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Summary

Delamination is an important concern in the contéhdtructural behaviour of laminated
composite materials. It is known that delaminatian diminish the stiffness and the
strength of the material and promote structurdlifai Delamination onset and growth
is governed by interlaminar fracture toughnes$efrhaterial. Delamination
propagation is frequently dominated by mode Il tuae; consequently interlaminar
fracture characterization under mode Il loadinfyrsdamental to accurately predict the
susceptibility of the material to delamination. Haxer, there are several problems
inherent to the usual tests employed for modetériaminar fracture characterization,
e.g., unstable crack propagation and difficultresriack monitoring during propagation.

These issues are discussed in section 1.

In section 2 the most popular fracture charactédmaests in mode Il are presented. A
brief description of each one is given, with emphas the advantages and drawbacks
thereof. The application of the classical data céidn schemes to each test is also
described in section 2.1. After a succinct biblaggic review it is concluded that the
End Notched Flexure (ENF) and End Loaded Split (BESts are the most suitable

ones to fracture characterization of compositeaade 1. However, the dependence of



measuredsc on the crack length measurements for those ®stsiphasized. In order
to overcome this serious disadvantage a new ddtectien scheme based only on the
specimen compliance is proposed in section 2.2 Méthod is applied with little
differences to the ENF and ELS tests and providgsagghtforward measurement of
Gic. Moreover, the method also includes the Fractuoed3s Zone (FPZ) effect, which
was verified to be non negligible under mode Idiog. In section 2.3 the referred tests
were numerically simulated using a cohesive mixediendamage model. Appropriate
values of critical strain energy release ratesadenl, 1l and 1l respectively, were
inputted in the model. The main objective was tofye¢he capacity of the proposed
methodology on the replication of the introdu€ad. Excellent agreement was
obtained for the two tests. The ENF test was pregp@s the most suitable for the

determination of5;c owing to its simplicity.

In section 3 the dynamic fracture characterizaisotiscussed. The difficulties inherent
in the conduct of experimental tests executiorhagklighted. The determination of the
dynamic fracture toughness of composites is usetfigih dynamic delamination
propagation is the predominant failure mode. Séweoeks of different authors are
summarized. One of the remarkable points is reletede existence of a crack speed
threshold value, below which the dynamic and gstaic toughness values are similar.
The majority of the authors indicate that fractimgghness tends to decrease with

increasing crack speed.

The main conclusions of this contribution are sumnea in section 4.

1. Introduction



The application of composite materials in the aifttand automobile industries lead to
the increase of research on the fracture behawfcomposites. One of the most
significant mechanical properties of fibre reinfedgoolymer composites is its
resistance to delamination onset and propagatiamkhown that delamination can
induce significant stiffness reduction leading terpature failures. Delamination can be
viewed as a crack propagation phenomenon, thu$yjasgta typical application of
fracture mechanics concepts. In this context, tkerlaminar fracture characterization
of composites acquires remarkable relevancy. Therseveral tests proposed in the
literature in order to measure the interlaminaaistenergies release rates in mode |,
mode Il and mixed mode I/ll. Whilst the mode | laready been extensively studied
and the Double Cantilever Test (DCB) test is urgaly accepted, the mode Il is not so
well studied, which can be explained by some diffies inherent to experimental tests.
Moreover, in many real situations delaminationgpgate predominantly in mode I, as
Is the case of composite plates under low velanipyact (Choi et al., 1992). This gives
relevancy to the determination of toughness projfp@aga&alues instead of the initiation
ones commonly considered in design. Some non nielglidifferences can be achieved
considering th&-curve effects (de Morais et al., 2007). Thesedssuake the fracture
characterization in mode Il an actual and fundaaleesearch topic. However,
problems related to unstable crack growth andaokcmonitoring during propagation
preclude a rigorous measuremenGef. In fact, in the mode Il fracture characterization
tests the crack tends to close due to the apped Which hinders a clear visualization
of its tip. In addition, the classical data redantschemes, based on beam theory
analysis and compliance calibration, require crackitoring during propagation. On

the other hand, a quite extensive Fracture Pratmss (FPZ) ahead of crack tip exists



under mode Il loading. This non negligible FPZ efffethe measured toughness as a non
negligible amount of energy is dissipated on itn€amuently, its influence should be
taken into account, which does not occur whenéaéarack length is used in the
selected data reduction scheme. To overcome thikiselltdes a new data reduction
scheme based on crack equivalent concepts andaiagesnly on the specimen
compliance is presented in the next section. The oigective of the proposed
methodology is to increase the accuracy of experiatenode Il fracture tests on the

Gic measurements. In fact, a rigorous monitoring efdtack length during propagation

is one of the complexities of these tests.

