Matrix toughness transfer and fibre bridging laws in acrylic resin
based CF composites
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Abstract

The interlaminar fracture toughness, G,., of composite laminates produced by infusion moulding
adopting two thermoplastic acrylic matrices, one plain and one rubber toughened, and continuous
unidirectional carbon fibres as reinforcement was studied. For the composite with the plain ma-
trix, fracture was dominated by the failure of the fibre-matrix interface. For the composite with
the toughened matrix, it was verified that matrix toughness cannot be fully exploited due to the
interaction of the fibres with the development of the process zone. A fibre bridging model based
on experimentally derived cohesive zone laws allowed inferring that the fracture process occurs

within the matrix.
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1. Introduction

The fracture resistance of a polymeric composite material is related to several aspects such
lay-up sequence, production technique, loading mode, matrix/fibre interfacial properties and envi-
ronmental conditions. Delamination or interlaminar crack propagation is a key aspect to consider
when designing with composite materials, especially if a damage tolerant approach is pursued.
The resistance of a material to the growth of a crack between two adjacent plies can be quanti-
fied by the mode I interlaminar fracture toughness G,.. Although the contributions to interlaminar
fracture toughness of a composite are numerous, it is widely accepted that an important role is that
played by the matrix and by its ability to transfer its toughness into the laminate [1, 2]. The major
limiting factor to the full development of the process zone of the matrix is due to the constraint
of the fibres in the adjacent layers of the laminate. Generally speaking, brittle matrices can fully
transfer their toughness into the composite, while the efficiency of transfer for ductile matrices can
be significantly lower [1, 3, 2, 4, 5, 6]. In any case such conclusions cannot be generalized since
the fracture toughness of polymeric materials is affected by their viscoelastic behaviour and may
vary significantly depending on loading history (rate) and temperature. Further, the composites’
delamination toughness may also be affected by fibre-related mechanisms such as fibre breaking,
fibre pull-out/debonding and fibre bridging. These mechanisms take place in a fibre bridging zone,
in which the intact fibres that bridge the crack surfaces exert a closing pressure. This gives rise
to growing R-curves, i.e. fracture toughness increases as crack length increases. When the size
of the bridging zone exceeds the thickness of the specimen, the R-curve is not a material property
anymore [7, 8, 9, 10]. In this case, quantification of the effect of fibre-related mechanisms for de-
sign purposes requires the modelling of the bridging zone with a cohesive law, i.e. a relationship
between the crack opening displacement and the local bridging stress [7, 8, 11].

In previous works [12, 13] the fracture behaviour of two thermoplastic acrylic resins, one plain
and one rubber toughened, and their relevant composites has been investigated at different temper-

atures and displacement rates. The main conclusions drawn were:

e As for the matrices, the rate and temperature dependence of the plain resin fracture be-
haviour is well described by viscoelastic fracture theories while for the toughened resin
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fracture behaviour is dominated by the change in deformation mechanism caused by rate

and temperature.

e Regarding the relevant composites, the contribution of the matrix was deduced from fracture
toughness at crack initiation while the toughness increase due to fibre related mechanisms
was qualitatively evaluated from toughness during crack propagation. In the case of the plain
resin based composite, toughness does not depend much on rate or temperature neither at
initiation nor during propagation and it is determined by the failure of the weak fibre matrix
interface. In the case of the toughened resin, it was possible to deduce that the matrix
toughness is not completely transferred into the composite and the fibre related mechanisms
give a large contribution and shows the same rate and temperature dependence as the neat

relevant resin.

In the present work, further investigation on the same composites studied in [13] was carried
out to better understand (i) the transfer of matrix toughness into the composite considering the
interaction between the fibres and the development of the process zone in the composite and (ii)
the fibre-related mechanisms determining experimentally a cohesive law and applying a literature

model [8] for the fibre bridging mechanism.

