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SUMMARY

Cark is known as the material used for the production of wine stoppers. The specific
propertles of cork, e.g. low density, very Iow permeability to water, elastic properties and
inertness have made it !he best sealant for quality wine.

The relation belween compression, tensile and bending stress in cork and the influence
of structural characteristics of cork on ils mechanical behaviour are analyzed in this papero The
material was sampled from raw cork planks of goOO quality (elass 1) and peor quality (elass 4)
collected at one industrial mili after post-harvest six-month air stabilization, water boiling and air
drying as usually applied in cork industrial processing. The samples had densities ranging 0.123
- 0.203 g.cm·' and porosities belween 0.5 and 22.0%.

There are dilferences belween the type of stress and the corresponding direction
of stress. For the same direction of stress. the Young modulus in tension is higher than in
bending and it is lowest in compression. The bending Young module was well correlated with
the lensile Young module, because while in bending the sample is submitted to both tensile
and compression stresses, the fracture occurs in the tensile zone. There were no significant
dilferences in the mechanical properties of cork samples obtained from cork planks of dilferent
quality e1asses but the density is an important factor and samples with higher density showed
overall larger resistance. Mechanical properties were influenced by the structural features
related to Ihe lenticular channels, namely the presence of thick walled and lignified cells that
may border the lenticular channels.

Key words: Quercus suber. cork, mechanical properties, Young modulus, quality, lenticular
channels, density, porosity.
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RELATION BETWEEN MECHANICAL PROPERTIES Of CORK FROM Ouercus Suber

RELACiÓN ENTRE LAS PROPIEDADES MECÁNICAS DEL
CORCHO DE Quercus suber

RESUMEN

El corcho se conoce como el material utilizado para la producción de tapones para
las botellas de vino. Sus propiedades especificas, entre ellas, baja densidad, muy escasa
permeabilidad al agua, propiedades elásticas y su condición de material inerte, lo convierten
en el mejor sellante para los vinos de calidad

En el presente documento se estudia la relación entre los esfuerzos de compresión,
tracción y flexión en corcho, asi como la influencia de sus características estructurales sobre
su comportamiento mecánico. El material fue muestreado desde planchas en bruto de
buena (clase 1) y mala calidad (clase 4) obtenidas de una planta industrial, después de una
estabilización al aire de 6 meses post-cosecha, hervido en agua, y secado al aire, tal como
normalmente se utiliza el corcho en sus procesos de transformación industrial. Las muestras
utilizadas presentaban valores de densidad que fluctuaban entre 0,123 Y 0,203 glcm' y una
porosidad variable entre 0,5 y 22,0%.

Existen diferencias entre el tipo y dirección de aplicación del esfuerzo. Para la misma
dirección de esfuerzo el módulo de elasticidad es mayor en tracción que en flexión, obteniendo
los valores más bajos en compresión. El módulo de elasticidad en flexión se correlacionó bien
con el modulo de elasticidad en tracción, debido a que mientras en flexión la muestra esta
sometida a ambos esfuerzos (tracción y compresión), la fractura se produce en la zona de
tracción. No hubo diferencias significativas en las propiedades mecánicas de las muestras
obtenidas de planchas de corcho de distintas clases de calidad, no obstante la densidad fue
un factor importante, de modo que las muestras más densas mostraron mayor resistencia.
Las propiedades mecánicas estuvieron influenciadas por las características estructurales
relacionadas con los canales lenticulares, particularmente con la presencia de células de pared
gruesa y lignificada que pueden rodear a estos canales.

Palabras clave: Quercus suber, corcho, propiedades mecánicas, modulo de elasticidad,
calidad, canales lenticulares, densidad, porosidad.

430' Ciencia e Investigación Forestal· InsliMo Forestal I Chile



Ofélia MIOS: Heleoa PefOlI'iI: M. Emilia Rosa

INTROOUCTION

The COO<: that is world wide known as the sealant in wine bottles is derived from the
outer bark of one evergreen European oak, the cork oak (Quercus suber L.). Coo<: is a cellular
material with structural and chemical features that impart it with peculiar and interesting physical
and mechanical properties (Fortes el al.. 2004). Cork is a highly ordered structure 01 small.
hollow and non-communicating cells (Pereira el al., 1987), with suberin as the maln structural
component 01 cell walls (Pereira, 1988).

