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The Essential Work of Fracture (EWF) theory has been applied to study the fracture
behaviour of untreated and silane-treated glass bead-filled EPDM composites. The
experimental values of both Young’s modulus and tensile strength have been compared
with those predicted by the main theoretical and semiempirical models, and the influence
of the composite processing temperature on the tensile properties has been studied,
noticing a marked drop of stiffness and strength from a processing temperature of 200 °C.
A good adhesion between EPDM matrix and glass beads was achieved with the silane
Z-6032, resulting in higher tensile strength, and it has been observed that glass bead
presence induces plasticity in the EPDM matrix. No differences of the specific essential
work of fracture were found in the three filled samples, although results show that the
higher adhesion degree between matrix and particles, the higher value of the specific
plastic work of fracture, and also the higher final instability in crack propagation. © 2001
Kluwer Academic Publishers

1. Introduction spectively| the specimen ligament lengtithe speci-
The concept of the essential work of fracture (EWF)men thickness anéla shape factor related to the plastic
proposed by Broberg [1, 2] was first applied to metalszone geometry. Dividing the total work of fracture by
in sheet form [3—-8], paper grades like copy, sack papethe specimen ligament area the specific work of fracture
and pulp handsheets [9-13]. Nowadays is becomingan be obtained:
a useful way to characterise the fracture toughness of
ductile polymers like PE, PP, PET, PETG, etc. [14-22] Wi = we + uwpl @
used in form of film for greenhouses or thin sheet forThus, a linear relationship between the specific work of
packaging applications. fracture and the specimen ligament length can be found,

The theory postulate that under plane-stress state thend therefore the specific essential work of fracture can
total fracture energyW) of a notched specimen sub- pe obtained when the ligament length is extrapolated to
jectedtotensile loading could be divided into two parts:zero. The essential work of fracture is a material frac-
the essential work of fracturé\¢) and the non-essential ture parameter, ideally geometry independent, and even
or plastic work of fracture\{,). The first one is associ- it has been proposed to be equivalent to the J-integral
ated with the instability on the crack tip, where the truecritical value (i) [23]; however, the main contribution
process of fracture occurs, and is proportional to theo the energy absorption during the fracture process of
specimen ligament; itis a work located in the so-calleda ductile polymer sheet is the plastic strain, and so the
process inner zone. The second one refers to the plastion-essential term has to be also analysed. Usually, one
strain work and it is proportional to the volume of the can assure that a plane-stress state is in the fracture spec-
outer process zone, which is just named plastic zone:imen if Hill’s criterion [24] is satisfied, which establish

_ _ 2 for deeply double edge notched tension (DDENT) ge-
W = We + Wp = welt + wphl™t @) ometry that the maximum net stresg,d) possible to

In the above general equatian: andwy are the spe- reach under plane-stress is 1.15 times the value of the
cific essential and non-essential work of fracture re-uniaxial yield stresso) of the material. On the other
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side, a pure plane strain state would be achieved whel Load
onet= 2.970y according to Hill’'s predictions. Although
a few works have been published accounting for the ap- T
plication of EWF methodto rubbertoughened polymers
[25], elastomeric PP [26] and ternary compounds of PP,
SEBS and glass beads [27], the EWF should not be ap
plicable to pure rubber materials, due to their reduced,
almost null, contribution of plasticity to their fracture;
S0 an elastic approach should be used. Nevertheles:
we have observed that filling a thermoplastic elastomer
(EPDM) with glass beads, a notorious contribution of < >
plasticity can be observed before the fracture, being 100 mm
then possible to apply the EWF method to the fracture
toughness characterisation of this kind of materials. notch notch
In this work, effort has been undertaken to study the
fracture behaviour of binary composites consisting of
EPDM elastomer and untreated and silane-treated glas
beads, by means of EWF. Moreover, the influence of the
processing temperature has been analysed on a basis
tensile properties.

