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ABSTRACT

The present investigation is concerned with evaluation of the impact
fracture toughness of novel blends based on commercial polypropylene
homopalymer (PPH} and clastomeric polyolefin  (POEs). At room
temperature and high load rate, PPH behaves in a brittle manner while
the blends exhibited semi-brittle behavior as judged from the nonlinearily
in load defllection curves and fracture surface appearance, The chailenge of
determining reliable toughness values was faced by uapplying difterent
approaches available in the literature based on fracture mechanics
concepts, including corrected linear elastic [racture mechanics (LEFM).
equivalent energy concepl, and non-ILEFM. The (racture (oughness data of
the blends appeared to be widely scattered in accord with the samples
being in the ductile—brittle transition region. In order to provide a
consistent description of the entire range of sample behavior, the statistical
weakest link model was also applied to (he data.
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INTRODUCTION

The greal attraction in plastics as engineering materials is the way in which
their properties can be tailored te a specific necd. The lack of toughness at high
testing rate and room temperature, combined with high notch sensitivity,
exhibited by PP homopolymer hamper its high performance applications. As its
brittleness was explained in terms of the vicinity of its 7, to room temperature,
the usual way to achieve better impact properties for PP homopolymer is by
adding elastomers. Blending polypropylene with rubber particles allows lowering
the brittle-to-ductile transition temperature with a corresponding increase in
toughness.

Fracture properties of several polypropylene—rubber blends, such as PP
modificd with EPR or EPDM, have been extensively studied due to their
technological value.!'™®" However, recent devclopments of commercial
metallocenc catalyzed thermoplastic polyolefin elastomers have been suggested
to create new frontiers for polypropylene maodification.!”! Although a recent article
has evaluated the impact performance of these novel blends by using standard
tests,!® the fracture and deformation behaviors of polypropylene homopolymer
(PPH) toughened by metallocene catalyzed polyethylene elastomer are still
unknown,

In this article. blends based on commercial PPH and elastomeric metallocene
catalyzed polyolefin (POEs) are investigated under impact loading in the 0-30%
range.

As is well known, the use of fracture mechanics theory allows description
of the toughness of a material by parameters which are true matenal properties.
However, the toughness determination in the framework of [racture mechanics
theory is conditioned 1o the behavior displayed by the material itsell. Up to date,
very few procedures have been standardized'®~"?! in the polymer field. Linear
elastic fracture mechanics (LEFM) has been widely applied to the evaluation of
the fracture behavior of brittle polymers when the size of the plastic zone is
much smaller (han the in-plane specimen dimensions and the initiation of
unstable fracture can be accurately described by K¢ or Gy parameters. The most
widely accepled method to determine the high rate fracture toughness (around
Imsec ") for linear-elastic polymcric materials behavior is the G
methodelogy!'" ! since it avoids the need of determining the Young's
modulus (E) at a reliable test rate. On the other hand, for tough polymers,
clastic-plastic fracture mechanics (EPFM) concepts, such as the J-Intcgral, have
been introduced''®~'*! ingpite of the inherent difficulties of J methodology in
dynamic loading conditions.

Since the role of elastomer modification is to promote crack tip plasticity,
nonlinearity in the force displacement curves is inevitable and fully linear elastic
behavior is generally not observed in toughened blends.!>'*~2l Currently a
suitable methodology to delermine fracture toughness in the semi-brittle regime
for polymers does not exist. The direct application of LEFM or EPFM under the
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latter situation is not possible since the required conditions are only partially
mel.

Fracture mechanics approaches, which implies the use of instrumented test
curves and which take into account the characteristic deviations from extreme
behaviors. werc tried in order (o analyze experimental data obtained for these
novel blends. The mentioned methodologies are: Corrected LEFM, equivalent
encrgy concept and the non-LEFM. The different fracture toughness parameters
calculated are compared and their pertinence is also discussed.

EXPERIMENTAL

Experiments were conducted on blends based on commercial PPH (Cuyolen
NX1100, from Petroquimica Cuyo SAIC) and elastomeric polyolefin (POEs)
(ENGAGE 8100 [rom Dow Chemicals) up to 30 %wt. Blends prepared in a twin
screw extruder were kindly provided by Petroquimica Cuyo SAIC in the form of
pellets.

