Available online at www.sciencedirect.com

ScienceDirect Procedia
Engineering

i CrossMark
B

ELSEVIER Procedia Engineering 109 (2015) 144 — 153
www.elsevier.com/locate/procedia

XIII Italian Group of Fracture Meeting, IGFXXIII

Mechanical behaviour of a green sandwich made of flax reinforced
polymer facings and cork core

Antonio Mancuso?, Giuseppe Pitarresi**, Davide Tumino®

@ Universita degli Studi di Palermo, Dip. di Ingegneria Chimica, Gestionale, Informatica, Meccanica (DICGIM) - Palermo (Italy)
b Universita degli Studi di Enna “Kore - Facolta di Ingegneria e Architettura — Enna (Ttaly)

Abstract

This work investigates the flexural behavior of a composite sandwich made of flax fibers reinforced skin facings and an agglomerated
cork core, to be employed as an eco-friendly solution for the making of structural components of small sailing boats. An experimental
mechanical characterization of the strength and stiffness flexural behavior of the proposed sandwich is carried out, providing a
comparison of performances from three implemented assembling techniques: hand-lay-up, vacuum bagging and resin infusion.
Sandwich beams have been tested under three point bending (TPB) at various span lengths. A procedure is also proposed and
implemented to consider the potential influence of the local elastic indentation in the experimental evaluation of the flexural stiffness.
This procedure is based on the analytical solution of an indented beam resting on a fully backed Winkler foundation.
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1. Introduction

Fiber reinforced polymer composites represent a favorite candidate material in lightweight driven structural design.
One driver of research in the last years has been the development of more eco-friendly composite concepts, either by
obtaining raw materials from natural renewable sources, or by reducing the carbon footprint of raw materials production.
Since a few years, these efforts have resulted in the advent of a number of commercial natural fibre reinforcements and
natural core materials. Among natural fibers extracted from plants, Flax fibers are the leading choice when it comes to
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structural performances [1]. Their intrinsic stiffness is though still significantly smaller than traditional synthesized fiber
reinforcements, e.g. glass and carbon. One well-known strategy to enhance the stiffness performances of a monolithic
laminate is to assemble it in a sandwich structure, separating the laminate skin facings by an opportune core material
[2]. In order to preserve the green footprint of the material, one interesting possibility is the combination of agglomerated
cork panels as sandwich cores, with natural fibre reinforced face sheets [3,4]. The use of agglomerated cork as a
sandwich core material, although only of recent development [5-8], has already demonstrated a number of advantages:
good shear strength and stiffness [5,7], good thermal and acoustic insulation [7,9], good vibration damping [7,8], good
damage tolerance to impact loads and general crashworthy performances [7,10], good drapability, good compatibility
with thermoset resins and traditional composite manufacturing processes [6]. Furthermore, cork agglomerates with grain
size, density, porosity and grain binders optimized for sandwich core applications are now commercially available [11].

The present work investigates the flexural stiffness and strength behavior of a sandwich made with commercial flax
and cork raw materials. The sandwich skin faces are in particular made of a unidirectional flax fiber reinforced epoxy
laminate, and the core material is a low-density agglomerated cork panel. The flexural behavior is investigated by means
of variable span Three Point Bending (TPB) tests [12]. Flexural rigidity is obtained after decoupling the effects of shear.
A procedure is also proposed to uncouple the potential influence of the local elastic indentation in the experimental
evaluation of flexural and shear rigidity.

The experimental characterization is performed on three sandwich types, each differing for the manufacturing
assembling technique: hand lay-up, vacuum bagging and resin infusion. It is found that each technique determines a
significantly different amount of resin soaked into the cork core, which influences the mechanical behavior.

Finally it is noteworthy to report that the material studied in this work has been employed for the design and
fabrication of two sailing dinghy hulls [13]. These boats have been designed and built at the University of Palermo
(Italy) in order to participate in the inter-universities Italian regatta championships named “1001vela” [14]. The flax-
reinforced-polymer/cork sandwich concept has been implemented and tested on the field, resulting in a successful
primary hull structure concept.