2. Static mode Il fracture characterization

There are three fundamental experimental tests tosegasurés,.. The most popular
one is the End Notched Flexure (ENF), which wasetigped for wood fracture
characterization (Barrett et al., 1977). The tesiststs on a pre-cracked specimen under
three point bending loading (see Fig. 2.1). Ungtabhck propagation constitutes one of
the disadvantages of the ENF test. Another poggsiislthe End Loaded Split (ELS)

test which is based on cantilever beam geometeyKgg 2.1). Although the ELS test
involves more complexities during experiments reddy to the ENF test, it provides a
larger range of crack length where the crack prapesgystably. In fact, the ENF test
requiresay/L>0.7 to obtain stable crack propagation (Carlssat, 4986), whereas in

the ELS testy/L>0.55 is sufficient (Wang at al., 1996). Howeveatibof these tests
present a common difficulty related to the craciglh measurement during the
experimental test. Different methods have beengseg in literature to address these

difficulties. Kageyama et al. (Kageyama et al., 9% oposed a Stabilised End



Notched Flexure (SENF) test for experimental chtarazation of mode 1l crack growth.
A special displacement gage was developed for tdineasurement of the relative shear
slip between crack surfaces of the ENF specimea.t&$t was performed under
constant crack shear displacement rate, which gtess stable crack propagation.
Yoshihara et al. (Yoshihara et al., 2000) recomradritie use of Crack Shear
Displacement method (CSD) to obtain the modg-¢urve since the crack length is
implicitly included in the CSD. Tanaka et al. (T&aat al., 1995) concluded that to
extend the stabilized crack propagation rangeer8NF test, the test should be done
under a condition of controlled CSD. Although th®@method provides the
measurement of the mode |l toughness without dexajth monitoring, this method
requires a servo valve-controlled testing machmethe testing procedure is more
complicated than the one under the loading posyldcement condition. Alternatively
the Four Point End Notched Flexure test (4ENF).(Eifj) can be used to evaluate the
mode IIR-curve. This test does not require crack monitobaginvolves a more
sophisticated setup and larger friction effectsenavserved (Shuecker et al., 2000). In
the following, a summary of the classical reducsohemes used for these experimental

tests is presented.

2.1 Classical methods

2.1.1 Compliance Calibration Method (CCM)

The CCM is the most used. During the test the wabfdoad, applied displacement and
crack length RP-o-a) are registered in order to calculate the critgtedin energy release

rate using the Irwin-Kies equation (Kanninen et H.85)
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whereB is the specimen width ar@=JP the compliance. In the ENF and ELS tests a
cubic relationship between the complianCg énd the measured crack lengtis

usually assumed (Davies et al., 2001)
C=D+ma® [2.2]
whereD andm are constant$3,; is then obtained from

_3P?’ma?®

G,. =
lic 2B

[2.3]

For the 4ENF test a linear relationship (Yoshihaf4) between the compliandg) (
and the measured crack lengtls used

C=D+ma [2.4]
beingD andm the respective coefficients. It should be noted thlationsC=f(a) given
by equations [2.2] and [2.4] are based on the hibaawry approach, as it will be shown

in the next sub-sectiokgc is given by

P2
G =—m 2.5
lic ZB [ ]

The three tests require the calibration of the d@npe in function of the crack length.
This can be done by measurement of crack lengtihglpropagation or, alternatively,
considering several specimens with different ihitracks lengths to establish the
compliance—crack length relation, which is regrddsga cubic (equation [2.2]) and

linear (equation [2.4]) functions.

2.1.2 Beam theory



Beam theory methods are also frequently used @iroGi: in mode Il tests. In the case
of ENF test Wang and Williams (Wang et al., 199®)posed the Corrected Beam

Theory (CBT)

_9(a+ 042A,)%P?
e 16B2h%E,

[2.6]

whereE; is the axial modulus and, a crack length correction to account for shear

deformation
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with

whereE, andG,3 are the transverse and shear moduli, respectilrelhe ELS case a

similar expression is proposed (Wang et al., 1992)

_ 9(a+ 049A,)?P?
e 4B’n°E,

[2.9]

For the 4ENF test the beam theory leads to theviatlg equation (Silva, 2006)

d
24E, |

C=

(18d a-20d?+60L%-6d |_) [2.10]

wherel is the second moment of area arépresents the distance between each
support and its nearest loading actuator (Fig. 21&ng equation [2.1(. can be

obtained from

9 p?d?