The porosity 01 cork given by lhe presence 01 lenlicular channels is lhe main qualíty
parameter and it is used lo grade lhe cork raw material in quality classes. A goOO cork will have
few and small diameter peres, while a poor quality cork will have lenticular channels with a large
cross-sectional area. The appreciation is visual and a broad range of porosity is found in each
commercial class, especially in the intermediate quality classes (Anjos el al., 1997; Pereira el
al., 1996).

Some authors have described the compression behaviour of good quality cork (Rosa
and Fortes, 1988: Gibson el al., 1981). The Young's modulus lor radial compression js roughly
one and a hall times lhat along lhe other two directíons (Rosa and Fortes. 1991: Fortes and
Nogueira, 1989). The compressive properties 01 cork were lound lo vary with the density
(Gibson andAshby, 1987) and cellular dimensions (Pereira el al.. 1992). Rosa and Fortes (1991)
observed that the Young's module in tension was higher than the observad in compression. In
cork, density varies with the geometry of the cells, the undulation of cell walls and the presence
of lenticular channels or other discontinuities (Rosa, 1988).

The mechanical properties of cork may constitute a potential for this material to be usad
in innovative applications related to diverse fields. The objective 01 this work is to evaluale
the relation between mechanical properties in cork namely tensile, compression and tree point
bending tests.

MATERIAL ANO METH005

The compression and tensile properties of cork were studied on samples obtained from
goOO qualíty (class1) and poor quality (class 4) cork planks and correlaled with !he density
and porosity. The test specimens were cut from each cork plank as plates with 30mm x 5mm
x 60mm edge and equilibrated in the laboratorial environment to 9% mean moisture content.
Samples were taken lrom lhe cork planks in three radial positions: The inner part plank (the
belly side), lhe outer part (the back side) and a mid position. The specímens were weighed and
porosity and density calculated.

The porosity (determined by image analysis) was reported as a coefficíenl 01 porosity, in
percentage, representing the area of pares divided by the total area, and calculated as the mean
of the two faces measured in each sample. For the compression tests we measured the porosity
on the perpendicular lace 01 the load direction. lor the tensile tesis we measured lhe porosity in
lhe higher laces parallel to lhe load direction and lor the bending tesis we measured the porosity
in the higher faces perpendicular to the load direction.

Volumen 14 N" 3. Oidembre 2008/431



RELATlON BETWEEN MECHANICAL PROPERTIE$ OF CORK FRQM Ouercus Sube,

The different mechanical tests were made at a constant crosshead speed 012 mm min·'
(equivalent to a strain rate of 2xl0-3 S-I) up to a strain of 80%, for compression test, and up to
Iraclure on the bending lests (equivalent to a strain rale 01 1.4 x10~ s·'). The tensile test used a
crosshead speed of 5 mm min", corresponding to a strain rate of 1.7 xl 0-3 S-l. Young's modulus
was calculated from the average slope of the stress-strain curve between the loads of 10 N and
100 N, corresponding to slrains between approximately 1% and 2.5%.

The samples obtained Irom cork planks 01 different commercial qualily classes, had

densities ranging 0.123 - 0.203 g.cm·J and porosities between 0.5 and 22.0%.

Notation list

Notation lor the tensile tests:

Ab -load according to axial direction in a specimen from the inner part plar)k;
Ai - load according to axial direction in a specimen from the mjd point:
Ae - load according to axial direction in a specimen from the outer part plank;
Tb - load according to tangential direction in a specimen Irom the inner part plank;
Ti - load according to tangential direction in a specimen Irom the mid point;
Te - load according to tangential direction in a specimen from the outer part plank.

Notation for the bending tests:

Ret - load according to radial direction. where the force is applied in the other part
plank and Ihe direction 01 tensile/compression is tangential;
Rbt -load according to radial direction, where the force is applied in the inner part
plank and the direction of tensile/compression is tangential;
At -load according to axial direction. perpendicular to the lenticular channel where the
direction of tensile/compression is tangential;
Rca - load according lo radial direction, where the lorce is applied in the other part
plank and the direction of tensile/compression is axial;
Rba - load according to radial direction. where the force is applied in the inner part
plank and the direction 01 tensile/compression is axial;
Ta - load according to tangential direction, perpendicular to the lenticular channel
where the direction of tensile/compression is axial.

