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Abstract

The fracture behaviour of continuous carbon fibre laminates based on plain and rubber-toughened acrylic resins was investigated
focusing on the influence of rate and temperature. The tensile behaviour of the two matrices was also characterized for subsequent
analysis. In all cases the experimental window was extended by applying the time-temperature equivalence postulate. Fracture
toughness at varying crack propagation rate turned out to have opposite trends for the two matrices. For the plain acrylic resin, a
monotonically increasing trend with crack rate was found in agreement with viscoelastic fracture theories. For the rubber-toughened
resin the change of the failure mechanisms occurring at the crack tip, resulted in a monotonically decreasing trend for increasing
crack rate. Rate and temperature effects were analysed in terms of volumetric strain during tensile tests. Composites turned out to
be more resistant to crack propagation than the relevant matrices in both cases. Delamination fracture toughness turned out to have
the same dependence on crack rate for rubber toughened matrix only. For composites based on the plain resin, no effect of crack
rate on delamination fracture toughness was observed.
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1. Introduction

Composite materials are nowadays widely used in structural applications for which weight reduction is a critical
issue. The interlaminar fracture toughness of a composite material is a fundamental property to investigate when
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designing components with a damage tolerant approach. In the light of this, thermoplastic polymeric matrices gained
greater interest due to their properties: among other advantages, they show a better fracture behaviour in comparison
to thermosets. In the present work two thermoplastic acrylic resins were studied, one plain and one toughened with
rubber particles in order to increase the resistance to crack growth. Laminates were produced by infusion moulding at
room temperature using in-situ polymerization, so as to avoid the issues related to the high viscosity of thermoplastic
resins, even at very high temperature. Since the fracture in composites is strongly related to matrix properties (Jordan
et al. (1989)), in the present work a special attention was paid to matrix characterization and investigation of its
viscoelastic behaviour. The intent was to investigate the fracture toughness dependence to crack propagation rate, and
to compare the experimental results with the viscoelastic theories developed which have been reviewed in (Bradley et
al. (1998); Frassine et al. (1996)).

2. Materials

The materials studied in the present work were two types of acrylic resins developed by Arkema, namely:

¢ Elium®, named E from now on, which has a glass transition temperature of 125 °C.

e  Elium Impact®, named from now on EI, toughened with an acrylic block copolymer under the tradename of
Nanostrength® (10 wt%). The rubber inclusions have dimensions smaller than 50 nm. Glass transition
temperatures are 125 °C and -25 °C for the rubbery phase.

Using these materials as matrices. unidirectional continuous fibre laminates were prepared using T700 12K carbon
fibre (60 vol%) as reinforcement phase. The composites were prepared by infusion moulding from the liquid
monomers.

3. Methods
3.1. Dynamic mechanical analysis

Tests were performed on specimens having dimensions of 45x6x2 mm on a TA RSA-3 dynamic mechanical
analyzer adopting a three point bending configuration. Isothermal frequency sweep tests from 0.1 to 10 Hz, varying
the temperature from -60 to 110 °C were conducted on both resins. Data were reduced to single master curves at the
reference temperature of 23 °C by shifting single isothermal curves along the logarithmic time axis; hence, shift factors
as a function of temperature were obtained.

3.2. Tensile tests

Uniaxial tensile tests were carried out at constant displacement rate on dumbbell specimens having gage dimensions
of 18x5x2 mm. Temperature was varied from 0 to 60 °C, at each temperature tests at three displacement rates (0.1, 1
and 10 mm/min) were performed. Before testing, specimens were painted white and then a fine pattern of black
speckles was applied by airbrushing. Water based paint was chosen in order to avoid any kind of interaction with the
polymer which could have altered the results. Strains were measured by video recording the tests and then performing
Digital Image Correlation. All tests were performed on an Instron 1121 machine equipped with a 10 kN load cell and
a thermostatic cabinet.

Strain components were evaluated following the approach proposed by Heikens et al. (1981) and Franck and
Lehmann (1986). Total volume strain is equal to:

& _(1+e) (144, ) -1 1

0

where ¢ is the longitudinal strain and &g is the lateral contraction, considered the same in both transversal
directions. The elastic contribution to volume strain is found considering
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in which o is the applied stress, E is the Young’s modulus and v is the Poisson’s ratio both determined close to the
origin of the stress-strain curves. Substituting (2) into (1) and neglecting higher order terms:

AV =(1-2v)e, (3)

0 Jel

Assuming that volume strain components due to elasticity and crazing and/or cavitation are additive and that
shearing does not involve an increase in volume, the contribution of crazing and/or cavitation to total volume strain
is:

ar
"
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The shear component, &, of longitudinal strain can be obtained from (35) assuming that the strain component due to
crazing and/or cavitation, &.av, 1S equal to the volume strain component (AV/Vy)crcqv and assuming also the
additivity of longitudinal strain components:

E=¢&,+¢

cr/cav + gsh (5)

Yield point was chosen as the point at which a change in slope of the volumetric strain vs. applied strain curve was
observed. Such point was found to be slightly before or almost coincident with the maximum of the stress curve in all
the tests performed.