Clamped area

Ligament length

Plastic zone Process zone

Clamped area
2. Materials, compounding and specimens v

A commercial EPDM (Dutral TER 4038), manu- — =
factured by Enichem, containing 27 wt% propy- &0 i & ‘/
lene, 68.5 wt% ethylene and 4.5 wt% 5-ethyliden- '

norbornene, was used as a matrix. Glass beads with a * / 1.3 mm

average particle size of 1m were provided by Sovitec

Ibérica, S.A. and silane coupling agents used for

glass beads surface treatment were N-(2-(Vinylbenzyl- Load
amino)-ethyl)-3-aminopropyltrimetoxysilane (Z-6032, £gyre 1 DDENT specimen geometry used in the EWF tests.
Dow Corning) and a vinyl-based silane mixture (Ucar-

sil, Union Carbide). The general process carried outfoll'Oression moulded with a hot plate press at 1T5ap-
filler surface treatment was as follows: A solution con-

taining 30 ml of silane, 250 ml of methanol, 60 ml of plying & maximum pressure of 100 bar and cooling

water and 5 ml of acetic acid was prepared per eaclﬁnder pressure to room temperature. Two types of test

) ) pecimens were obtained with these plaques. By one
1.5 kg of glass be_ads, and .St'”ed for 20 minutes to aS’ﬁand, dumbbell-shaped specimens (type C according
sure the hydrolysis of the silane alkoxy groups, before

the glass beads wetting. The treated glass beads WeASTIVI D—£_112_[28]) were cut off to carry out the tensile :
then dried in an oven at GGD for 24 hours Eﬁaractgrlsatlon and, by the other hand, DD_ENT speci-
Compounding was performed usingéaollin co. mens (Fig. 1) were sawn from the 1.3 mm thick plaques
for fracture testing. The notches were made with arazor

rotating twin-screw extruder. The screw diameter wa : i
25 mm and its length to diameter ratio was 24. To stud)S/OIade’ and the ligament length was measured employ

possible effects on the composite mechanical propertie'é1g atravelling microscope.

due to the processing temperature, compounding was

carried out setting different die temperature: 115, 1503- Testing

180, 200, 220, 235C. In all cases the screw speed was3: 1. Tensile tests

fixed at 100 rpm. A good dispersion of the glass beaddensile tests were performed at a crosshead speed of

into the EPDM matrix was achieved by the following 100 mm/min and at room temperature using a universal

screw configuration: two compression zones on botiesting machine (Adamel DY-30), provided with a load

sides of a mixing zone constituted by double-tippedcell of 100 N and equipped with a laser extensometer

kneading elements. A circular cross-section die of di{Hounsfield 500-L). Atleast five specimens were tested

ameter 3-mmwas adapted, and the extrudate was cool@§r €ach compound and processing temperature. The

in a water bath and pelletised. By this way three dif-Obtained values of Young's modulus)@and the tensile

ferent compositions were prepared with filler nominalStrength (stress at a strain of 200%) have been used to

concentrations of 50% by weight, named B50, BUC50investigate the influence of the surface treatment of the

and BZ50 for the untreated glass bead-filled EPDM andParticles and the compounding temperature.

for surface-treated filled samples respectively. Unfilled

EPDM was also subjected to the same extrusion pro3.2. Fracture tests

cess in order to get the same thermal and mechanicdlhe EWF method was applied to the materials pro-

histories than the filled samples. cessed at 118C on the above-described DDENT spec-
Plagues of nominal dimensions 150 nym150 mmx imens. Allthe tests were performed at a crosshead speed

2.5 mm and 150 mnx 150 mmx 1.3 mm were com- of 10 mm/min at room temperature. At least thirteen
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spe(_:lmens of each mate_”al were tested, havmg dlﬂer'TABLE I Numerical results of tensile characterisation carried out at
ent ligament length ranging from 3 to 20 mm according100 mm/min for all the materials and processing temperatures
to the ESIS protocol [29]. The load/displacement curve
was integrated to obtain the total energy absorbed by the o Young's .