= 2.11
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In summary, the application of beam theory to EN& BLS tests involves the crack

length, which does not occur in the 4ENF test. Hmweit should be emphasized that



4ENF setup is more complex. Also, friction effe(@fuecker et al., 2000) and system
compliance (Davidson et al., 2005) can affect gseiits. Owing to these drawbacks of
the 4ENF test, the ENF and ELS tests emerge andseappropriate to fracture
characterization of composites in mode Il. In tostext, a new data reduction scheme,
not depending on the crack length measuremenspposed in the following section

for these experimental tests.

2.2 Compliance Based Beam Method (CBBM)

In order to overcome the difficulties associatedlassical data reduction schemes a
new method is proposed. The method is based ok erpgvalent concept and depends
only on the specimen compliance. The applicatiothefmethod to ENF and ELS tests

is described in the following.

2.2.1 ENF test

Following strength of materials analysis, the stemergy of the specimen due to

bending and including shear effects is

M 2 2
U :jZL f dx+j2LIh r B dy dx [2.12]

whereM; is the bending moment and

T=§£(l—y—zj [2.13]
2 A c

whereA;, ¢ andV; represent, respectively, the cross-section aadkthickness of the
beam and the transverse load ofiteegment (8 x<a, a< x <L or L< x<2L). From the

Castigliano theorem, the displacement at the lgagoint for a crack lengtais
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[2.14]

Since the flexural modulus of the specimen plaftsmmdamental role on the-o
relationship, it can be calculated from equatioi42 using the initial compliandg,

and the initial crack lengthy

3,93 -1
E; :3a0— Co 3L [2.15]
8Bh° 10G,;Bh

This procedure takes into account the variablenieggeanaterial properties between
different specimens and several effects that arénctuded in beam theory, e.g., stress
concentration near the crack tip and contact bettlee two arms. In fact, these
phenomena affect the specimen behavior and constytiee P-o curve, even in the
elastic regime. Using this methodology their influe are accounted for through the
calculated flexural modulus. On the other hants Known that, during propagation,
there is a region ahead of crack tip (Fracture €&®&one), where materials undergo
properties degradation by different ways, e.g.raaracking, fibre bridging and
inelastic processes. These phenomena affect theiahatempliance and should be
accounted for in the mode Il tests. Consequentlyind crack propagation a correction
of the real crack length is considered in the dquaif compliance [2.14] to include the

FPZ effect

c- 3(a+ dagp,)® +2L° L 3L
8E, Bh® 10G,;Bh

[2.16]

and consequently,

%
8gq = A+ dapp,= {—gw" ag +§(—§C°” —1) LS:I [2.17]
Ocorr Ocorr

whereCeqris given by
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G can now be obtained from
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This data reduction scheme presents several adwsntdging this methodology crack
measurements are unnecessary. Experimentallyptiysnecessary to register the
values of applied load and displacement. Theretbeemethod is designated as
Compliance-Based Beam Method (CBBM). Using thiscpdure the FPZ effects, that
are pronounced in mode Il tests, are included ertdhghness measurement. Moreover,
the flexural modulus is calculated from the initaimpliance and initial crack length,
thus avoiding the influence of specimen variabititythe results. The unique material
property needed in this approaclGs. However, its effect on the measu®g was
verified to be negligible (de Moura et al., 2008hich means that a typical value can

be used rendering unnecessary to measure it.