3.3. Fracture tests

Fracture tests on both neat resins and composites were performed on an Instron 1185 machine equipped with a 10
kN load cell and a thermostatic cabinet.

3.3.1. Neat resins

Fracture of neat resins was evaluated using double torsion test configuration (Fig. 1). This configuration was chosen
for its experimental simplicity and the possibility of controlling the crack propagation rate (Evans (1972)). Tests were
conducted at temperatures and displacement rates varying from 0 to 60 °C and 0.1 to 100 mm/min respectively.
Specimens having dimensions of 120x45x6 mm and 200x70x10 mm, with initial notch lengths of 22.5 and 30 mm
respectively, were adopted. For both geometries, a 60° V-groove, to a depth equal to 15% of the specimen thickness,
was introduced on one side in order to prevent the crack from wandering.

Fig. 1. Double Torsion test configuration
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Fracture toughness was evaluated as:

_Poc
“ 2b da

(©)

where P, is the load during crack propagation, b. is the thickness of the grooved cross-section, C is the specimen
compliance and a the crack length. The derivative of the compliance with respect to the crack length is equal to:

oc K )
oa 2k Wb’

where 4 is the arm length of applied moment, 7 is the width, b is the thickness, k; a correction factor and x is the
shear modulus. It can be noticed that 0C/0a is independent on the crack length, therefore is constant throughout the

whole test. Generally the load remains constant during a certain stage of a double torsion test (Frassine et al. (1988))
during which the crack propagation speed can be expressed as

(8

thus it derives from (6) and (8) that both fracture toughness and crack propagation speed are constant, making the
correlation of these two quantities very easy. The derivative of compliance calibration with respect to crack length
can be evaluated from (7) or with an experimental calibration method, by measuring compliance of specimens having
different crack lengths a at a given temperature and strain rate. If the geometry is kept constant in a test performed at
different strain rate or temperature, the variation of the term 0C/0a is related only to the variation of the shear modulus,
which can be evaluated from the ratio between the compliance of the tested specimen and the compliance of the
calibration specimen. Corrections proposed by Leevers (1986) to take into account the reduction of the arm length of
the applied moment at large displacement were adopted.

3.3.2. Composites

Interlaminar fracture toughness was investigated with Double Cantilever Beam test configuration according to ISO
15024 (Fig. 2). Tests were conducted at temperature and displacement rate varying from 0 to 60 °C and 0.2 to 200
mm/min respectively. Specimens having dimensions of 190x20x5 mm and 190x20x10 mm, with an initial
delamination 60 mm long in both cases, were adopted. Strain energy release rate was calculated as follows:

3PS F

s )
“ 2W(a+|A) N

in which P. is the load, ¢ the displacement, W the width of the specimen, a the crack length and A, F, N are
corrective factors for compliance, large displacements and load blocks stiffening respectively. The crack propagation
was video recorded from the side of the specimen, previously painted white in order to have a good image contrast.
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Fig. 2. Double Cantilever Beam test configuration
4. Results and discussion
4.1. Dynamic Mechanical Analysis

Master curves of conservative modulus vs. frequency were built shifting along the logarithmic time axis the
isothermal curves obtained at different temperatures. Fig. 3 shows isothermal curves and the master curves for the
reference temperature of 23 °C for E and EI matrix. The two master curves have similar shape but EI matrix has
slightly lower values as expected in the presence of a rubbery phase.
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Fig. 3. Conservative modulus vs. frequency experimental isothermal curves and relevant master curves at the reference temperature of 23 °C for
E (solid symbols) and EI (hollow symbols).

4.2. Tensile tests

Volumetric vs. longitudinal strain for EI matrix at different conditions of rate and temperature are shown in Fig.
4(a): at first, all curves display a similar slope related to the elastic volume strain then a higher slope is observed. Yield
onset, as already mentioned, was supposed to occur at the strain where the slope changes. The slopes, after yield, give
information on the damage mechanism acting (Bucknall et al. (1984); Coumans et al. (1980); Franck and Lehmann
(1986)): in the case of pure crazing the slope is equal to 1 while in the case in which only shear occurs the slope is 0,
while cavitation of the rubber domains gives rise to low values of volume dilatation and promotes shear yielding. For
EI matrix, the slopes, after yield, increase with increasing strain rate and decreasing temperature varying between 0.15
and 0.75.

Fig. 4(b) and Fig. 4(c) show the strain components due to crazing and/or cavitation and shear respectively: at a
given strain, as temperature increases (or strain rate decreases) the strain component linked to volume changes
decreases while the shear component increases indicating that probably the damage mechanism tends to switch from
crazing to cavitation and shearing. For the E matrix, non-elastic volume changes were very small.
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Fig. 4. Volumetric strain (a), crazing and/or cavitation (b) and shear (c) contributions to longitudinal strain vs. longitudinal strain for EI matrix

Yield stress vs. time to yield curves at different temperatures and rates are shown in Fig. 5 along with the master
curves obtained shifting the data along the logarithmic time axis.
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Fig. 5. Yield stress vs. time to yield isothermal curves (larger symbols) and relevant master curves (smaller symbols) at the reference temperature
of 23 °C for E (solid symbols) and EI (hollow symbols) matrices Solid lines are power laws fittings.