RESULTS ANO OISCUSSION

The stress - strain curves up to a strain 0180% of cork samples in compression parallel
to each of the three main directions and for the two quality grades are represented in Figure N° 1
(Anjos el al., 2006). The stress-strain behaviour 01 cork sample in compression, lor both qualily
classes was similar. The most significant differences referred to somewhat higher stress values
for the region of larger delormalions lor class 4, corresponding to strains above 50%.
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Figure ,..1
STRESS-STRAIN CURVES FOR THE COMPRESSION OF CORK SPECIMENS OBTAlNED

FROM CORK PLANKS OF CLASS 1 AND CLASS 4 IN THE THREE DIRECTIONS
(RADIAL, AXIAL AND TANGENTIAL).

The mechanical behaviour observed is common to previous results by other authors
(Rosa el al., 1990; Rosa and Fortes, 1988; Gibson el al., 1981; Anjos el al., 2005). The curves
lollowed lhe paltem 01 an elastic region up to strains 01 approximately 5%, corresponding to lhe
elastic bending 01 lhe cell walls, lollowed by a large plateau lor strains between about 5% to 60%
caused by the progressive buckling of the cel! walls, with a subsequent steep increase of stress
lor higher strains with the crushing and collapse 01 the cells.

The average Young's module lor!he two quality classes observed (Table N"1) are 18.3
and 16.9 MPa lor !he radial and axial directions, and 12.3 MPa lor lhe langential direction. A
similar difference in Young's module was reported lor rawcork (Rosa and Pereira, 1994; Pereira
el al., 1992), allhough in other studies a lower value was lound lor Ihe radial compression (Rosa
el al" 1990). When comparing Ihe Young's modulus, and the stress values lor strains 01 5%,
25%, 50%, 75% and 80% in compression lor both quality classes (Table N" 1), il can seen that
in all cases the values are high lor ciass 1, but without significant differences 01 the mean values
01 the two quality ciasses (Scheffé test). The analysis 01 variance 01 !he Young's module showed
that Ihe quality ciass was not a significant lactor 01 variation or ils interaction with !he direction
01 compression; the direction 01 compression was a highly significanl lactor accounting lor 60%
01 the tolal variation.

In the presenl study, !he densilies 01 Ihe cork sampies under compression ranged
0.121 to 0.197g.cm~ (Table A.1, see appendice). Anjos el al. (2006) observed an increasing E
with density, especially lar compression in Ihe radial direction. The effect was less marked lor
compression in Ihe tangential direction.
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Table N" 1
COMPRESSION PROPERTIES OF CORK SPECIMENS OBTAINED FROM CORK PLANKS

OF DIFFERENT COMMERCIAL QUALlTY (CLASS 1 AND CLASS 4, RESPECTIVELY
GOOD AND POOR) IN THE THREE DIRECTIONS (RADIAL, AXIAL AND TANGENTIAL).

MEAN OF TWELVE SAMPLES AND STANDARD DEVIATION

Young 5 modulus (El. stress for slralns of 5% (o 5). 25 Yo (o 25), 50 Yo (o 50). 75% (o 75) and 80 Yo (o 80).

Com.....lon Class 1 Class4
proportleo •

Radial Axial Tangential Radial Axial Tangentlal

EIMPa} 17.94±2.865 16.6Ot1.790 13.42:1:1.423 18.651:3.312 17.08<2.266 11.20%1.727

05 (MPa) O.61tO.OS7 O.59:tD.061 0.56>0.044 O.59tO.068 O.57tO.104 O.44tO.048

025 (MPa) O.91:tO.122 1.02tO.142 0.89>0.099 1.15tO.199 0.88>0.203 0.91tO.072

0 5O IMPa) 1.28t0.251 1.65tO.340 1.21:tO.144 1.81%0.370 1.47:tO.520 1.25tO.488

0751MPa) 5.34tO.105 5.31tO.163 5.37tO.147 6.37<2.352 6.97<2.665 6.38>0.389

0801MPa} 17.99±O.217 10.S8:tO.330 10.70tO.303 10.25:tO.271 10.39tO.331 10.4Ot2.294

• . •

Adjusted stress strain curves obtained in tensile tests are shown in Figure N° 2. The
curves are similar tor the three planes, but the inner part was slightly more resistant than the
outer part 01 the cork plank. For all tests the cork from class 1 was statislically (ANOVA test)
higher resistant under tension than that observed for the class 4.