2. Sandwich Concept
2.1. Materials

The fiber reinforcement used was Flaxdry UD-180-C003 supplied by Lineo nv (Belgium). This consisted of a 100%
flax unidirectional fabric, with nominal areal weight of 180 g/m? (see also Fig. 1a). The epoxy resin used for lamination
was SX-10 EVO (with a Medium hardener) for hand lay-up impregnation, and SX-8 EVO for resin infusion
impregnation, both supplied by Mates srl (Italy). These resin systems achieved their fully cured condition after resting
for 24 hours at room temperature, although the authors allowed more than one week time before cutting and testing
samples. The core material consisted of a CoreCork NL10 panel supplied by Amorim Cork Composites ACC (Portugal),
with nominal density of 140 kg/m? and nominal thickness of 6 mm.

2.2. Samples preparation

Three panels have been manufactured by three different processes: hand lay-up, hand lay-up plus vacuum bagging
consolidation, and resin infusion. The three processes, and the relative samples, will hereinafter be referred by HL, VB
and RI. Figure 1b shows a schematic of the manufacturing schemes, and Fig. 2 some pictures of different stages of
production. A flat glass plate with a thin Mylar release film is used as base mould. Both the VB and RI processes have
used a vacuum bag assembly, with an applied vacuum pressure higher than 0.95 bars. The areal dimensions of each
panel were 500350 mm?, with the unidirectional flax fabric aligned along the short side. One side of the panel hosted
the sandwich lay-up, with skin faces of [0°]; and a cork core laid in the middle, of dimensions 140350 mm?. The rest
of the panel consisted of a monolithic [0°]s laminate. This allowed to obtain monolithic samples with a nominal fibre
volume fraction and construction quality representative of the sandwich skin facings.
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Fig. 1. (a) the UD flax fabric; (b) scheme of the VB and RI moulding.

Five sandwich beam samples of in-plane dimensions of 25%350 mm?, and ten monolithic [0°]s samples of dimensions
15250 mm? were cut form each of the three manufactured panels. Tensile samples were in particular prepared
according to ASTM D3039, in order to measure the tensile Young’s modulus representative of the sandwich skins. The
thickness of the sandwich beams and of the monolithic [0]s panels ranged respectively between 7.7+8.4 mm and 2+2.4
mm, with the lowest values for the VB panel and the biggest for the HL panel.

@ (b)

Fig. 2. (a) hand lay-up impregnation; (b) Vacuum bagging assembly; (c) intermediate stage of resin flowing in the resin infusion process.

All the cut monolithic samples from each panel were weighted in order to estimate the fibers volume fraction vy This
was calculated by using the following formula, which neglects the void content:

— V -\ (W —n-A4- S
v o=V n qo0= e [(W.-n-4-4,)/5,]
f v %

c c

x100 (1)

where V, W and ¢ are volume, weight and density respectively, and the subscripts ¢, f, m refer to composite, fibre and
matrix. 4 and 4,, are the areal dimensions of the composite sample and the areal weight of the dry flax fabric, and n the
number of layers. Table 1 summarises the calculated values of v. By knowing the nominal density of the cork core and
of the laminate skins, it was possible, from weighting each single sandwich beam, to estimate also the amount of resin
soaked into the cork core. This information is reported in table 1 as the percentage increase in weight of the cork core
embedded into the sandwich.

Data summarized in table 1 indicate that the samples obtained from the three manufacturing processes differ
significantly. In particular the VB is, as expected, able to provide the higher fiber volume fraction, being able to extract
some excess resin into the bleeder layer. All three processes give rise to some resin soaking into the cork core, but with
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significant differences. In particular, the RI process is the one able to better diffuse the resin within the core, bringing
its final weight to a more than double value. It is noteworthy that also the HL process shows some degree of resin
soaked by the core.

Table 1. Fractions of fibers and matrix in the laminates and core.

