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ABSTRACT

In this paper the effects of mlca on the fracture propertiés of
. mlca-reinforced polypropylene are discussed. Post-yield fracture
mechanics econcepts were used to characterize the crack initiation and
propagation resistances of this composite containing different mica
concentrations. Although mica addition leads to an apparently brittle
composite, the crack dinitiation 1is slightly Increased with mica
concentration up to 10% by weight and significant improvement in crack
propagation performancé was found for polypropyleme reinforced by up to
20% of mlca in comparison to that of virgin polypropylene. The debonding
of the interface between mica flakes and the matrix 1leads to a
micro-ductility ahead of the crack tip in which the matrix is able .to
pull out from mica particles and to stretch. This micro-ductility
also prevents the brittle, unstable crack propagation which is due to the
coalescence of voids in pure polypropyléne. Above 207 of ‘mica the
reduction of the effective amount of the matrix material reéulté in a
substantial drop in the resistance to crack growth of mica-reinforced

polypropylene.




INTRODUCTION

Fillers have been widely used in commercial production of_polfmers to im—
prove certain physical properties for specific aﬁplicétions. ' The main
effects of fillers on polymers are the increéase of modulus and hardness,
and the reduction of creep and distortion at eievated temperature {(1).
One of the recent additions to the family of fillers is ground and dela-
ginated mlca. This filler has been shown to be an attractive material
since it can combine interesting perfdrmance improvement with low cost
effectiveness. Addition of mica to plastics improves the chemical resis~
tance and dimensiomal stability and reduces the gas diffusivity of the
resulting composites (2, 3). According to the theQretical calculations
of platelet reinforced composites. (4, 5), the modulus of polymers rein-=
forced by mica 1is, in general, significantly increased as shown in the

case of mica-reinforced polypropylene (6-12).

However the effects of mica on polymer strength remain unclear. Although
theoretically mica should substantially increase the strength of plastics
(4, 5, 13), Okuno and Woodhams {(7) and Boaira and Chaffey (8) have noted
a drop in strength for mica-reinforced polypropylene in the absence of a
coupling agent due to poor bonding between mica and polymer. When a cou-
pling agent is used, strength performance can be moderately improved, Cn
the other hand, the impact resistance of polymers, as measured by Charpy
or Izod tests, seems to be decreased when mica is added (6,.9, 12, 13,
16). As pointed out by Friedrich and Karsch (15), when thermoplastic po-
lymers orientate or crystallize with strain, they ‘exhibit poor bonding
with fillers, and thus are able to draw out from the particles to stretch
and to work harden., The matrix stretching usually requires a large
amount of energy in a fracture process whereas the energy required for
the formation of voids and cracking of the interface between the polymer
and the filler is far less. TFor these reasons the addition of fillers
usually results in a more or less continuous and drastic reduction of the
fracture properties. A better understanding of the fracture resistance
of mica—-filled polypropylene is thus needed for a more confident use of

this materlial.




In this study the fracture strength and mechanisms df a mica-reinforced
homopolymer polypropylene are investigated. Fracture mechanics were
used to characterize the material capacity to resist the crack growth
gince it has been demonstrated by a great number of examples that fallure
processes are often assoclated with the propagation of cracks originating
from flaws and that fracture resistance of polymers is very often related

52 {ts crack extension resistance.

In linear elastic fracture mechanies the material parameters which char-
acterize the crack initiation is described by the ffécture toughness Kc
or Go (16-18), For a valid evaluation of these fracture toughness para-
meters, the theory envisages the dimensions of the specimen and the crack
to be much larger than the size of the plastic zome around the crack
tip. For tough materials like plastics, a substantial amount of plasti-
city often occurs before crack growth, This requires that the dimensions
of the specimehs used for the determination of Gec or Kc must be very lar-—
ge. However injection molded products have relativeiy small thickness
compared to the plastic zone size, invalidating the use of linear elastic
fracture mechanics. In the case of large-scale plastieity, post-yield
fracture mechanics such as the path independent J integral and the crack
growth resistance R curve method must be used as a quantitative charac—
terization of fracture. The latter concepts were employed to examine the
fracture processes of mica-reinforced polypropylene. The fracture para-

meters in the elastic-plastic regime are also discussed.