2. Materials and methods

2.1. Materials and specimens preparation

The materials under study were two composites produced by infusion moulding. The matrices
were two acrylic thermoplastic resins produced by Arkema, one plain, Elium® and one tough-
ened, Elium Impact®, made of the same resin with the addition of a 10 wt% of a block copolymer,
Nanostrength®, which produces rubbery inclusions of dimensions under 50 nm. In both cases,
unidirectional continuous T700 12 K carbon fibres were used as reinforcement phase and the rel-
evant composites are named E and EI respectively. A 13 um thick release film was placed at the
laminate midplane during infusion to produce an initial delamination.

After infusion moulding, the plates of both composites underwent a thermal treatment: the condi-

tions were the same used to produce neat resin samples in [12] and the same composites in [13] in
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order to have comparable results. The fibre weight content was measured through a resin burn-off
method and then the fibre volume fraction was evaluated from the densities of fibres and matrices
which were measured as well. It resulted to be around 60% for both composites. After infusion
moulding and thermal treatment took place, double cantilever beams specimens (DCB) (Fig. 1)
were cut from the plates. Specimens were prepared in compliance with ISO 15024:2001 standard
[14]. The dimensions were 190x20x5 mm and 190x20x10 mm, for E and EI composites respec-
tively. The thickness adopted, slightly larger than that suggested by the standard, was necessary to
avoid fibre kinking and arm breakages, observed in preliminary tests. An initial delamination was
introduced in the specimens as prescribed by the standard. One side of the specimens was painted
white to enhance contrast and facilitate the individuation of the crack tip. A fine black speckle
pattern was sprayed in a region 2-3 cm long in front of the initial delamination, to perform Digital

Image Correlation (DIC) analysis.

2.2. Fracture testing

All the specimens were conditioned at 23 °C and 50% RH for 24 hours before testing. Tests
were carried out at constant displacement rate of 5 mm/min and at temperatures of 0, 23, 40 and 60
°C on an Instron 1185 dynamometer equipped with a 10 kN load cell and a thermostatic cabinet.
The first stage of loading and un-loading (pre-cracking) prior to the actual test, suggested by the
standard, was skipped. The reason is that pre-cracking the specimen can cause the development
of a small fibre bridging zone whose contribution is not negligible [15]. Therefore, in order to
minimize the contribution of fibre-related mechanisms to the fracture toughness at crack initiation,
as to highlight the role of the matrix on the delamination toughness of composites, pre-cracking
was not performed in the present work. Fracture toughness was measured as the strain energy

release rate
3P.u 1

T 2W@+IADN
where P, is the load, u the displacement, W the specimen width, a the crack length and A and

Gre )

N are correction factors reported in the standard [14]. Fracture toughness was measured both at
crack initiation (G ;;;) and during the crack propagation stage (G prop) along with crack initiation

time (#;,;;) and crack propagation speed (a) following the same approach as in [13]. At least two
5



specimens for each temperature were tested, with the only exception of 60 °C in which only one

test, on the composite with toughened matrix, was performed due to experimental problems.

2.3. Image processing for crack analysis

Tests were video-recorded with two different high-resolution CCD cameras with a pixel/mm
ratio of 20 and 250 respectively. In such a way, it was possible to have, at the same time, a wide
view of the whole specimen and a zoom on the crack initiation region where the speckle pattern
was applied. Acquisition frequency was 5 frames/s for both cameras. An example of the images
taken is given in Fig. 2. Correlated Solutions Vic-2D® software was used to perform DIC analysis
on the images taken in the initial crack tip region. The Crack Tip Opening Displacement (CT OD)
was determined by [16]

CTOD = |v; — v )

where v; and v, are the components of the displacement in direction perpendicular to the crack
plane measured at the crack tip, on the upper and lower beam respectively. Instead of measuring
the relative displacement of two single points close to the crack plane, from the displacement
field evaluated with DIC analysis the following procedure was adopted to measure CTOD: the
full displacement field v in y direction was measured at x equal to O (reference system given in
Fig. 2 (b)). An example of the resulting v displacement as a function of y is given in Fig. 3;
the two branches of the curve are linearly fitted and the distance between the two intercepts is
the CTOD. The extrapolation of the value from the linear fitting compensates the noise present
in DIC analysis output. CTOD measurements were carried out at crack initiation. The smallest
displacement resolvable with this procedure and the parameters adopted was around 5 ym.