HL RI VB

Fibers volume fraction, v,[%] 39+1 42+1 5043

% weight increase of cork core

+ + +
after sandwich manufacturing 3310 12247 655

3. Flexural behavior of sandwiches

The flexural and shear rigidity of beam sandwiches are usually obtained from three and/or four point bending tests
(TPB and FPB), see e.g. ASTM C393 and ASTM D7250, based on first-order sandwich beam shear models [2,12,15].
By calling A the mid-span displacement, and adopting the same terminology of ASTM D7250, the general relation
giving A as a function of the total applied load P is:

P(28°-3SC+L) P(S-L)
A = Aﬂex + Ashem‘ = 96D + 4U (2)

Equation (2) comprises two terms, the first accounting for the flexural deflection is inversely proportional to the
sandwich flexural rigidity D, and the second accounting for the shear deflection is inversely proportional to the
sandwich shear rigidity U. The flexural mid-span deflection term is prominent with long spans, while shear deflection
is usually not negligible for sandwiches, due to the low shear rigidity of core materials, and its relative contribution
increases with reducing the support span S. In order to uncouple the flexural and shear effects, and determine
experimentally D and U, more than one test is needed in TPB and/or FPB, where the support and load spans, S and L,
are changed at each iteration.

In the present work, each sandwich sample has been tested five times in TPB, each time with a different S: 100, 150,
200, 250, 300 mm. Each test stopped before the onset of any permanent deformation or damage in the sandwich skin
facings and core. The compliance slope from each test is obtained and, once it has been multiplied by the inverse of the
correspondent support span, is plotted versus the square span length [12]. A linear regression of the obtained datasets
is then the most convenient way to average the results and obtain D and U from the slope and intercept of the regression
line, according to the following formula [12,15]:
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In the present work tensile tests on the monolithic samples and flatwise compression tests on square sandwich
samples have provided experimental values of the sandwich skin and cork core Young’s modules, Eui» and Ecore, SO
that a direct evaluation of D can also be performed by [2]:

2 3 3
Esk[nbt(d t) + Esk[nbt + Ecorebc (4)
2 6 12

D=

3.1. Influence of flatwise indentation

The easiest way to measure the load vs mid-span displacement curve in a TPB set-up is by acquiring the signals of
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the load cell and the crosshead displacement transducer of the testing machine. The crosshead displacement provides
the measurement at the point of contact of the sample with the nose of the movable anvil at mid span. This measured
displacement adds up to the flexural and shear deflections also a local indentation component. This indentation is in
particular more relevant for skins with low flexural rigidity and cores with low compression stiffness.

One procedure to reduce this error is proposed here, based on the load vs indentation displacement solution, available
in the literature for the easier case of a beam attached to a one-parameter elastic and fully backed Winkler foundation
[16]. A scheme of the total mid span deflection and the three contributions of bending, shear and elastic indentation is
shown in Fig. 3. By limiting the observation within the range of linear elastic behaviour of the core material and skin
facing, the equation providing the indentation displacement is [17]:

P = 8kainﬂ3Aind (5)
where Dgy is the skin facing flexural rigidity:

E,_ -bt
Dy, = Eyyy Ly = =22 (6)

skin skin 1 2

and A is defined as:

@)

It is here observed that a more rigorous solution for the elastic indentation of a beam under TPB is provided by
Steeves and Fleck [18]. It is though easy to verify that for the initial linear elastic range with low loads, the solution
from [18] is very close and can be approximated to the prediction of the easier Eq. (5). One further advantage of Eq.
(5) is that it can be easily combined with equation (4), giving:

A= Aﬂex + Ashear (9)

+1.5:A, — (A 15 ]1 ! S2+1

P 8D, A S 48D 4U
s — ——

m q
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where the constant elastic compliance term from Eq. 5, accounting for indentation, is subtracted to the experimentally
measured global compliance term A/P. The indentation displacement is also incremented by a 1.5 factor to account for
the indentation on the lateral support spans, which can be expressed by Eq. 5 but with a load that is half the value of
the mid-span load.