. . Extrusion die moduluss Tensile strength,
sample during the fracture process, and the maximung, e

. L temperaturéQ) (MPa) o200% (MPa)
load value was used to check Hill's criterion.
EPDM 115 379+ 0.66 1.07+0.02
150 4.10+0.58 0.99+0.03
3.3. Fractography _ . 180 366081  1.02:0.05
To investigate the morphological aspects associated 200 3.76+0.66 0.93+0.01
with the fracture process, the fracture surfaces were 220 3.26£0.03 1.13£0.08
examined by scanning electronic microscopy (SEM), 213155 17-867;5 8-‘7’2 2-2& 8-8‘71
using aleol JISM-82@quipment, after coating the sam- 150 6.27£0.43 0.76:0.04
ples with a thin gold layer. Moreover, optical micro- 180 7,75+ 0.45 0.84L0.04
scopy was used to measure the specimen plastic zone. 200 7.12+0.40 0.79+£0.02
220 4.83+0.01 0.86+0.05
. . 235 3.48:0.03 —
4. Results and discussion BUC50 115 7.62:0.43 1.28£0.17
4.1. Tensile behaviour 150 6.13:1.21 1.24+0.06
Rubber typical tensile behaviour has been observed, ;gg 6-2&8-64 1-3‘&8-82
and two different ranges of strain can be distinguished I 4 1.05£0.
; L 220 5.65+0.48 0.99+ 0.04
to analyse the mechanical characteristics of these ma- 235 483038  0.720.08
terials (Fig. 2). Firstly, we can distinguish a low-strain szso 115 8.19£0.44 2.00+0.01
elastic regime, from which was possible to obtain the 150 7.31+£0.35 1.89:0.05
Young’s modulus (Table I). 180 8.19:044  161£0.08
200 7.05+0.75 1.75+0.06
220 5.36+0.67 1.49+0.03
235 4.69+0.28 1.09+ 0.04
1.5
(a) BZ50
9
_ BUCS50
© 1
o —_
=3 g 74
2 =3
i B50 %
@ 0.5 1 T 5]
o
EPDM £
‘o
5
o 3
O T > e Rule of mixtures
Hashin-Strikman *
Lewis-Nielsen
0 25 50 1 Kerner-Nielsen
T T
Strain (%) 100 150 200 250
2.5 Extrusion temperature (°C)
(b)
2 BZ50 Figure 3 Comparison of experimental Young's modulus with predicted
values, as a function of the extrusion temperatu$g.EPDM, () B50,
= (0) BUC50 and () BZ50.
o
= 157 BUC50
@ / As expected, filling the EPDM results in higher ma-
h=t 1 EPDM terial stiffness, but no differences were appreciated be-
» e, tween silane-treated and non-treated glass bead filled
B50 samples. Moreover, Young’s modulus remained con-
0.5 ~ stant when the temperature extrusion was increased
until 200 °C approximately, however, increasing the
0 temperature extrusion above this value, a remarkable
T T

' drop in Young’s modulus is observed, what could be
100 125 150 175 200  explained on the basis of matrix degradation (Fig. 3).
Strain (%) From the stress/strain curves, one can observe that
whereas unfilled EPDM did not display a definite yield
Figure 2 Stress/strain tensile curves of the studied materials; (a) ranggp0int, EPDM filled with untreated glass did it. The rub-
of small strain, (b) range of high strain. bery character of unfiled EPDM make the material
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be deformed mainly elastically, but when glass bead#\ssuming isostress conditions, values predicted by the
are present, these ones could be easily debonded fromell-known rule of mixtures have also been compared
matrix, giving a clear yield point on the curve. In this with the experimental results, and also the Hashin-
sense, if glass beads were strongly bounded to EPDMstrikman equation [40] has been checked:

the composite could show a deformation pattern sim-

ilar to the unfiled EPDM, that is, without a yield Ge = Gm + il (7)
. . . . _ 1 6(Km+2Gm)(l_¢f)
point, because in this case the viscous phenomena (ma G—Gn T 5Gn@K.+ 46m)

trix debonding) located at the interface would be con-

strained. BUC50 and BZ50 samples seemed to agre&/hereGm, Gr andG. are the shear modulus of matrix,
with this behaviour. filler and composite respectively, akgh, is the matrix