The wide view images were used to measure crack growth and crack opening. A semi-automated
procedure implemented in MathWorks MATLAB® software was set-up. For each frame of the
video-recordings the crack tip position and the distance between the crack surfaces (at the position
corresponding to the initial crack length) were manually individuated. The crack opening, 6, was
taken as the distance between the surfaces while the crack growth, Aa, was simply measured as
the distance between the actual crack tip position and its initial one, a, (Fig. 4 (a)).

After testing, the specimens were reloaded up to a load suitable to re-open the bridging zone
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but not to propagate further the crack, and pictures of the bridging zones were taken. A white
sheet was put behind the specimens to enhance the contrast between the bridging fibres and the
background. The same lighting conditions were adopted for all the specimens. The images were
processed with ImageJ software to get grey levels (from O to 255) histograms in the area of interest
represented by the thick black line in Fig. 4 (a) (iv). An example of the histograms obtained at 23
and 60 °C is given in Fig. 5. The mean value of a histogram gives an indication of the darkness of
the image, hence can be considered proportional, not equal, to the density of fibres in the bridging
zone. However, the ratio of the mean values obtained at different temperatures is equal to the ratio

of the relevant bridging fibres densities..

2.4. Fibre bridging cohesive laws determination

Many authors [7, 8, 11, 17, 18] have proposed to derive a cohesive law for fibre bridging
adopting an approach based on the application of the J-integral [19]. Following this approach J

derived along a contour that contains the bridging zone can be expressed as:

T =T+ f o (8')do’ 3)
0

in which Jy;, is the critical J value at the crack tip and o (9) is the crack surface traction of the
bridging zone as a function of the crack opening, ¢, at the end of the bridging zone. In eq. (3)
and in all the following integrals, the crack opening, ¢, is substituted by the corresponding dummy
variable of integration, ¢’.

Unfortunately, it is not easy to directly measure J, unless specific test configurations such as
DCB specimens loaded with pure bending moments are adopted, as done by some authors to
investigate fibre bridging cohesive laws [7, 8]. Energy release rate can be evaluated from other test
configurations such as the one adopted in this research, but J is equal to the energy release rate
only if the crack growth is self-similar, i.e. during steady-state propagation. When the bridging
zone is changing, as it is in the increasing portion of the R-curve, J is not the energy release rate.
For this portion of the R-curve Nairn [11, 18] has proposed to introduce a corrective term, W (9),

which accounts for the recoverable energy in the bridging zone. Then the R-curve, in its increasing



portion, is given by
s
R () = Juip + f o (6")dé — Wg(5) 4)
0

Following [18] the term Wj (6) can be expressed as
0
W (6) = o (6) 3 (5

Considering the loading of a specimen as in Fig. 1, the steps depicted in Fig. 4 (a) take place: (i) up
to crack initiation the crack opening displacement is equal to O, then (ii) as the crack starts to grow
a bridging zone develops behind the crack tip until critical crack opening displacement (6. 5) and
length of the bridging zone (£, rp) are reached (iii). After o, rp is reached, the bridging zone size
remains unchanged and simply translates along the beam following the crack tip (iv) and the crack
faces left behind are traction free. Fig. 4 (b) shows the stages of evolution of the bridging zone
on the R-curve. Stage (iv) is a steady state, where Wp () is zero and J-integral coincides with the
energy release rate during steady propagation, Gy, ,rp. In the same way, J;, corresponds to the

energy release rate at crack initiation, Gy ;,; Equation (4) becomes
0 5
R(6) = Gre (6) = Grogus + f o () d - (6)5 ©)
0