Table W 2 indicates the Young's module, stress and strain at fracture. The cork samples
presented higher resistance in tensile that in compression. That behaviour could be explained
by the structure of cork, where the stiffness of undulated plates (the cell walls) increases as lhe
amplitude of the undulations decreases: while compression increases the amplitude, tension
decreases it (Rosa, 1991). The differences observed between samples could be explained by
the presence of cork defects. In the inner part of the plank the higher tensile resistance occurred
because the cells are well arranged and there are few defects, with only a few schlerenchimatic
cells, and a lower porosity (Table A2, see appendice).
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Figure N' 2
STRESS-STRAIN CURVES FOR THE TENSllE TESTES OF CORK SPECIMENS

OBTAINEO FROM CORK PLANKS OF CLASS 1ANO CLASS 41N THE OIRECTIONS
AXIAL ANO TANGENTIAl FOR TREE PLANES (INNER, OUTER ANO MIO)

The cork has higher resistance under tensile tests far the axial direction because there is
higher residual tension on cork in tangential direction due the cork growth in the tree stem. Also
the pares are not circular in the tangential section, and they have an approximate ellipticaJ form
with Ihe higher axis in the axial direetion.

The densities of lhe cork samples under tensile ranged 0.148 to 0.178g.em~ (Table A.2,
see appendiee), and there is a goOO correlation between Young's module and densily. The same
resuns were observed by Gibson and Ashby (1987) and Anjos (2005).

The stress strain curves obtained in bending tests are represented in Figure N° 3. The
curves are similar for the different direction and similar to those obtained fer the tensile tests.
As in tensile, the material resistance was lewer in the tangential directien. For mest tests the
resistance was higher fer the class 1 corks than for class 4 cerks, due to the differences in cel!
slrueture and defeets as explained befare. The ANOVA results show that Ihe more important
factor to explain the variabilily was the intemal tension in the specimen. The densily in Ihat lesls
specimen was very similar (Table A.3, see appendice) and Ihe porosity in the fracture zone was
very important for the higher or lower cork resislance.
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Table N" 2
TENSION PROPERTIES OF CORK SPECIMENS OBTAINED FROM CORK PLANKS OF

D1FFERENT QUALlTY (CLASS 1 ANO CLASS 4) IN THE INNER, OUTER ANO MIO PART
OF THE PLANK. MEAN OF TWELVE SAMPLES ANO STANDARD DEVIATION

Compra••ton CI... l CI... 4
propert:IM • Ab Al Ae Ab Ai Ae

E (MPa) 35.31<1.48 31.70>2.35 25.40±3.17 28.0013.89 22.8714.50 26.6513.18

",(MPa) 1.27tO.07 1.00t0.12 0.8StO.15 0.83tO.23 0.75tO.14 0.73tO.10

t l (%) 8.2210.68 6.27t1.36 6.8911.0 5.7211.50 5.7StO.98 4.9811.11

lb TI Te lb TI Te

E (MPa) 23.7211.36 23.8811.42 18.62>2.99 24.31>2.77 19.8415.34 20.8815.00

",(MPa) 0.75tO.10 0.62tO.06 0.5OtO.13 0.70tO.12 0.5610.20 0.57tO.13

t. (%) 5.97t1.11 4.5OtO.63 4.4411.44 4.82tO.92 4.4010.83 4.7311.07
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Figure N° 3
STRESS-STRAIN CURVES FOR THE BENDING TESTS OF CORK SPECIMENS

OBTAINED FROM CORK PLANKS OF CLASS lAND CLASS 41N THE TWO DIRECTIONS
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Table N" 3
BENDING PROPERTIES OF CORK SPECIMENS OBTAINED FROM CORK PLANKS OF
DIFFERENT COMMERCIAL QUALITY (CLASS 1 ANO CLASS 4, RESPECTIVELY GOCD