Pellets were compression molded inte 8 mm thick plagues at 200°C. Plagues
were then annealed for 1 hr at 120°C in order to release residual thermal stresses
generated during molding. The morphology of the PPH-POEs blends has been
determined elscwhere, they form immiscible phase separaled blends with the
spherical elastomeric inclusions randomly dispersed in the neat PPH
matrix. 212!

Bars for fracture cxperiments were cut from the compression maolded plaques
and then machined to reach the final dimensions and improve edge surface
finishing. Sharp notches were introduced by scalpel-sliding a razor blade having
an on-edge tip radius of (.13 um.

Impact testing was carried out using a Fractovis Ceast Falling weight lype
machine. The spurious contributions lo the measured energy due to machine
compliance and specimen indentation were corrected following usual
practices'' 1121 at 0.5 m/sec.

Pre-cracked specimens were tested in three point bending at room
temperature and at § m/sec. The specimen thickness, B, and the span to depth
ratio, S/W, were always kept cqual 1o W/2 and 4, respectively.

The original crack length, @, and the stress whitened zone length r, werc
physically measured from the fracture surface using a profile projector with a
magnification of 20 X . Briltle or semi-brittle fracture propagation rcgimes were
judged by the shape of the load—displacement curves and conflirmed from the
fracture surface appearance examined by optical microscopy. Fracture surfaces
were also analyzed by SEM.

Elastic modulus ol the malerials at high strain rate was estimated using
unnotched bend specimens according to the procedure proposcd by Gretlmann
et al.™! Yield strength was evaluated according to the normalized uniaxial test al
low deformation rate.!**!
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DATA ANALYSIS

Energy Release Rate, Gy Determination

ISO/DIS 17281 Standard''!! states that for brittle behavior, a basically linear
relationship exists between the fracture energy, U; and the energy calibration
factor, ¢. This relationship allows, by testing specimens having a crack depth
ranging from 0.3 to 0.7 (a/W), to calculate the critical strain energy release rate
Gyc for unstable fracture from the slope of the U vs. the product of the specimen
dimensions and the energy calibration function (BW¢h) plot. U is the cnergy
absorbed by the specimen during fracture, B and W arc the specimen thickness and
width, respectively. and the calibration factor, ¢. depends on the length of crack
size of the sample (a,,).

In the case of limited plasticity, the corrected elastic fracturc mechanics
concept may be applicd.!*! 1t basically consists in replacing «, by an effective
crack length acy = a, + #p, Lthen calculating Gie: following the normal elastic
procedure. For the latter calculations, £, was taken to be the white halo denoted on
the post mortem fracture surfaces without distinguishing between sub-critical
crack growth and true plastic deformation zone.

For Gy determination, ¢/ was taken as the energy absorbed up to the
maximum load F,,,. as shown schematically in Fig. la.

Stress Intensity Factor, K\

ax Determination

Alternatively, the stress intensity factor K¢ was calculated according (o the
standardized proccdure,'o" ' via the following equations:

Kic = B:;— (H) (h

@y %\/n
)=

X {1.99 - (1-4) [2.15 -3.93( ) +2.?(i)‘]} @)
14 W 14 W

for single edge notched bend specimens SE(B). where F is the load. W is the
specimen width, and § is the support span. Through this paper £ was taken as
the maximum of the load displucement trace (sce Fig. 1): thus the toughness
parameter obtained is KIS which may defer from the real critical parameter
Kic. This approach was selected since it had been proven to provide u
consistent description of the entire range of sample behavior in other similar
systems.! !
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(a)

L
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Figure I. Example of energy and load determination used in the applied methodologies. (a) Linear
elastic methods and (b) equivalent energy method.

Equivalent Energy Method, K| Determination

The equivalent energy method,'*°' developed by witt'*’! in order to extend
LEFM to metals where yielding has occurred prior to reaching maximum load, has
also been applied to po]ymers.'m Briefly, this concept states that an equivalent
amount of energy would have been necessary to reach maximum load had the
specimen been thick enough to avoid general yielding prior to fracture (that is, had
the specimen been thick enough for plane-strain conditions to have existed). This
methodology (ASTM E992-84) requires the experimental estimation of a
pseudoelastic load F* which is related to the deformation energy U and the initial
slope, tan a, of load—displacement plots through Eq. (3) which then replaces F in
Eq. (1) (Fig. 1b).