Differentiating equation (6) we obtain:

0G.(0) 1 do (6)
=—|oc()-6——— 7
85 2 (”( )00 ) 7
and by solving the differential equation, with the boundary condition of o (6.r5) = 0, the
bridging law is finally obtained
%8 1 8G. (8)
0) =126 ———dy 8
o (9) fé SRy (8)

3. Results and discussion

Fracture toughness was evaluated for both materials at crack initiation and during crack prop-
agation at different temperatures. The relevant values of fracture initiation time and crack prop-
agation speed were also determined. Results were compared with those already obtained in a

previous work [13], in which the pre-cracking procedure suggested in the ISO 15024 standard was
8



applied. To this end, data were reduced to a master curve at a reference temperature applying
time-temperature superposition, as in [12]: each point was shifted along the logarithmic initiation
time or crack speed axis using the shift factors relevant to the matrices previously obtained in [12].
For a discussion on the validity of the approach the reader is referred to [2, 13]. The results are

reported and discussed separately for fracture initiation and fracture propagation.

3.1. Fracture initiation

Fig. 6 shows the master curves of Gy ;s Vs. t;;; for E and EI composites, together with those of
the same composites taken from the literature [13]. By comparing the results, it can be observed
that G,. is generally lower when pre-cracking is not performed, as found in [20], especially in
the case of the EI composite. As mentioned in section 2.2, without pre-cracking the contribution
of fibre-related mechanisms is almost negligible resulting in lower values of fracture toughness
at crack initiation. To analyse the matrix toughness transfer into the composite, CT OD, which
can be considered a measure of the process zone size, was measured as explained in section 2.3.
Concerning the E composite, it was not possible to obtain a reliable measurement, since no clear
displacement jump at the crack tip, as that of the example of Fig. 3, was observed. This is due to the
fact that, as it can be observed in Fig. 7 (a), a micro-cracking mechanism takes place at the crack
tip suggesting that fracture occurs at the interface between the matrix and the fibres, probably due
to a poor interfacial strength, rather than by the formation of a process zone and crack propagation
within the matrix. This agrees with the results in [13]: time dependence of fracture toughness
in the composite is different from that of the matrix indicating that the fracture initiation is not
dominated by the matrix. Micrographs of the fracture surfaces also show naked fibres with a clean
surface, which is the typical feature of a failure dominated by weak fibre interface.

In the case of EI composite, the CT OD was successfully measured at different temperatures and
the relevant values are plotted in Fig. 7 (b), along with those previously obtained for the neat EI
matrix in [12]. The figure also reports the average thickness of the interlaminar resin-rich layer,
measured in [13]. It can be observed that while, in the range examined, the CTOD of the bulk
matrix increases with temperature, the CTOD of the composite increases until a threshold value

is reached. This value can be taken as the maximum size that the process zone of the matrix can
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reach in the composite and it turned out to be very similar to the thickness of the interlaminar
resin-rich layer. Hence, hereby it is experimentally confirmed that, as discussed in the literature,
the partial transfer of matrix toughness into the composite occurs when the development of the

process zone in the matrix rich layer is hindered by the adjacent fibres.

3.2. Fracture propagation

Fig. 8 shows the master curves of Gy, vs. a for E and EI composites, together with those
of the same composites from [13]. It can be observed that, in the case of EI composite, the results
agree well with those previously obtained, as expected since during steady-state propagation no
effect of the initial crack is envisaged. For E composite, instead, Gy ., values are slightly higher
than the previous ones. This could be due to the different specimen thickness: the specimens of
E composite in this work are 5 mm thick, while in [13] the corresponding thickness was 3 mm.
This agrees with [7, 8, 9, 10] where it was found that thicker specimens show higher values of the
plateau of the R-curve, i.e. Gy ,rop. As already mentioned, the R-curves turned out to be dependent
on the geometry, so they can be considered a specimen property rather than a material one. In
many applications, it is obviously more useful to deal with an intrinsic material property, hence
the cohesive laws for fibre-bridging were derived, as described in section 2.4. Fig. 9 shows an
example of fracture toughness vs. crack opening displacement curve. With the intent of evaluating

the derivative (eq. (8)), data were fitted to the following function

6 1/k
) L 0<6<6,rs )