In Order to get information about tens”e strength atbulk modulus. Inthis case, YOUI’]g’S modulusis obtained

high strain levels, the stress value at 200% of strairffom the basic relationship of elasticity:
have been compiled (Table I). It can be observed that _
filled EPDM with untreated glass beads showed lower E=2G(1+v) (8)

strength than pure EPDM, whereas samples filled withys it can be observed in Fig. 3, results indicate that
silane-treated glass beads gave higher values, partighecked equations (which have been derived assum-
ularly BZ50 sample (Fig. 2b). This results in an ev- jnq jsostress conditions in the composite) could predict
idence of improved adhesion promoted by Z-6032qyite well Young's modulus values for these materials,
silane, which is acting generating an effective inter-y;ith the exception of the rule of mixtures. Differences
face to transmit stress between matrix and_glass beadgundin predictions of. employing these models are

In contrast, when untreated glass bead filled EPDMgwer than differences found between the experimental
is highly strained, its effective cross-section area iWoung’s modulus values.

reduced _due to particle debonding, and so its tensile Concerning to the composite tensile strength, the
strength is reduced too. Nicolais-Narkis equation [41] is usually used to predict

Several theoretical and semiempirical models arghe tensile strength of a material containing spherical
usually used for predicting the Young’s modulus of jnclusions:

particulate filled polymers [30-32], and have also been
used in this work to compare predicted values with ex- Oc = om(l — 1.21¢f2/3) 9

perimental ones. Most of these equations are derived ) )
from Kernel's model [33], which consists of dispersed Nevertheless, another equation can be considered for

spheres into a matrix and perfectly bounded to it. Fronfaking into account the interfacial adhesion, through
a distance of each inclusion, the material is supposetf'® value of the interfacial shear strengt: (

to have homogeneous properties, whereas at the inter- |

face the properties change gradually from those of the oc = om(1— ¢r) + 25 Tt (10)
particles to those of the matrix. Nielsen adapted the

elastic properties derived by Kerner to make easy itéquation 10 is usually used to predict the tensile
practical application to the Young's modulus predictionstrength of polymers filled with fibres shorter than the
of spherical particulate filled materials. Kerner-Nielsencritical length. To adapt it to our case, the fibre aspect

[34] equation is expressed as: ratio (/d) was taken equal to one.
As shown in Fig. 4, the tensile strength of these mate-
E.—E 1+ ABg A3) rials could not be well predicted by the Nicolais-Narkis
7 "\ 1- B¢
with 25
7-5
A= m (4)
8 — 10vy o A
A
and T A =2
_ Ef/Em-1 ) QE‘Y 15 - . A

Ef/Em+ A < O\‘OO\ =1
being¢s the filler volume fraction, and, E, and E; é 1 - © e
the Young’s modulus of composite, matrix and filler - s - o -
respectively. In our cas&; has been taken equal to 05 ©=0
68600 MPa and the matrix Poisson ratig,( equal ' Nicolais-Narkis
to 0.4999 [35]. Lewis and Nielsen [36] incorporated
to the Equation 3 an additional factgr, which depends 0 . . .
on the filler volume fraction of maximum packaging, 100 150 200 250
o [37-39]: . o

Extrusion temperature (°C)
1+ ABdg Figure 4 Comparison of experimental tensile strength with predicted
E. m <7> (6) values by Nicolais-Narkis equation and interfacial shear strength-based
1- B¢y model. Symbols like in Fig. 3.
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Figure 5 Comparison of experimental tensile strength with predicted

values of Pukahszky equation, for different value pfparameter. Sym-
bols like in Fig. 3.

equation, and a model accounting for interface proper

ties seems to be more accurate. In this sense, the apps
cation of equation 10 resulted in a value of the inter->=

facial shear strength close to 2 MPa for BZ50 sample I
and it was almost zero for B50 sample as expected fror—
differences in interfacial adhesion between EPDM anc
untreated and silane-treated glass beads.

