. The simplified isotropic fibres would
overestimate both the interfacial compressive
axial and radial stress by up to 30%. The
anisotropic material property of the fibres,

carbon fibres should affect the residual stressesinstead of their simplified isotropic material

due to curing. Due to the limitation of analytical
solutions, carbon fibres were simplified as
isotropic materials in previous analytical studies
[17-19]. To validate the hypothesis on the
anisotropy effect, an additional set of
simulations with simplified isotropic carbon

fibres were carried out. The real material data in
the fibre axial direction were used in the
isotropic study.

The maximum residual thermal stresses in
the four typical commercial carbon fibres are
presented in Fig. 3, which compared with the
results from simplified isotropic fibres. In the
case of anisotropic real carbon fibres, the
residual axial stresses in four fibres are
compressive with a magnitude between -28MPa
to -49MPa (Fig. 3(a)). Carbon fibre IM7 has the
highest magnitude, followed by the fibre
T800HB-40B. The magnitude of the residual
axial stresses in the composites with fibre T300
and AS4 are similar. The difference of the axial
stress in these fibres is due to the smaller fibre
radius and higher Young’s modulus of the fibre
IM7 and T800HB-40B, as listed in Table 1. It

properties, should be used in the study of
residual thermal stresses in composite and the
consequent pullout test.
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can also be seen clearly that the magnitude of Fig. 3. (a) Maximum residual compressive axialsstrie

the axial stress for anisotropic real carbon fibres
are higher than that for their corresponding
simplified isotropic carbon fibres. The
difference in percentage varies from 18% to
30%, which should not be ignored in composite
design.

fibre and (b) maximum interfacial compressive radia
stress for four carbon fibres compared with their
corresponding simplified isotropic fibres.
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4 Effect of Residual Thermal Stresses on force F,,, increases linearly with fibre radius.
Fibre Pullout The four cases presented in Fig. 5 further
confirm that the influence of the residual
4.1 Effect on Pullout Curve thermal stress is insignificant on the debonding
force.

The maximum pullout force K,,,), the so

called debonding force, is one of the most
important parameters recorded from a pullout

0.14

m Without residual stress|

0.12 With residual stress

T300 As4

test, which is used to calculate the average o

interfacial strength. In this study, the residual € oo T00H5 408

thermal stresses are introduced in the finite  * oo e
element simulation of fibre pullout. A carbon 0.04

fibore T300 embedded in epoxy matrix HY6010 002

with an embedded length,= 10Qum is used. . |

Comparisqn betwee.n the r_eSUItS from th.e Fig. 5. Debonding force for four carbon fibres wéghoxy
models with and without residual stresses is HY6010.

presented in Fig. 4. It can be seen that the
influence of the residual thermal stresses on the

debonding force ,,,) is very small. But itis > Conclusions

clear that the effect of residual thermal stress is | this paper, a single carbon fibre pullout under
significant after initial debonding. In the the influence of residual thermal stresses due to
debonded region, the frictional shear stress is curing process was numerically studied. The
governed by the radial compression, which resylt showed that the residual thermal stresses
provides a large resistance to further debonding. depend on the material properties of fibre and
Therefore, a larger applied force is required t0 matrix. The difference of the residual stresses
pull out the fibre even though the interface is optained from the models considering carbon

debonded. fibre’s anisotropic material property and those
' . . simplifying carbon fibre as simplified isotropic
—Pullout without residual stress . . . e .
010 o material is significant, which could affect the
008 T Puloutwihrestdualetress fibre pullout. Thus, the anisotropic material
> property of the fibres, instead of their simplified

< 0.06
w

isotropic material properties, should be used in
the study of residual thermal stresses in
0.02 composite. The case studies of fibre pullout
t 2SN show that the residual thermal stresses have
T odecementamy negligible effect on the debonding force, but
they increase the resistance during the stage of

Fig. 4. Fibre pullout curve with and without residu ) i : ’ :
stress. fibre sliding after interfacial debonding.
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