F* = 2Utan « (3)
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Nonlinear Elastic Fracture Mechanics, .J. Determination
The J. parameter””*"! is applicablc to characterize quasi-brittle failure
behavior (quasi linear load—displacement curves with sharp load drop at the point
of fracture). The J- integral was evaluated at the instability load point (Eq. (4)), by
calculating the fracture energy required to produce cleavage behavior,

2 Ulm
Jo= ot )

B(W —a)
Although ASTM E8§13-87 and ASTM E1152-87 apply only to ducuh, fracture
more recent standards permit J testing of materials that fail by cleavage.”® Tt has

been shown that J. can be applied to polymers if the critical J values are
independent of specimen size,?'!

Weakest Link Theory, Weibull Function

A three-parameter Weibull cumulative frequency distribution**! was

chosen to fit the distribution of J. values.

Jc _Jmin b
=1 - Y A 5
Ps exp{ (9] _Jmin) ] (3)
i— 0.3

br=N+01 6)

where P; is the cumulative probability of failure, N the number of tests, and i the
rank corresponding to each N value. The three fitting constants are the scale
parameter, 8y (J, equals 8; when Prequals 0.632), the Weibull slope # which is the
shape of the distribution and is a measure of the rejative scatter, and. /i, the
lower-bound toughness value that defines a lower limiting toughness for
specimens of infinite thickness. The threc fitting parameters were simultaneously
determined by minimum squares. The toughness density function, Pdy, can then be
obtained from the model parameters by analytical derivation of Py with respect to
J.. Then the most frequent toughness value (median value) can be inferred from
the maximum of the toughness density function. 1331

Comparison of Parameters

For comparative purposes, it is preferable to convert J, and Gy to equivalent
K¢ values through the foliowing relationshiplzs“w:

K&- =/ G|(3E* (?)
Kl = \/J.E*

A
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where £* is the E for the plane stress state, E¥ is EA1 — »7) for the plane strain
state, and » is Poisson’s ratio.

Size Requirements Conditions

Tn order to check the geometry independency of the toughness parameters,
the size requirements for the ditferent methodologies were evaluated.

The size requirement for a valid plane strain fracture toughness K value (Kc)
is given by Ref. [9]:

2

K

BAW—ay), a> a(—) )]
O'y

where g, is the yield stress and « has an empirical value of 2.5. However, it has

recently been shown that this empirical value (obtained from metal results)

overestimates the size requirements for polymcrs'zs'.

The size requirement for a Jj is given by:

J
BAW —ayp). a=> B(—) 9
Ty
where $ has a value of 25. Likewise, it was recently found that 3 is somewhat higher
for polymeric materi als"*¥ and also dependent on the material properties:lzg]

B =1224"" with J in N/mm (10)

In both cases the criteria adopted yield conservative size values since the yield
stress was evaluated at low strain rate representing a lower bound value.

RESULTS AND DISCUSSION

Phenomenology

Striking differences in fracture behavior were observed between neal
polypropylene and POEs modified blends. Typical load—time curves of materials
obtained during instrumented impact tests are given in Fig. 2. Superimposed
oscillations of the signal are due to the well-known dynamics effects.''*) This
diagram shows a transition in the mechanical behavior. The transition occurs from
pure elastic (PPH) to elastic—plastic material behavior with predominantly
unstable crack growth (PPH/POEs blends).

The PPH samples fractured in an unstable brittle way. Load—time curves
dropped to zero instantaneously upon reaching the maximum load at relatively
short time levels (Fig. 2). Consistently, the fracture surface features were mirror-
smooth without stress whitening (Fig. 3a}.

On the other hand, the blends exhibited semi-brittle behavior.'™?*! The
load increased nonlincarly and displayed a drastic drop at large time values
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Figare 2. Typical load—time curves obtained at 1m/sec.