2.2.2 ELS test

Following a procedure similar to the one descritmedhe ENF test, the applidt o

relationship is

3 3
sodU _PlC+L), 3P [2.20]
dP  2Bh°E, 5BhGyj

In order to include the root rotation effects ansping and the details of crack tip
stresses or strains not included in the beam theorgffective beam length) can be
achieved. In fact, considering in equation [2.2@ initial crack lengthap) and the

initial compliance Cp) experimentally measured, it can be written

10
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To take account for the FPZ influence a correctmthe real crack lengti\gepy)
should be considered. From equation [2.20] the diamge C) during crack

propagation can be expressed as

c_3a A?sz) _ Le; 4 Ot [2.22]
2BhE, 2Bh°E, 5BhG,

Combining equations [2.22] and [2.21], the equimalzack length can be given by

3 b2
B = 2+ Adper= | (C~C,) 220 s aé} [2.23]
G can now be obtained from
9P%aZ,
= 2.24
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Following this procedur&. can be obtained without crack measurement during
propagation which can be considered an importavaradge. Equation [2.24] only
depends on applied load and displacement durirgk geowth. Additionally, the
influence of root rotation at the clamping pointlaingularity effects at the crack tip
are accounted for, through initial compliari@e During propagation, the effect of FPZ
on the compliance is also included using this mahagy. In this case (ELS test) it is

necessary to measure the longitudinal modulus.

2.3 Numerical simulations

In order to verify the performance of the CBBM bie determination d&,c of
unidirectional composites, numerical simulationshaf ENF and ELS tests were

performed. A cohesive mixed-mode damage model baséaterface finite elements

11



was considered to simulate damage initiation angggation. A constitutive relation
between the vectors of stressesdnd relative displacement) (s postulated (Fig.
2.2). The method requires local strengttxg,(i=l, I, Ill) and the critical strain energy

release ratess;) as inputted data parameters [8, 9]. Damage amgeedicted using a

guadratic stress criterion

2 2 2
(i] J{ij +(U'" ] =1 if 6,20
Oy, Oy Oy
2 2
(ij +(&J =1 if 0,<0
Oy Oy [2.25]

whered;, (i=I, Il, lll) represent the stresses in each modeack propagation was

simulated by a linear energy criterion

L+ 4 [2.26]

Basically, it is assumed that the area under tmntriangle of Fig. 2.2 is the energy
released in each mode, which is compared to theecése critical fracture energy
represented by the bigger triangle. The subscooipisdu refer to the onset and ultimate
relative displacement and the subscndpplies to the mixed-mode case. More details

about this model are presented in de Moura etlalMoura et al., 2006).

Three-dimensional approaches (Fig. 2.3 and Fig.\2efe carried out to include all the
effects that can influence the measuBgl The interface elements were placed at the
mid-plane of the specimens to simulate damage pssgin. Very refined meshes were
considered in the region of interest corresponttingrack initiation and growth. The
specimens’ geometry and material properties antisteel in Tables 2.1, 2.2 and 2.3,

respectively. An analysis @'s distributions at the crack front showed a clear

12



predominance of mode Il along the specimens’ widlimough some spurious mode Il
exists at the specimens edges (de Moura et alg 200 Silva et al., 2007). Appropriate
values of critical strain energy release rates werssidered for each of the three
modes, respectively (see Table 2.3). Consequeh#hyefficacy of the proposed data
reduction scheme can be evaluated by its capaxcigproduce the inputted, from

theP-Jdresults obtained numerically.

The application of the CBBM is performed by thregimsteps. The first one is the
measurement of the initial complianCefrom the initial slope of th€-odcurves (figure
(2.5) or (2.7)). This parameter is then used torege the flexural modulus in the ENF
test (equation [2.15]). The next step is the evaneof the equivalent crack length
(equations [2.17] or [2.23]) in function of the pemt (C) and initial compliance).
Finally, theR-curves, figures (2.6) and (2.8), can be obtaimechfequations [2.19] and
[2.24], respectively. It should be noted that crpodpagation occurs after peak load in
both tests. During crack growkhdecreases with the increase of equivalent crack
length. This originates a plateau on Bieurves, which corresponds to the critical strain
energy release rate in mode®(). These plateau values are compared with the
reference value (figures (2.6) and (2.8)), whigbresents the inputted,.. The

excellent agreement obtained in both cases denadesthe effectiveness of the CBBM
as a suitable data reduction scheme to deter@jnewvithout crack length monitoring
during propagation. As the ENF test is much simperxecute than the ELS one, it can
be concluded that using the CBBM, the ENF tegtésmost suitable for the
determination of5,c and it should be considered as the principal chatdifor

standardization.
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3. Dynamic mode Il fracture characterization