Gie = Grejinit + AG(
c,FB

in which AG is the difference between Gy, o, and G ini;. The approach is similar to that described

in [8] where £ is set equal to 2. In this work, for both composites, at all temperatures considered,

the value of k was fairly constant and equal to 2.78 + 0.19. The bridging law can be found simply

combining equations (8) and (9):

o (6) = 2AG [ 5 1( 5

1/k
AR —g ) :|0<5<6C,FB (10)
c,FB

6C,FB

The curves obtained are shown in Fig. 10. While in the case of the E composite no trend with

temperature can be observed and, despite the significant scatter, the curves substantially overlap,
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in the case of EI composite there is a clear dependence on temperature, i.e. the stress at any
given ¢ increases as the temperature increases. In any case, the same result is also evident from
Fig. 11 where the values of AG as a function of temperature are plotted: while there is no effect of
temperature in the case of E composite, AG increases with temperature in the case of EI composite.
The procedure adopted to measure the crack opening displacement from wide view images (section
2.3) gave values, at crack initiation, equal to 0, instead of values equal to the CTOD measured
with DIC analysis. The mismatch was due to the relatively low resolution of wide view images
required to observe the whole specimen. This did not affect the derivation of the fibre bridging
cohesive laws, since the contribution of matrix to toughness, accounted for by the measurement
of CTOD, was assumed to be additive. However, a complete cohesive law, in which both the
transfer of matrix toughness and the contribution of fibre bridging are considered, can be obtained
by translating the origin of the curves by a quantity equal to CTOD and by appending an initial
part relevant to matrix contribution. To this end, it was decided to adopt a simple triangular form
solution for the cohesive law, evaluating the stress from the fracture toughness at crack initiation

and from CTOD [21]. In formulas:

2Glcim'r
cron? 0<6<CTOD
0'(5) = CTOD? y (1 1)
2AG [ 1 Ky
= [5— -i(5) ] CTOD< 6 < 6.rs

Obviously, this procedure was not applied to the E composite, since CTOD was not measured.
The complete curves for EI composite are shown in Fig. 12.

In the case of E composite, as for crack initiation stage, the fracture seems to be governed by
interfacial properties that do not change with temperature, rather than by matrix viscoelasticity, as
it is possible to derive from the increase of fracture toughness in Fig. 11 and the cohesive laws of
Fig. 10 (a).

The EI composite on the other hand, showed a completely different behaviour. The dependence on
temperature of the fibre bridging contribution, AG, from Fig. 11 is similar to that of the toughness
of the matrix on temperature found in [12]. This suggests that the mechanism through which a
fibre debonds from the surface and bridges the crack involves mainly fracture within the matrix

rather than failure at the fibre/matrix interface. The fractographic analysis reported in [13] agree
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with this hypothesis, as the fibres on the fracture surface appeared covered by the matrix. In order
to demonstrate this hypothesis, the model proposed by [8, 22] in which the bridging ligament
is considered as a cantilever beam under the action of an end load, P, was adopted (Fig. 13).
The ligaments overcome the fracture resistance I'; and peel away from the crack surface. The
displacement, 4, is given by [8, 23]

s_ 2P [(20 P P Yl VR T b a2
C3EI|\ P2 221G IG|\ P2 2IG

where 2t and w are the ligament thickness and width respectively, £ and G are the Young’s modulus
and the shear modulus of the ligament respectively and I the second moment of inertia of the cross
section of the ligament itself (I = 2wr?/3). The stress acting on the crack surfaces is given by the
load acting on the single ligament multiplied by the number of ligaments per unit crack surface
area, or density of bridging fibres, N

o, =PN (13)