Another way of evaluating the interfacial adhesion
was developed by Puknsky [42], who established the
next equation:

1— ¢
Oc = Om 1+ 2.5¢ eXp(V¢f)
Wherey is a parameter related with the interface prop-
erties such as thickness and shear strength, and gi
us information about the capacity of the interface for
transmitting stresses between phases. As displayed
Fig. 5, the higher value gf are found for BZ50, show-

(11)

ing again this sample an improved adhesion betwee~

glass beads and EPDM matrix with respect to B50 an(®
BUC50. S

4.2. Essential work of fracture

The specific work of fractureufs) was calculated from
the area under the load/displacement curve recorde
in the fracture test (Fig. 6), and it has been plotted
against the specimen ligament length in Figs 7 and 8 it
order to findwe andwyp values. As expected, unfilled
EPDM did not display linearity between; andl val-

ues (Fig. 7), and consequently the EWF theory couldrigure 6 Plots obtained from EWF tests for (a) B50, (b) BUC50 and
not be applied. In this material the viscous phenomen@ BZ50. Numbers beside arrow indicate the ligament length values

PrmeS

60
(a)
50 - 20.2
13.5
40 - 10.0
8.3
30 - 5.9
20 -
10 -
0 1 1
0 20 40 60
Displacement (mm)
60
®) 19.7
50 1 12.9
9.9
40 1 6.0
3.0
30
20 -
10 -
O T 1
0 20 40 60
Displacement (mm)
60
(c) 20.1
50 - 10.1
9.0
40 1 20
30 -
20
10
0 . .
0 20 40 60

Displacement (mm)

occurring under tensile loading are negligible and therd™™ ©f the shown curves.

was no evidence of plastic zone developed before crack

growth initiation. In the opposite, the presence of glasghrough a general mechanism of EPDM stable ductile

bead in EPDM promoted viscous phenomena at the intearing.

terface, mainly consisting in glass bead debonding. Asa To determine the specific plastic work of fracture

result, aplastic zone is developed in these filled samplegu,) an average value of the shape facigy lfad to be

before the fracture onset, and a good linearity of pointcalculated for each material. The shape of the plastic
zone developed around the specimen ligament length
In these samples, after the plastic zone is formedvas elliptical in all cases (Fig. 9) and, according to this

around the specimen ligament, crack propagation goeshape,8 was measured in each tested specimen [29].

can be appreciated in the; againstl plots (Fig. 8).
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Figure 7 Application of EWF method to unfilled EPDM, showing no
data linearity.

100
80 A
“c 60 -
3
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Figure 9 Photographs showing the plastic zone developed in fractured
20 - DDENT specimens.
0 : : : : plastic work vp) than B50 sample, which is due to its
0 5 10 15 20 lower shape factor.

_ By the other hand, the obtained valuesu@fdo not
Ligament length (mm) show significant differences between the three filled
materials, what indicates that interfacial adhesion has

Figure 8 Lmean&_:atlon of the specific wc_)rk of_ frgcture for f||_Ied EPDM. po influence on the essential work of fracture. In other
The zone comprised between dashed lines indicates the ligament length .
range where the stress state transition is usually observed. Symbols IRYOrds, crack propagates mainly through the EPDM ma-

in Fig. 3. trix in all these samples.
The observation of the fracture surfaces by SEM
The ellipse minor axis was found to decrease as followseems to confirm the explanation given to the results,
B50> BUC50> BZ50, which indicates that interfacial which is related to differences of interfacial adhesion
adhesion limit the viscous phenomena, resulting in &etween glass beads and EPDM. This polymer exhibits
reduced area of the plastic zone. no practical adhesion with untreated glass beads, which
The obtained values of the EWF parameters havés displayed by SEM as glass bead smooth surfaces (Fig.
been compiled in Table II. By one hand, the resulting10a). Also, although the tensile strength of BUC50 was
higher value ofw, in BZ50 sample indicates that this slightly higher than B50 there is no microscopic evi-
material consumes more energy during the plastic dedence of better adhesion in this case (Fig. 10b). Never-
formation process previous to the crack propagationheless, no doubt of a good adhesion was found in com-
onset than the other two filled samples, which must bgosite BZ50, noticing by SEM rough patrticle surfaces
a direct consequence of its higher tensile strength proand partial embedding by the EPDM matrix (Fig. 10c).
moted by interfacial adhesion. Also, although BUC50 In order to verify if the obtained values of the spe-
material presented the lower values of specific work ofcific essential work of fracture agree with those of plane
fracture ), it results in a similar value of the specific stress, plane strain or mixed state of stress, Hill's crite-
rion has been checked. Forthis purpaesg,values have
_ o been compared in Fig. 11 with those predicted by Hill
TABLE Il Fracture parameters obtained from EWF application [24] for pure plane stress and plane strain conditions