(Fig. 2) in coincidence with sample failure. The pattern exhibited by the
modified materials may be caused by plasticity, sub-critical crack growth, or
both phenomena. Posi-mortem fracture surface analysis revealed two distinet
zones; a rough and whitened zone developed ahead of the crack tip followed
by a smooth mirrorlike zone (Fig. 3b). Neither the naked eye nor scanning
electron microscopy (SEM) inspections allowed us to undoubtedly discern
whether this damage zone corresponds to plastic deformation or stable crack
growth (Fig. 4). Nevertheless, in some specimens it was possible to observe
what was presumed to be a small amount of sub-critical crack growth, (Aa).
especially for 20% POEs samples. Hence, if stable crack growth is present, it
can be considered negligible compared with the starter crack and the damage
zone length.

Fracture surface analysis revealed that the 20% POEs samples exhibited a
large plastic zone developed at crack tip concomitantly with the maximum in the
impact duration (Fig. 2). It clearly emerged that this composition has the largest
tendency towards gaining stability in crack propagation.

Even though the load-line traces (Fig. 2) are similar to that ol other PP—
rubber blends in which stable propagation wus reportcd,m‘?’(jI completely stable
behavior was not displayed by any of the tested specimens.

Quantitative Assessment

Impact fracture toughness values determined by the diflerent approaches
explained in the section “Data Analysis™ are summarized in Tables 1 and 2.

e e e e e e e e e e .ﬁ_.,,.dv.ﬁ._”._,_J
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(a)

(b)

Figure 3. Fractographs of the fracture surfaces of {a) PPH, (b) PP 4 10% POEs fractured at

1 m/sec.

Brittle Regime

The impact fracture behavior of PPH samples, which occurred in the elastic
regime, seems to be well represented by the elastic fracture mechanics-based
case rate (Gc) plot is shown in Fig. 5 (filled

methodologies. The critical energy re
squares and solid line). The linearity of the regression line judged by the
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Figure 4. SEM micrographs of the fracture surface of PP + 10% POEs fractured at Im/sec.

correlation factor value (see R in Table 1) is quite good. The stress intensity
factor (K%) and its 95% confidence limits are shown in Table 1. The scatter of the
data points may be considered acceptable for impact testing. The differences
obtained between average K" and the inferred K & [obtained via Eq. (7)] seems
to arise from the uncertainty in the dynamic Young’s modulus value.

The J-Integral at instability point, J., and the derived K’ |Eq. (7)] are given
in Table 2. An excellent agreement between the two energetic critical parameters
derived from linear-elastic and nonlinear elastic methodologies, respectively, was
found. J. results are practically equal to Gyc and hence Ki¢. coincides with K.

In the unstable brittle regime, all proposed methodologies are strictly
applicable and as the plane strain size requirements have been met (see Table 3),
real critical fracture toughness parameters could be determined.

Table I. Fracture Toughness Determined from Linear Elastic Fracture Mechanics Based
Methodologies

Elastic and Corrected Elastic
Equivalent Energy

Gie [Nfmm] K¢ [MPam'?] K7™ [MPam'"] Kt [MPam'”]
Material (R%) Eq. (7) (K + 2sd)* (K + 2sd)®
PPH 1.04 (0.90) 1.48 172 + 032 —
PP + 10% POEs  3.57 (0.79) 2.51 2,67 = 0.46 251 +0.54
PP + 20% POEs 428 (0.73) 2.46 2.34 * 0.56 231 +0.22
PP + 30% POEs  2.71 (0.83) 1.71 1.99 + 0.48 1.83 + 0.64

1959 confidence limits for K.
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Table 2. TFracture Toughness Determined from Non Linear Elustic Method and Weibull Model

Weibull Analysis

Filing Parameters Toughness parameters
Material Joie [INMm] & [N/mm] b Je. INfmm] Ko [MPa m'?]
PPH — — — 1.08 1.51
PP + 10% POEs 302 4.20 1.28 3.37 2.43
PP + 20% POEs 241 4.24 1.52 3.30 2.16
PP 4 30% PQEs 1.63 312 3.4 273 1.72

Semibrittle Regime

As a first atlempt to evaluate the toughness of the blends in the semibrittle
transition region, the traditional corrected elastic method was tried. As can be
observed in Fig. 5, the data appear widcly scattered and a good linear fiiting could
not be obtained for any of the blends (see R 2 in Table 1). The inconsistency of the
methodology arises from the excessive damage zome developed before crack
propagation, which violates the model assumption.!'*! Further, G’ﬁ can not be
considered a relevant fracture parameter in order to assess the fracture toughness
of the studied blends.