By combining eqgs. (13) and (12) and neglecting shear deformation, the average bridging stress
becomes

oL = cNDY47!2 (14)
with

2 3/2 1/4
c=($) w(Er) (15)

Under the hypothesis that fracture occurs within the matrix the term I'; can be substituted with
the fracture toughness at crack initiation, G, s, being it a measure of the matrix toughness in
presence of the fibres.

This model does not predict that tractions in the bridging law become zero when 6 = 6.rp. As
mentioned in [23], eq. (12) or eq. (14) do not consider ligament degradation. This contribution
can be integrated in eq. (14) assuming that the fibre density, N, is dependent on the opening

displacement, ¢, with a damage law which is here arbitrarily chosen to be linear:

N(6):N0(1— 0 ) (16)

c,FB
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The bridging stress thus becomes

5
o = cNyG* 5712 (1 - 5_) (17)

Ic,init
c,FB
To validate the model the experimental stress (eq. (10)) and the ligament bridging stress (eq. (17))
were compared. To simplify the expressions, the opening displacement was normalized with re-

spect to its critical value, 6. pg, as

n o
0= (18)
5C,FB
so, the expressions of eqgs. (10) and (17) become
o 2AG 6% —6Vk
olo) = — 19
() 1 -2k §,pp0 (19)
and
2\ _ 3/ o—1/22-1/2 (1 _ &
o1 (8) = eNoG}L3,0.1507"2 (1 - 6) (20)

respectively. All quantities present in the two equations are known at the different temperatures
except for ¢ and Ny; therefore in Fig. 14 (a) ocNy/o is plotted as a function of 5. Apart from an
initial transient at lower values of &, the curves show a fairly constant trend; the average value can
be thought to correspond to cN,. The dependence of the ratio on &, for small values of  is probably
caused by the approximation introduced neglecting the shear terms in eq. (12), and on the whole
range the curves probably are affected by the arbitrariness of the damage function introduced in
eq. (16). A further verification of the validity of the model was made by comparing the temperature
dependence of the density of bridging fibre N, from eqgs. (19) and (20) and comparing it with
directly measured values of N. Considering that, as mentioned above, k in eq. (19) was found to
be temperature independent and the term c¢ in eq. (20) does not depend on either temperature or
5, since it is only related to the geometry of the ligament and to its modulus, which is taken as
a constant equal to the fibre modulus in the first approximation, the two equations for the stress
(egs. (19) and (20)) were rewritten as the product of three terms: the first, a; or ¢, is constant,
the second, f; or f,, is a function of temperature only and the third, g; or g,, is a function of the
opening displacement only:

1_22k ' (if;(TT)) (6-8" =a- (1) g1 (5) 1)

13

O'(T,S) =



and 34
A NO (T) Glc,init (T)
O'L(T,é):c- 7 .
6C,FB

52 (1-8) = c- (1)~ 82 (9) (22)

respectively. The only terms still unknown are ¢ and N, but since the variables were separated, it

is possible to normalize eqs. (21) and (22) with respect to a reference temperature, 7). In formulas:

o) _a i) s

“(T,To) = = = 23
C )= Ty T a To) g, (5) £ (To) =
and, similarly
. S (T)
T,T,) = 24
oy (T, Ty) 5T (24)

Once the stresses are normalized with respect to temperature, they can be equated and the fibre

density, Ny, can be isolated, obtaining

N (T) _ Nr _ AG(T) (Glc,im't (To))3/4(5c,FB (To))l/2 25)

No(To) Nz,  AG(To)\ Greiis (T) Serp(T)

The critical value of the opening displacement, d. rp, was found to be almost constant and there
was not a clear dependence on temperature, at least in the range investigated. However, since
the standard deviation from the mean value was not small as in the case of the term k, the values
measured in each test, instead of the average value, were used to evaluate the ratio Ny /Nr,. This
ratio, setting as reference temperature, 7, 23 °C, is shown in Fig. 14 (b) (crosses). A measure
of the density of bridging fibres was also independently carried out as explained in sec. 2.3. The
results, normalized with respect to the value obtained at 23 °C, are also reported in Fig. 14 (b)
(circles). It can be observed the good agreement with the values derived from the cohesive laws

and bridging ligament peeling model, thus confirming its applicability.