Aﬂex

As'hear

Amd ‘ 4,_ o ‘

Fig. 3. Scheme of deflection components at the mid-span loading point of a TPB test.
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4. Experimental results

Tensile tests on monolithic samples and flatwise compression tests on sandwich square samples have been carried
out on a servo-hydraulic MTS 810 testing machine, equipped a with load cell of 100 kN. Deformation in tensile tests
was measured by two HBM DD1 extensometers, resting on the two opposite side faces of the sample, with gauge length
25 mm. TPB sandwich beams have been carried out on an electro-mechanical Instron 3367 testing machine equipped
with a 1 kN load cell.

4.1. Tensile behavior of sandwich skin faces

Figure 4a shows some typical stress vs strain curves measured on the three materials. All of them show a yield knee
at around 30+36 MPa, after which a significant change of slope occurs, although linearity is regained in the post-elastic
zone. Such early yield knee is somewhat typical of flax yarns, as it has been observed by a few other authors for
unidirectional flax thermoset laminates [19,20]. One explanation of this peculiar behaviour involves the influence of
typical localised defects along flax fibres, usually referred to as “nodes” or “kink bands” [19]. These activate local
fibre/matrix debonding phenomena at low stress levels, and behave as local more compliant portions of the fibre, which
then tend to behave as if composed by a succession of linked short fibres. This eventually results in a macroscopic
overall increase of compliance after onset of yielding [19,20].

Values of the longitudinal Young’s modulus before the yield point, i.e. within the first linear elastic region, are given
in table 2 for the three manufactured laminates.

250 A .
- =
= 2004 - g
z ]
Z 150 1 p
£ 100 ; T HL s
@
50 VB
----RI
0 02505075 1 12515 1,75 2
Strain [%] (@) Strain [%] (®)

Fig. 4. (a) Tensile stress vs strain curves; (b) Flatwise compressive stress vs strain curves of sandwich samples.
4.2. Flatwise compression

Square 25%25 mm? sandwich samples were cut from the beam samples after flexural tests, and tested under flatwise
compression. Care was taken in order to cut portions of the beam samples without any permanent damage or
deformation from previous testing. Both monotonic and cyclic tests were performed. In particular the cyclic load history
consisted in the successive application of three series of three loading-unloading cycles in load control, at the constant
speed of 25 N/sec. The first series cycled between 0 and 500 N, the second between 0 and 800 N and the third between
0 and 1100 N. The measured nominal stress vs strain curves for the three sandwich types are shown in fig. 4b. Values
of the Young’s modulus in flatwise compression of the whole sandwich assembly, measured within the first linear
elastic region, are given in table 2.

4.3. Flexural behavior: stiffness

Values of the sandwich flexural stiffness D, and shear stiffness U, obtained by the linear regression procedure of Eq.
(3), and normalised by the sandwich beams width 5 (whose nominal value is 25 mm), are reported in table 2.

It is noteworthy to observe that the HL higher flexural stiffness is mainly due to the thicker skins determined by a
lower fibre volume fraction, being the lay-up the same in all panels. The increment of thickness in the sandwich, due
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to a lower fibre volume fraction, has a predominant effect on D, with respect to increments in the skins and core Young’s
modules.

Some more marked differences between the three sandwiches are observed regarding their shear rigidity U. In this
case the trend for U seems to correlate well the amount of resin soaked by the core (see table 1). The RI panel has the
highest shear rigidity, more than twice the HL, and the highest increase in cork core weight.

2,0E-04 - 3

1.8E-04 - Table 2. Measured values of stiffness for skins, core and sandwich
- 1.5E-04 - 2 beams.
E 1,3E-04 - g ©Eq.(3) HL RI VB

1,0E-04 - g ®Eq. (8) Eqin [GPa] 17.740.55 204049  22+0.67

7505 { E..[MPa] 1656 342 307

5,0E-05 . . . . . D/b [N'm] 580+13 51710 47312

0,E+00 2,E+04 4,E+04 6,E+04 8,E+04 1,E+05 b [N/mm] 15327 350426 250419

X [mm?]

Fig. 5. Linear regression points of Egs. 3 and 8 for an HL sandwich.