ANO POCR). MEAN OF TWELVE SAMPLES ANO STANDARD DEVlATlON

eon".llkwI e.... 1 e.... 4

Pla; ... Rel Rbl Al Rct Rbl Al

E (MPa) 16,25±1,26 17,6611,47 17,6612,43 15,3411,28 16,7212,10 16,86t3,82

0, (MPa) 1,18tO,22 1,13tO,22 1,29tO,11 O,98tO,07 1,3tO,03 1,3OtO,27

" ('lo) 15,0412,29 12,5711,71 13,0811,56 11,19t2,63 15,0311,11 13,35±1,58

Roa Rba Ta Roa Rba Ta

E (MPa) 21,5213,13 22,5111,68 21,76t2,09 21,09t3,49 19,29t2,11 18,69t1,34

o,(MPa) l,67tO,27 l,57tO,32 1,63tO,17 l,35tD,05 1,S3tO,27 1,43tO,ll

" ('lo) 17,56t1 ,75 18,4113,92 17,58<1,94 12,6814,81 14,9712,20 18,8114,65

The comparison of compression tensile and bending behaviour of cork is shown in
Figure N" 4 in relation to lhe average Young's module for dass 1 and 4. When lhe fracture zone
on bending tests was near the inner part plank we compared with the tensile value in the same
plane. The Young's module in compression are lowesl than in tensile or bending. The highest
resistance of COrK is observed for the tensile stress. The behaviour of cor1< in bending seems
to be inf1uenced by the specimen zone that is submitted to compression, because lhe variation
for bending and compression are very similar. If the fracture zone in Ihe specimen submitted lo
the bending tesl was near Ihe inner part of the plank or in the outer part is not correlated wilh
the bending Young's module, but this is an important factor for the Young's module measured
in tensile.

For ctass 4 corks, the tensile Young's modules are higher lhan those in bending and
compression. There was no correlalion between Young's module measured in bending and
compressions tests, as it was the case for class 1 corks. This can be exptained by the higher
percentage 01 delects in this poor quality cork planks, which showed a higher porosity and more
fraquenl occurrence of sclerenchimatic cells.

For Ihe fraclure stress values in lension (Figure N° 5), the previously observed relatian
is inverted, and the average values of the bending stress fracture are higher tIlan the observad
in tensile stress fracture. The variability observed in tensile tests is superior lo that observad in
bending. While lhe average value of the Young's modules in bending was higher to lhe Young's
modules in lension, Ihe tensian lhat is necessary lo fracture is lesser. Because in lhal lesl is
necessary exceed loo Ihe resistant of Ihe compression zone.
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VARIATlON Of THE AVERAGE VALUES Of THE YOUNG'S MOOULUS IN BENOING,
TENSILE ANO COMPRESSION TESTS fOR CORK PLANKS Of CLASS 1 (LEFT) ANO

CLASS 4 (RIGHT)

Figure N° 6 represent for c1ass 1 and dass 4 the variation of average values of strain in
bending testes and tensile, for the two quality class. The average values of the fracture strain
in bending tests are superior to those observed in the tensile tests, ¡ndependent of lhe quality
class. A similar behaviour is obselVed between the average values of fracture strain in tension
and lhe average values of lhe fracture strain in bending tests for quality dass 1.

So we can conclude lhat the bending Young's modulus depends on the behaviour of the
zone submitted in compression. The fracture stress result for a set of two stress (tensile and
compression) and lhe fracture strain are well oorrelated with lhe tensile zone.
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figure N' 5
VARIATION Of THE AVERAGE STRESS VALUES IN BENOING ANO TENSILE TESTS

fOR CORK PLANKS Of CLASS l(LEFT) ANO CLASS 4 (RIGHT)
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Figure N' 6
VARIATlON OF THE AVERAGE STRAIN VALUES IN BENOING ANO TENSILE TESTS FOR

CORK PLANKS OF CLASS 1 (LEFT) ANO CLASS 4 (RIGHn

CONCLUSIONS

Cork shows some differences in ils mechanical properties regarding lhe lype of slress
and the corresponding direc1ion of stress. For the same direction 01 stress, the Young modulus in
lension is higher lhen in bending and il is lowesl in compression, The bending Young's modules
were well correlaled wilh lhe lensile Young's module, because while in bending lhe sample is
submilled lo bolh lensile and compression stresses, lhe fracture occurs in lhe lensile zone,
There were no significanl differences in lhe mechanical properties 01 cork samples obtained
from cork planks 01 differenl qualily classes bullhe densily is an importanl lactor and samples
wilh higher density showed overalllarger resistance, Mechanical properties were influenced by
the slruclural fealures relaled lo lhe lenlicular channels, namely lhe presence of lhick walled
and lignified cells Ihal may border the lenticular channels.