Sample we (kI/NP) B wp MIM?)  (1.150y and 2.96y respectively). Values af, were ob-
tained fromtensile test carried outat 100 mm/min onthe

ancso ﬁii 8212 2-22 dumbbell-shaped specimens. Assuming the possible

BZ50 1404 0477 20.92 error made on the yield stress determination, plots

of Fig. 11 indicate that the three filled materials are
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Figure 10 Micrographs of fracture surfaces by SEM, showing different adhesion degree between EPDM matrix and glass beads, for (a) B50,
(b) BUC50 and (c) BZ50.
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5 Itis noticeable that crack propagation in these materi-
(a) als goes through a two-step process. Firstly, crack prop-
agates through stable ductile tearing, however crack
"""""""""""""""""""""""""""""" growth instability finally occurs, which is displayed as
2.97c,=3.846 a sudden drop of the load value in plots of Fig. 6. Such
3 1 final instability is found to be more intense as higher
is the interfacial adhesion degree in the filled sample
(BZ50> BUC50> B50), and it seems to be provoked
O Qa 00 Oh_oo..O by the plane strain contribution to the material stress
"""""" TR e state. So, BZ50 sample would be under a higher con-
tribution of plane strain into the mixed mode of stress,
giving the instability at the higher load values, whereas
0 . . , . B50 sample would be near to a pure plane stress state,
as explained before on a basis of Hill's criterion. Con-
0 4 8 12 16 20 sequently, if differences in the stress state of the three
Ligament length (mm) materials are assumed, the obtained valueg.should
be taken carefully.

oret (MPQ)

14 1.150,= 1.489

5. Conclusions
4 1 Glass bead-filled EPDM composites (50/50) were com-
-------------------------------------------- pounded and studied focusing on tensile and fracture
2970, =3.581 behaviour through EWF method. A good interfacial ad-
hesion between EDPM and glass beads was achieved by
means of treatment with silane Z-6032 and, as a result,
BZ50 sample showed the higher tensile strength.
Composite Young's modulus was found to be well
predicted by the main equations based in isostress con-
ditions, and two models accounting for the interfacial
shear strength were found to be right to predict the
0 T . . T tensile strength of these materials. Above an extrusion
0 4 8 12 16 oo temperature of 200C a remarkable fall in the tensile
. properties could be observed in these materials.
Ligament length(mm) Whereas EWF theory could not be applied to unfilled
5 EPDM, due to its lack of plasticity, the glass bead pres-
() ence promoted quite plasticity in this material and thus
the fracture behaviour of filled EPDM samples could
-------------------------------------------- be studied by means of the EWF concept. It was found
2.970,=3.828 that the strength of the interface, which could be var-
3 A ied through glass surface treatment with silane, played
an important role in the composite fracture behaviour.
A Firstly, the higher adhesion degree, the higher specific
plastic work of fracture, due to a higher tensile strength.
-------------------------------------------- Secondly, although no remarkable differences of the
1.150, =1.482 specific essential work of fracture{) were found be-
tween the three filled materials (which would be due
to a common mechanism of crack growth through the
0 ' ' ' ' EPDM matrix) the higher adhesion degree at the inter-
0 4 8 12 16 20 face resulted in a higher contribution of plane strain to
the material stress state. This resulted in more intense
final crack propagation instability in the sample with
Figure 11 Maximum net stress values in comparison with Hill's predic- Oetter adhesion (BZ50).

tions for (a) B50, (b) BUC50 and (c) BZ50. Dashed lines represent the
stress values for pure plane stress and pure plane strain according to H%cknowledgements
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Onet (MPa)
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under a mixed mode of stress, althoughy: values
of BUC50 and specially B50 sample are close to
1.150y. The following criterion, which is usually used
to asses plane strain conditions, has been also checked:
t > 25 (we/oy). In the three sampléwalues have been References
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