4. Conclusions

The interlaminar fracture behaviour of continuous fibre composite materials prepared using
unidirectional carbon fibres and two thermoplastic acrylic resins, one plain and one toughened,
was investigated at different temperatures to better understand matrix toughness transfer and fibre

bridging contribution. Results are discussed in comparison with those previously obtained for
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the same composites [13] and the relevant matrices [12]. For composites prepared with the plain
resin, the fracture toughness turned out to be dominated by the poor interfacial strength between
the matrix and the fibres both at crack initiation and during propagation. The fracture toughness
was almost constant for all testing conditions, and no significant contribution of fibre bridging
to the fracture behaviour of the composite was observed, as expected, due to the poor interfacial
strength.

On the contrary, the fibre/matrix adhesion was improved by the use of the toughened resin and the
fracture toughness of this material had the same dependence on temperature as the matrix. From

this research, the following conclusions could be drawn:

e It was verified, from the optical measurement of crack tip opening displacement, that the
process zone of the matrix in the composite can reach a maximum size which is very close

to the thickness of the interlaminar matrix-rich layer in which the crack propagates.

e Fibre bridging was modelled by making use of experimentally determined cohesive laws
and a model from the literature which considers fibre bridging as the peeling of a ligament
across the crack. A good agreement between the two approaches was found confirming that

the fracture process occurs within the matrix rather at the fibre interface.
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Figure 1: Double cantilever beam test specimen.
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Figure 2: (a) Overall view of DCB specimen during test. In the white box (b) the zoom on the initial crack tip region.
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Figure 3: Measurement method for CT OD.
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Figure 4: (a) Schematic of the evolution stages of fibre bridging zone. (b) Example of an R-curve with the relevant

evolution of fibre bridging.
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Figure 5: Grey levels histograms of the bridging zone of the specimens tested at 23 and 60 °C
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Figure 7: (a) Crack initiation region for E composite. The white arrows point to the side cracks that were observed.
(b) Crack Tip Opening Displacement (CTOD) as a function of temperature for EI composite (circles) and matrix

(squares). The horizontal continuous and dashed lines represent the average thickness of the interlaminar resin-rich

layer and the relevant standard deviation.
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Figure 8: Fracture toughness, Gy prop VS. crack propagation speed, @, master curves for E (a) and EI composite (b).

Data from present work (crosses) and from [13] (squares).
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Figure 9: Example of a fracture toughness, Gy, vs. crack opening displacement, ¢, plot. Solid line is experimental

data, dashed line is the fitting function from equation (9).
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Figure 10: Cohesive laws, stress, o, vs. crack opening displacement, d, for E (a) and EI composite (b) at different

temperatures.
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Figure 11: Fracture toughness difference between crack propagation and initiation, AG, vs. temperature, T, for E

(solid squares) and EI composite (open squares).

Figure 12: Complete cohesive laws, stress, o, vs. crack opening displacement, ¢, for EI composite at different

temperatures.
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Figure 13: Model of bridging ligament.
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Figure 14: (a) Ratio of bridging stresses from R-curves (eq. (19)) and from bridging ligament model (eq. 20) multiplied
by ¢Nj as a function of the normalized opening displacement, 4. (b) Normalized bridging fibres density, Ny /Na3, vs.

temperature, 7, from equation (25) (crosses) and from direct measurements (circles).
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