The results showed that lhe cork resistance was higher lor the inner part plank, caused
by the cork struclure. The cork was higher resistant too lor the axial direction because in lhal
direction there aren't so many residual tension. The mechanical behaviour is well correlated with
the densily and strongly affected by lhe cell slruclure delecls namely lhe porosily.
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APPENDICE
DENSITY AND POROSITY OF TEST SPECIMEN

TableA1
DENSITY AND POROSITY OF THE CORK SPECIMENS USED IN THE COMPRESSION
TESTS OBTAINED FROM CORK PLANKS OF DIFFERENT COMMERCIAL QUALlTY.

MEAN OF TWELVE SAMPLES, STANDARD DEVIATION, AND MINIMUM AND MAXIMUM
VALUES

Cork pIank quallly
Direction of Density (g cm") Porosity· ('lo)

comp<ession Meantstd.dev Mean±sld.dev

Radial 0.152%0.009 6.56t1.72

Class 1 Axial 0.152tO.011 4.26t1.72

Tangential 0.151%0.0136 3.45%2.86

Radial 0.162%0.0155 8.76%4.61

Class 4 Axial 0.162%0.0052 4.54t1.32

Tangentiat 0.160%0.0087 4.75:1:2.48
Poroslty of the faces perpendicular lo the dlrecllon of compresstOn.

TableA2
DENSITY AND POROSITY OF THE CORK SPECIMENS USED IN THE TENSILE TESTS
OBTAINED FROM CORK PLANKS OF DIFFERENT COMMERCIAL QUALITY (CLASS 1

AND CLASS 4). MEAN OF TWELVE SAMPLES AND STANDARD DEVIATION.

COI1< plank quallly Plane of tensile
Oensity (9 cm") Porosity • ('lo)

Meantstd.dev Meantstd.dev

¡nner 0.178tO.01O 3.51%0.41

Class 1 mid 0.169%0.007 5.22%0.63

oular 0.152%0.005 6.35tO.79

¡nner 0.171%0.012 4.67t1.15

Class 4 mid 0.148%0.011 5.76t1.23

outer 0.160tO.015 7.80t0.64
PoroSlty of Ihe hlgher faces parallello Ihe dlrecllon of tenslOn.



RELATIQN BETWEEN MECHANICAl PROPERTlES OF CORK FRQM Olum;us Sube'

TableA3
DENSITY AND POROSITY OF THE CORK SPECIMENS USED IN THE BENDING TESTS
OBTAINED FROM CORK PLANKS OF DIFFERENT COMMERCIAL QUALITY (CLASS
1 AND CLASS 4, RESPECTIVELY GOOD AND POOR). MEAN OF TWELVE SAMPLES,

STANDARD DEVIATION, AND MINIMUM AND MAXIMUM VALUES

Corll p1ank quallty 5ample
Densily (9 cm") Porosily • ('lo)

Mean:!:sld.dev Mean±Sld.dev

Rct 0.177±0.010 3.71±1.42

Rbl 0.170±0.007 7.21:1:2.23

Al 0.176±0.008 4.60±O.93
Class 1

Rca 0.174±O.008 3.86±1.05

Rba 0.174±O.007 7. 18±2.46

Ta 0.174±0.007 5.07±0.35

Rct 0.194±0.017 6.02±1.29

Rbl 0.187±0.014 10.83±1.43

Al 0.180±0.014 6.07±0.82
Class 4

Rca 0.194±O.013 7.06±1.32

Rba 0.189±0.011 11.03±2.83

Ta 0.183±O.009 6.81±0.61
PoroStty of (he hlgher faces perpendicular fo the dlrecllon of bendlng.
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