EXPERIMENTAL

Materials: L )

The mica used was a phlogopite variety with a highlaspect ratio, supplied
by Marietta Resources International Ltd., ‘Boucherville, Canada. This.
commerclially available mica was an untreated Suzorite 200HK grade having
in average particle size of 149ym and a shape factor 3 of 59.1, the

latter parameter being closely related to the average aspect ratio (19).

The polymer used in this study was an injection grade polypropylene, Pro-
fax 6301 from Hercules Canada Ltd. The resin was in the powder or "as

polymerized” form, having a melt index of 12 g/10 min.{ASTM D1238).

Sample preparation:

Mica and polypropylene powders were dry blended in a Welex high intensi-
ty mixer (Model ESK-80) to obtain 1, 3, 5, 10, 40 and 60 percent by
weight of mica content. The dry blend was fed directly into an Engel re-
ciprocating injection press {Model Es 150-70) having a clamping force of
70 tons.

The tensile—specimens (ASTM D638, type I) were injection molded using
process condltions previously published (19). The specimens used for
fracture tests were of the 3~point-bend type and were cut out from injec—
tion molded sheets of 6 x 30 x 90 om. The .dimensions of these

3~point-bend specimens were 6 x 13 x 90 mm and are shown in Figure 1.

The initial crack made in the three-point-bend specimen was 5;2 mm long,
giving a ratio of initial crack length over specimen width (a/D) of 0.4.
The initial crack was first made with a band saw to a depth of 3 mm and

the final 2.2 mm was done by pushing a razor blade into the specimen in a
| special jig on a laboratory press. The notch made by the razor blade had

a radius of less than 30 ym.




Testing procedure!

All tests were performed on a standard testing machine (Instron, Model
1125). The temsile tests were performed with a cross-head speed of
10mm/min. The initial modulus was determined from the slope of the
load-deformation curves. The deformations were measured by a strain gage
extensometer Imstron, Model No. A325-24 2630-004, having a gage length of

k_inch. An average value was determined from 6 test specimens.

The fracture toughness was measured, uéing the three=-polut-bend specimen,
with a ratio of support span to specimen width, S/b; of 4 according to
the recommendation of the ASTM standard test method, designation E-399.
The cross—head éﬁeed in the tﬂree—point-bend fracture toughness tests

was also 10 mm/min.

RESULTS AND DISCUSSION

Preliminary results:

Figures 2 to 4 show the effects of mica content on the Young modulus, the
yield strength and the yleld and fracture elongations of mica-reinforced
polypropylene. As pointed out in previously reported investigations, the
Young modulus was found to increase strongly with mica content. The
yield strength is slightly improved up to 10%; beyond 10% it undergoes a
decline. This confirms that the tensile strength depends on the ability
of the matrix to stretch and to support the load (19). This ability isva
function of the volumetric packing fraction bf.the filler. At low filler
concentration the matrix is not restricted in its ability to stretch and
therefore would be expected to provide greater strength, Héﬁevér, the
variation of the yield stress remains relatively small for all mica con-—
centrations. This effect of mica on the yleld strength of polypropylene
is similar to its effect on low-density polyethylene (20}.




In Fig. 4 the yileld and fracture elongations are ﬁlotted against mica
content., Since it is very difficult to measure the true deformation at
necking point, these elongations are considered as the nominal deforma-
tidns of the specimen gage length at yileld and fracture. Thé nominal
yleld and fracture elongations are considerably reduced when mica is add-
ed (Fig. 4). These results suggest that mlca ahdition would lead to a
more or less continuous and drastic reduction of the fracture properties,

K .
resulting in a brittle product as is the case in other filled polymers.