4.3. Fracture tests

Results from double torsion tests, performed at different rates and temperatures, are shown in Fig. 6 for E and EI
matrices. Master curves, obtained by shifting the data along crack speed axis, are reported also. Fig. 7 shows the shift
factors obtained from small strains, yield and fracture data. They are all very similar, only the shift factors relevant to
fracture of E matrix are slightly different. The dependence of fracture toughness on crack propagation speed is
different for the two matrices. In the case of E matrix, an increasing trend is observed. Following Williams and
Marshall’s approach as reported in (Bradley et al. (1998)), fracture toughness is equal to

G, =0.0,(,) (10)

where ¢. is the crack opening displacement, considered constant, and o;(5) is the yield stress at a time comparable
with that necessary for the crack to grow across the process zone. Considering the size of the process zone given by
Dugdale’s crack tip model and in the hypothesis that relaxation modulus vs. time and yield stress vs. time to yield can
be described by power laws with exponents m and n respectively, fracture toughness dependence on crack propagation
speed follows a power law:

n

G[c oC a‘1+m7n (1 1)
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Fitting power laws to the data of Fig. 3(a), with ¢ = 1/(z?v), and Fig. 5(a), the exponent calculated from (11) is in
good agreement to that of the power law fitted to the fracture toughness vs. crack propagation speed experimental data

from Fig. 6(a).

As for the EI matrix, a decreasing trend with increasing crack propagation speed, which cannot be described by the
viscoelastic fracture theories, was observed. It has been related to a change in the deformation mechanism at the crack
tip as crack propagation speed increases. The high toughness observed at low crack speeds could be associated to
cavitation and shear, which were observed at low strain rate (or high temperature) in tensile tests, while the lower
values at high crack speeds to crazing, which was the main mechanism at high strain rate (or low temperature).
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Fig. 6. Fracture toughness vs. crack propagation speed isothermal curves (larger symbols) and relevant master curves (smaller symbols) at the
reference temperature of 23 °C for E (solid symbols) and EI (hollow symbols) matrices. Solid lines are power laws fittings, dashed lines are

visual aids.
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Fig. 7. Shift factors obtained at small strains (DMA), yield (tensile tests) and fracture (DT) for E (solid symbols) and EI (hollow symbols)
matrices at the reference temperature of 23 °C.

564
(a)
4.8
Fy i »
. LS S
Y E & o]
S
2 324
£t
O 24
161
90 75 -60 -45 -30 -15 00

Log(a a2* [m/s])

i
(b)
334,
T T
'S
Q. '
seg N\
g %
%a“"
6"-()--8\..9
75 60 -45 -30 -15 00 15

Log(a a2* [m/s])

Fig. 8. Fracture toughness vs. crack propagation speed master curves for E matrix (solid circles), E matrix based composite (solid triangles), EI
matrix (hollow circles), EI matrix based composite (hollow triangles) at the reference temperature of 23 °C. Solid lines are power laws fittings,

dashed lines are visual aids.
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Fig. 8 shows the composites fracture toughness vs. crack propagation speed master curves, obtained using the shift
factors of the relevant matrices. Master curves of the matrices are also shown for comparison. The dependence of
G, on crack propagation speed of the composites reflects that of the matrix for EI, while in the case of E matrix the
energy release rate does not show, within experimental data scattering, a significant rate dependence.

In both cases, fracture toughness of the laminates is higher than that of the corresponding neat resin, indicating that
no physical constraint to the development of the process zone induced by the fibres, which may in some cases lead
to a just partial transfer of toughness from the matrix to the composite, occurs. The large, additional dissipation of
energy is probably introduced by fibre-related damage mechanisms, such as fibre bridging which was clearly
observed during the tests

5. Concluding remarks

The two resins studied showed a very different dependence of fracture toughness on crack propagation rate. The
increasing trend observed for the E matrix complies with viscoelastic fracture theories, for which the strain energy
release rate dependence on crack speed is controlled by the viscoelasticity of the material. On the other hand, the
toughened resin showed a decreasing trend of fracture toughness with increasing crack propagation speed, which,
based on tensile tests results, was related to the different toughening mechanisms, promoted by the rubber particles,
occurring at different crack speeds. In this case, a larger volume of material at the crack tip is involved in energy
dissipating mechanisms; hence, the local energy dissipation variation at varying the crack rate may mask the effect of
viscoelasticity of the bulk material.

Composite materials prepared by infusion moulding with E and EI matrices, showed an interlaminar fracture
toughness much higher than that of the relevant neat resins. The dependence of fracture toughness on crack
propagation speed for the composites is slightly different from that of the relevant matrices, due to the contribution
given by the fibres, which may be different at the different crack speeds or temperatures.
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