The blend’s fracture behaviors were then examined by the equivalent encrgy
concepl and compared with the linear elastic stress intensity factor. Consistent

0,25
Data values LinearFit
m TIPH
020 @ PP+10%POEs -----
. A PP-20%POEs - - - 2
* PP+30%POEs ---- a
0,15
=
-]
0,10
0,05 o
0,00

50

BW.d{mm")

Figure 5. Determination of fracture parameters. Lincar elastic (Gie) and corrected linear elastic

(GS:) methodologies.
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Table 3. Plane Strain Size Reguirements of Fracture Parameters

Size Requirement # = 00 imm)
For 4,
o, Nominal £ o Ay For 1. (lys (9 und
Miterial (M) [mim) thg. tin tha. 19 {1y
I'PH 370 b A nz a.l
PP+ 109 POLS 132 7 210 25 7.3
PP — 200 PO YR TA IN.7 R 52
oIk} 7.3

PP 4+ 30 PO 25,

238 2.7 44

with its delinitions, the encrgy equivalent concept K. led to slightly lower values
than A2, but both methodologies yield practically the same results. On the other
hand, a closer look at the blends results revealed that the +95% conlidence limits
tvee Table 1) are 00 wide and the scatter bands overlap. Size independency of
paramelers has not been met (see Table 33, Under this situation, an average
toughness value lacks signiticance.

Iixperimental data was then analyvzed in terms of J. and results are shown in a
three parameters Weibull 1vpe plotin Fig. 6 [Egs. ¢5) and {6}]. It can be observed
that the data values appear widely scattered (see b parameter in Table 2) even
though the size requirements were practically met (see Table 3). Some specimens.,
cven if theoretically identical, Failed with little plastic deformation while other
specimens had large stress whitening zones prior (o cleavage. as can be observed
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Figure 6. Davi scuter of J_ values o terms of . shree parameter Werbull model,



1243

PP-ELASTOMERIC POLYOLEFIN BI ENDS

in the Weibull analysis given in Fig. 7 (the weakest jink model was also applied to

damage zone length values and density distributions derived).
The various methods predict the same material’s ranking and the same trend

for meuan paramcters (sce Tables 1 and 2); however, the scaiter bands

corresponding to the parameters obtained for the different compositions
overlapped. Hence. meaningful parameters cannot be obtained by simple
averaging the values obtained from the repeated runs.

From the above described resuits, we can obtain a simple conclusion:
independently of the approach uscd Lo asscss the blend's fracture toughness, the
data arc widely scattered and seem to be better described by a distribution of
values rather than a single value (see the toughness density functions in Fig. 8).
The scatter is inherent o the material behavior since increasing the number of
determinations could not climinate it. A previous work carricd out on a similar
neat PP commercial grade under static conditions showed that the PP toughness
values were also widely scattered and different levels of ductile tearing before
cleavage were reached, 7! The present investigation clearly shows that dynamic
loading supptessed PP homopolymer ductile tearing and the concomitant scaticr,
hence atlowing use of traditional linear elastic methodologics with confidence. It
is worth pointing out that the predicted toughness parameter value, J. =
1.08 N/mm. is well below the lower-bound value found under static conditions,
Join = 6N/mm‘m' On the other hand, elastomer modification improves the
fracture behavior of PP shifting the ductile—brittle transition to a higher speed
testing, Our [indings are consistent with those of Gensler et al.??*! who also
reporied scatiering in toughness measurcments in similar blends associated with

2.5 -
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1.5 ! I I
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Figure 7. Variation of the disiribution of damage zone length (7,) at cleavage instability according

(o o two parameter Weibull madel.



1244 FASCE AND FRONTINI

08
oxd PP +10% POFs
’ - - - PP+20% POEs
- —— PP+ 30 % POEs
0.6 -""".\ ,I) 5
)/ \{ N
0.5 ! 1 K
1 1
’l : \ Y
' '
= 04 4 rl ,1' TN \
=9 1 2 1 =
' P \ AN
03 1 .If o L W
! ‘ L
H 1 1 Y
nz 4 f A |
il J‘I : ! \\ \h
! ! : \\ .
0,1 ! Fooa s
P N
y c T Bt T
00 T ] T T T ===l
1 2 3 4 s 6 7 8
Je (N/mim)

Figare 8. Toughness density functions derived from Weibull analysis: Prediction of median /.

values.

the competition belween mechanisms that promote ductile tearing (shear yielding)
. , o 139 . .
and cleavage fracture {crazing) ' under the testing conditions used.