The research on dynamic crack propagation in coitgsosas become the focus of
several authors in the recent years. The dynamadture characterization of composites
is not easy to perform. In fact, it is experimelytdifficult to induce high speed
delamination growth in a simple and controlled maniGuo et al., 1998). However, the
determination of dynamic fracture toughness of cositps is of fundamental
importance in the prediction of the dynamic delaation propagation in composite
structures. In addition, it is known that the imipaelamination is mainly governed by
mode Il fracture (Wang et al., 1991). However, ¢hare several unclear phenomena
related to dynamic crack propagation. One of thetrimoportant issues is related to the
influence of rate effects on the propagation ofaigic cracks. An example of this
occurrence is the dynamic delamination propagaitmurring in composites submitted
to low velocity impact. In this case, rate effactshe FPZ can interact with the well
known rate-dependency of polymers leading to a eergplicated phenomenon. In
addition, Kumar et al. (Kumar et al., 1993) veudfidnat when glass fiber reinforced
epoxy laminates are impacted, the total delaminaiea between the various plies
multiplied by the quasi-static energy release exteeds the energy of the impacting
mass. This suggests that under high crack speel@snithation propagates at lower
toughness which leads to larger damaged areasdém o explain this behaviour,
Maikuma et al. (Maikuma et al., 1990) suggest thatcalculation of critical strain

energy release rate should account for the kiregtsrgy Exin) in equation [2.1]

_P?dC _dE,

= 3.1
"“" 2B da Bda 341

The kinetic energy expression can be obtained from
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wherep andL; are the mass density and the total length of peeimen, respectively,
represents the time amgx) the displacement field. The quasi-static appraaely

provide an adequate approximation to the dynamablpm if the contribution of

Kinetic energy is small.

Wang et al. (Wang et al., 1995) have suggestedhibadynamic fracture behaviour of
materials depends on the balance between the ersdegged by the structure over a
unit area of crack propagatio®) and the material resistand®) (which can be viewed
as the energy dissipated in creating the fractur@se. When unstable crack growth
occurs, the differenc@-R is converted into kinetic energy.® increases with crack
growth the crack speed also increases becauseanergy is available. Crack arrest
will occur whenG becomes lower thaR and, consequently, no kinetic energy is
available for crack growth. Thus, it can be affidrtbat fracture stability depends on the
variations of the strain energy release rate aedrtaterials resistance during crack
growth. On the other hand, the fracture resistafigglymer composites is generally
sensitive to loading rate. Under impact load olirdyrapid delamination growth, the
strain rate at the crack tip can be very high déednbaterial toughness significantly
reduced. The fracture surface exhibited ductilengeand large scale plastic
deformation of the matrix. The dynamic fractureface in the initiation exhibits less
plastic deformation; during propagation even lesf®ation is observed. It was also
verified that plastic zone size at the crack tipidishes with increasing rate.
Consequently, the decrease in mode Il interlanfr@@ture toughness is attributed to a

transition from ductile to brittle matrix dominatéalure with increasing rate.
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The decreasing trend of toughness with increaseagk speed was also observed by
Kumar et al. (Kumar et al., 1998). The authors wsedmbination of numerical and
experimental techniques on the DCB specimens ty cart dynamic interlaminar
toughness measurements of unidirectional glass éipexy laminate. They observed a
sharp decrease of dynamic toughness values rdlatoréhe quasi-static ones. In fact,
they measured dynamic toughness initiation valdi@9e230 N/nf against quasi-static
values of 344-478 N/fn Propagation values of 0-50 Nfmere obtained for crack

speed ranging between 622-1016 m/s.

The majority of the experimental studies consideduectional laminates. Lambros et
al. (Lambros et al., 1997) performed an experimentestigation of dynamic crack
initiation and growth in unidirectional fiber-remfced polymeric-matrix thick
composite plates. Edge-notched plates were impactedne-point bend configuration
using a drop-weight tower. Using an optical methoalauthors carried out a real-time
visualization of dynamic fracture initiation ancogth for crack speeds up to 900 m/s.
They verified that the elastic constants of thedusaterial are rate sensitive and the
measured fracture toughness values are close tgdival ones of epoxies. This was
considered consistent, because in unidirectioyalifss crack initiation and growth

occurs in the matrix.