The procedure outlined in section 3.1, aimed at considering the potential influence of indentation on the stiffness
characterization, has been found to provide some meaningful results for the HL sandwich. In fact the HL is more prone
to develop early indentation due to the significantly lower core compression stiffness. Results from comparing the two
linear regression procedures, the classic one of Eq. (3) and the new one of Eq. (8), are summarized in Table 3. Here
two HL beam samples have been analyzed. Each sample is tested twice, with the second test performed with the sample
flipped upside down. Since the sandwich is nominally symmetric, the theoretical value of D from Eq. (4) does not
depend on the faces position in the testing rig.

Table 3. HL beam sandwich: comparison of results.
beam 1  beam I flipped  beam2 beam 2 flipped Avg + st.dev

Correlation coefficient R’ (Eq. 3) 0.9994 0.9966 0.9991 0.9968

Correlation coefficient R? (Eq. 8) 0.9994 0.9997 0.9999 0.9989

D/b (Eq. 4) [N'm] 542.2 542.2 533.1 533.1 537.6+5
D/b (Eq. 3) [N'm] 587.7 594.8 570.2 568.7 580.3+13
D/b (Eq. 8) [N'm] 544.2 550.3 539.0 528.0 540.449
U/b (Eq. 3) [N/mm] 149.6 153.6 146.1 146.3 148.9+4
U/b (Eq. 8) [N/mm] 188.9 194.6 172.2 183.6 184.8£10

Figure 5 shows an example of the linear regression points of Eq. (3) and Eq. (8) for an HL sample. It is observed in
particular that the line interpolating the points of Eq. (8) is steeper. This behavior is found in all the analyzed datasets,
and is determined by the fact that the correction for the indentation term is bigger at low spans. A consequence is that
the linear regression procedure of Eq. (8) provides a smaller value of flexural stiffness D and a higher value of shear
stiffness U compared to neglecting the indentation correction, i.e. using Eq. (3). Results in table 3 show that the
correlation coefficient R’ is very good for both linear regressions, yet slightly higher for Eq. (8). A more significant
outcome is that the values of D predicted by Eq. (8) are much closer to the values from Eq. (4), than those found with
Eq. (3). Another interesting result is that the shear rigidity U seems to change more than D, in relative terms, when
using the modified linear regression of Eq. (8). A potential conclusion is then that the local indentation has a more
marked influence on the evaluation of the shear rigidity, which is higher than that evaluated by not taking into account
indentation at the loading points.
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4.4. Flexural behavior: strength

The failure behaviour in TPB was investigated with span 100 mm, and hence a nominal value of S/d~100/8=12.5,
and with S=250 mm ($/d=31)). The load vs mid-span displacement curves for the two spans are shown in Fig. 6. It is
observed that each sandwich type is reported twice, with the second sample tested by changing the skin face in
compression. The RI and VB samples in particular evidenced some differences in terms of failure load, depending of
which face is loaded in compression. It was observed in particular that the higher loads are obtained when the
compressed face is the one that rested against the mould during the sandwich manufacturing. Although it was difficult
to take a precise measure of the thickness of the two skins, it is believed that the skin resting against the mould might
have developed a slightly higher thickness, due to a higher amount of resin extraction occurring on the side of the
vacuum bag. The maximum failure load for both span values occurred at the onset of indentation of the loading nose
onto the cork core. Hence, when the upper face is the thicker skin, indention requires a higher load to onset. Figure 7
reports some pictures of the failure accumulation at high mid-span displacements.

20 -
20 HL1 HL1
\\ e e e HL2 span 250 mm —~ . = HL2
E IS Sead VBI T B VBI
E L VB2 E | e VB2
z N R | Z RIl
= 10 Z 10 -
=] < - e weR]2 = - o oo R]2
= “cacs ° % Z
= = \
= 5 g 5
g span 100 mm g S====s=== -
T - oL
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
mid span displacement [mm] mid span displacement [mm]

Fig. 6. Three Point Bending load vs mid-span displacement curves for S=100 mm (left) and S=250 mm (right).

HL: span 250, /=24 mm VB: span 250, A=25 mm RI: span 250, 4=24.5 mm

Fig. 7. Pictures of failing sandwich beams under Three Point Bending 100 mm and 250 mm span lengths.