Scatter in Toughness Values

The most developed approach for explaining scatter and size effects of
fracture toughness has been the weakest link model, which has been applied to
data for steels in the ductile—brittle transition region.'*"! This theory assumes that
small regions of very low toughness. called weakest links, are randomly
distributed in the material. Failure occurs if at one of these weakest links the
critical stress is reached. The fracture load depends on the location of the “weak
link™ in the volume ahead of the crack tip and on the critical stress of the individual
weak link, This statistical model seems to fit J. distribution quite well as can be
observed from Fig. 6, and hence allows us to set a J,;, parameter (sec Table 2),
which is a lower bound toughness in the ductile to brittle transition region. This
Jmin parameter is useful as a design parameter and also for comparative
purposes.M'J

The best overall performance wus displayed by the 10% elastomer blend.
Further elastomer incorporation was less effective in toughening (Table 2). The
larger scatter in the 20% elastomer blend originates from the large trend to
stability (ductile tearing) before cleavage failure.[*?! The nature of the impair next
in properties shown by blends containing more than 20 %wt POEs will be further

discussed in a futurc paper.
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CONCLUDING REMARKS

A phenomenological study was carried out on metallocene-catalyzed elastomer
modified PP blends in the range —30 %wL. Results show that impact toughness of PP
homopolymer was greatly cnhanced by the presence of the elastomer. The size
independence of the paramcters caleulated was not directly verified since only one
thickness of sample was assayed: however, results are strictly comparable.

The PP homopolymer behaved in an elastic way and {racture propagation
occurred by cleavage. The toughness parameter could be casily derived from
cither current linear (Gie and K¢} and nonlinear (J.) elastic fracture mechanics
approaches. Hence. due to the simplicity of determination, the J. paramelter
appears as an interesting alternative methodology 10 evaluate cleavage fracture
ander impact conditions.

The differences obscrved between K¢ values predicted from equivalent
energy method and that calculated from the load field may arise from the
uncertainty in predicting Young’s modulus.

Blcnds of propylene homopolymer and POEs secm (o behave according to a
semi-brittle paticen when tested at room lemperature and high loading rate. us
judged from the nonlinearity in load deflection records and the appearance of the
fracture surfaces. Relevant damage 7Zones developed ahead of the crack tip prior to
catastrophic crack propagation were revealed as a white halo in the fracture surface.
It was difficult to distinguish if stress whitening was due 1o sub-critical crack
growth, plastic deformation, or both elfects combined. Hence the J—R curve, which
was useful to determine a lower bound toughness in the case of PP static toughness
detenninati(m,m' cannot be used here due to the uncertainty in the measurement of
crack advance. The LEFM methodologics, which were modified to take into
account plasticity effects, were tried in order to assess the toughness paramcters of
the blends. Cosrected ¢lastic methodology could not be applied due to the very high
nonlinearity of behavior. Kig™, KE.,and J.approaches were tried. Even if very good
agreement between the mean fracture toughness parameters obtained from the
methodologies were obtained, the results were widely scaticred {measured by the
standard deviarion) and hence the average paramelers lacked significance. Only the
J, parameter deduced from the nonlinear elastic approach, mel size requirements.
As the behavior shows very similar characteristics to those developed by steels in
the ductile—brittle transition regime”‘”, the results were presented in the way of a
Weibull plot according to the statistical weakest link model. Reliable lower bound
toughness, Juin, se€ms (O be obtained. Indeed, for comparative purposes, median
values derived from the Weibull model can be very useful parameters. The
toughness was optimal for 10% elastomer blend.

Further work is in progress in order to develop new approaches based on the
weakest link philosophy to evalualc polymer fracture behavior in the ductile to
brittle transition region. The work will aim to assess if data taken from small
fracture mechanics-type specimens can be used to infer the {racture toughness
performance in full-scale structures.
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