Tsai et al., (Tsai et al., 2001) used a modified-E&ldecimen to determine the mode Il
dominated dynamic delamination fracture toughnésber composites at high crack
propagation speeds. A strip of adhesive film witfhler toughness was placed at the tip

of interlaminar crack created during laminate lgy-lihe objective was to delay the
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onset of crack extension and produce crack propagat high speeds (700 m/s).
Sixteen pure aluminum conductive lines were puthenspecimen edge side using the
vapor deposition technique, to carry out crack dpeeasurements. The authors
concluded that the mode Il dynamic energy releaseaf unidirectional S2/8553
glass/epoxy composite seems to be insensitiveattk@peed within the range of 350
and 700 m/s. The authors also simulated mixed mpatk propagation by moving the
pre-crack from the mid-plane to 1/3 of the ENF spen thickness of unidirectional
AS4/3501-6 carbon/epoxy laminates. The maximumaedwcrack speed produced was
1100 m/s. They found that that the critical dynaemergy release rate is not affected by

the crack speed and lies within the scatter rafgieeorespective static values.

For numerical simulations of the dynamic crack ggtion the cohesive damage
models emerge as the most promising tools. Themd#feculty is the incorporation of
the rate-dependent effects in the constitutive l&@esigliano et al. (Corigliano et al.,
2003) developed a cohesive crack model with adaependent exponential interface
law to simulate the nucleation and propagationratks subjected to mode | dynamic
loading. The model is able to simulate the rateedepnt effects on the dynamic
debonding process in composites. The authors cdedlthat the softening process
occurs under larger relative displacements in coispa to rate-independent models.
They verified that the type of rate-dependencyaféect dynamic crack processes,
namely the time to rupture and fracture energyyTdiso state that these effects

diminish when inertial terms become dominant.

In summary, dynamic fracture toughness charactésizaf composite materials has

been the centre of attention of several authors mat apparent consensus on the results.
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Although the majority of the studies point to a &se of the fracture toughness with
increasing load rate there is no unanimity aboistttipic. Some authors observed the
opposite trend (Corigliano et al., 2003) and othiatected no remarkable influence of
crack speed on toughness (Tsai et al., 2001). Aghsome of these discrepancies can
eventually be explained by different behaviourha tested materials, and the attained
crack speed values, it is obvious that more pradastndies about the subject are

necessary.

4. Conclusions

Interlaminar fracture characterization of compasitemode Il acquires special
relevancy namely under transverse loading suchvas¢locity impact. Up to now

there is no standardized test in order to meas$wreritical strain energy release rate in
mode Il. Due to their simplicity, the ENF and EL&Sts become the principal candidates
to standardization. However, they present a comdifficulty associated with crack
monitoring during propagation which is fundamemtabbtaining thdR-curves,

following the classical data reduction schemessdmnount these difficulties a new
data reduction scheme based on specimen compispceposed. The method does not
require crack length measurement during propagadiod accounts for the effects of
the quite extensive FPZ on the measured criticairsenergy release rate. Numerical
simulations of the ENF and ELS tests demonstratecitiequacy and suitability of the
proposed method to obtain the mod&dturves of composites. Due to its simplicity the

ENF test is proposed for standardization.

Little work has been done on dynamic fracture ohposite materials, namely under

mode Il loading. This is due to experimental diifices related to inducing high crack
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speeds in a monitored way. Although the majorityhef published works point to a
decrease of the dynamic toughness with increaseack speed, it appears that dynamic
toughness can be similar to the respective quascstalue up to a given crack speed
(Tsai et al., 2001). Undoubtedly, more researchutitios topic is necessary. In fact, an
unsafe structural design can occur if the quasiestalues of toughness are used in a

dynamically loaded structure.
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Figure 2.1 Schematic representations of the motksts.
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Figure 2.2 - Pure and mixed-mode damage model.

Figure 2.3 — The mesh used for the ENF test: gleies¥ and detail of the refined mesh

at the region of crack initiation and growth.
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Figure 2.4 — The mesh used for the ELS test.
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Figure 2.5 P-Jdcurve of the ENF specimen.
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Figure 2.7 P-odcurve of the ELS specimen.
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Table 2.1. Specimens’ geometry

L (mm) b (mm) h (mm) ap (mm)
ENF 100 10 15 75
ELS 100 10 15 60

Table 2.2. Elastic properties

(=1 E,= B3 Gi1= G13 Gas
Vio=V13 k3
(GPa) (GPa) (GPa) (GPa)
150 11 0.25 04 6 3.9

Table 2.3. Strength properties.

ay;i (i=L1110) Gic Giic Giiie

(MPa) (N/mm) (N/mm) (N/mm)

40 0.3 0.7 1.0
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