In general, it was observed that failure onset was always by the indentation of the loading nose. Only for HL samples
and span of 100 mm it was possible to reach a final shear failure of the core (see in Fig. 7), while in all other cases the
indention of the loading nose went on until eventually reaching compression failure of the skin, after which the failed
mid-span zone behaved similarly to a plastic hinge.

Table 4 reports values of the membrane skin stress and mid-span shear stress, calculated according to the formulas
provided by ASTM C393 [7]:

P L P

— max . Tmax — max . (9)

O 4 (d +e)b’ (d+c)b’

The reported values in Table 4 are in particular calculated at the maximum load reached during the TPB test.
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Regardless of the non-symmetrical behaviour commented before, it is noteworthy how the RI sandwich reached the
higher failure stresses, while the HL sandwich has the lower values. The ability of the RI to resist more to the onset of
indentation is probably correlated with the higher amount of resin soaked into the core, which makes this sandwich
beam about twice more resistant than HL.

It is finally evidenced how the maximum stresses o, in Table 4 are usually higher than 30 MPa, which was
indicated as the yield point in the tensile tests on unidirectional flax reinforced monolithic laminates (see Fig. 4a). The
TPB curves became non-linear with increasing load, but do not evidence a sudden change of slope. It is though likely
that the onset of non-linear behaviour is somewhat favoured by the non-linear transition between the first elastic and
the second post-elastic linear segments observed in the tensile curves of monolithic samples.

Table 4. Average values of 0, and 7,,, (defined by Eq. 9) at maximum load [MPa].

Span thicker skin compressed thinner skin compressed

[mm] HL RI VB RI VB
Chnax 100 29.0 69.9 56.0 60.4 52.9
Tinax 100 0.72 1.47 1.25 1.27 1.04
Oinax 250 49.5 84.2 80.4 714 66.2
Tinax 250 0.42 0.71 0.63 0.65 0.52

5. Conclusions

In this work a green sandwich concept has been considered, employing an agglomerated cork core and unidirectional
Flax reinforced epoxy skin facings. All the constituent materials used are available in the market. Both monolithic and
sandwich panels have been manufactured by implementing three different techniques: Hand Lay-up (HL), Vacuum
Bagging (VB) and Resin Infusion (RI). The three techniques have been found to provide some differences in the tensile
behavior of the monolithic laminates and the flexural behavior of beam sandwiches. In particular these differences arise
due to the different fiber volume fractions (higher for VB), and different amounts of resin soaked into the cork core
(higher for RI). This last in particular, although giving a weight penalty due to the higher density of the final sandwich,
has been found to be highly beneficial in terms of shear rigidity and flexural strength.

The work has also confirmed the presence of a bilinear tensile behavior of the unidirectional flax reinforced laminate,
with the onset of an early yield point probably induced by the typical “kink band” defects present in flax fibers. This
early yield stress has not influenced the stiffness characterization of the sandwich, due to the low loads needed for this
elastic characterization. An influence is instead likely to occur in the marked non-linear behavior observed in the
sandwich Three Point Bending curves near the onset of failure.

The present work also has proposed a procedure to evaluate the flexural behavior of sandwich beams that is able to
decouple the influence of bending, shear and local indentation at the loading points. Regarding indentation, this is
obtained by considering the linear elastic relationship between load and displacement in a facing attached to a one-
parameter Winkler type fully backed foundation. This relationship is in particular integrated into the general load vs
mid-span displacement relationship of a Three Point Bending set-up, and decoupling is finally achieved by performing
tests at different span lengths. The novel procedure has been implemented with some interesting outcomes in the case
of the HL sandwich beams, indicating that neglecting local indentation might results in a significant underestimation
of the shear rigidity and an overestimation of the flexural rigidity.
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Fig. 8. LED (Linen Epoxy Dinghy), one of the Zyz sailing team’s dinghies implementing the sandwich concept presented in this work. On the
right, LED during the regatta in Tuscany (IT) in 2010 (helmsman: Mr. Alessio Frazzitta; forward: Mr. Mauro Utzeri) [14].
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