However, the load-displacement curves of the fracture toughness tests
(Fig. 5) on three—point—bend specimens show a surprising effect. 1In the
presence of a sharp notch, virgin polypropylene exhibits a purely brittle
hbehavibr.- Fracture occurs at a constant deflection with the aid of the
energy provided by the elastic strain energy stored in the sample. With
the addition of mica the fracture behavior of micafreinforced'polypropy—
lene becomes more and more ductile. Up to 53 % by weight of mica the
unstable fracture (at constant displacement) still_occurs but the amounts
of plastic deformation and stable crack growth are increased with mica
content. The plastic deformation, which is possibly accompanied by
stable crack propagation, 1s represented by the non-linear region of the
load versus displacement curve., Since the areas under these curves in-
crease, the energy absorbed by the specimen to fracture increases with
mica content, all the specimens tested having the same crack length and
dimensions. Above 5% mica welght content, no unstable fracture was ob-
served at the cross-head speed of 10 mm/min,  The crack grows With conti-
nuous supply of energy from the external.load (witﬁ continuous increase
in displacement until complete fracture). The amount of plasticity,
which is represented by the load level during fracture, continues to
augment up to 20% mica welght content. Above 20%, the stable fracture
atill occurs but, after reaching a maximum, the load drops more and more
drastically as the mica content is increased. This shows a diminution of

the energy absorbed by the specimen.

The plane strain fracture toughness testing requires a small-gcale yield-

ing condition, that is, the crack length, specimen thickness and the




specimen width must be much larger than the plastic zone size at the
crack tip (rP). Based on Irwin's approximation of the radius of the

plane strain plaétic zone size:

1 -
In = —'6_]]: (KIQ/U}?) . {1]

E ; '
where Kr. is the material fracture toughness and oy 1s the yleld

stress, the criteria of validity of Ky, value recommended in the stan-

dard procedure ASTM E-399 are:

crack length a 2 2.5 (chfdy)z
specimen thickness B 2 2.5 (chhy)z

This condition 1s equiwvalent to the requirement that the ratio of the

maximum load (Pmax) to the load obtained from a secant offset Py {see
Ref. 21) must be less or equal to l.1. This condition 1s only satisfied
in the cases of virgin polypropylene and polypropylene containing 1% by
weight of mica in which the curvature of the load-deformation curve is
small. . For higher mica content the small scale ylelding condition 1is not
met because the curvature 1s too large and Pmax/Pq > 1.1. The plane
strain fracture toughness value thus becomes meaningless. In this case
the standard procedure recommends the use of a dimensionless value, the
specimen strength ratio, as a comparative measure of the toughness. The

specimen strength ratio of three—point-bend specimens 1s given by (21):
Rsb = 6 Pmax D/B(D-2)? oy 2]

It has also been shown that Rsb2 is proportional to KICZ/oyzD

(23) in the case of metals.

Figure 6 shows the wvariation of Rsb2 with mica content. This result
indicates qualitatively that the plane strain fracture toughness of




polypropylene increases with mlca addition wup to. 20% by welght and
decreases above this concentration., However the specimen strength ratio
is.only a comparative value and its relation to the_plane_straiq fracture’
toughness in the case of composite materials has nbt-yét‘been demonstra-
ted, the fracture mechanisms of these materlals being complex because of
the debonding between mica and wmatrix, formation of voids, matrix
gtretching, etc. In order to confirm this effeect of mlca on crack
fﬁitiation resistance of mica reinforced ﬁolypropylene, other methods

taking into account the plasticity at the crack tip must be used.

Crack initiation study:

In large scale plast1c1ty, it has been shown that the stress and strain
fields at the crack tip can be described with the aid of a contour integ—
ral commonly known as J-integral. J-integral was proposed by Rice (24).
It is defined for two-dimensional problems and Is given by: .

Ju
- Ir Wdy - T.E; ds [31]

"where T is any contour surrounding the crack tip, T is the traction vec-
tor defined by the outward normal n along T (Fig. 7), Ti = 9ij Rj, s is
the arc length along I, u is the displacement vector and W is the strain

energy glven by

Emn

a o143 d €5 [4]

Hutchinson (25) and Rice and Rosengren (26) have shown that a singularity
does exist at the crack tip in large scale plasticity and the crack tip
stress—strain singularity can be characterized by the J-integral parame-
ter. It can therefore be used as a failure criterien for large scale
ylelding. J also represents the flow of energy into the crack tip region

and is_stated mathematically as:




du
J = e ) [5]
da ’

where U is the potential energy and a is the crack length (24). For the
pure elastic case (small scale yielding), J-integral has been shown to be

édentical to the straln energy release rate G.

It is worth noting that as a fractufe parameter, J-integral has many
iimitations (27-29) and especlally 1in the case of éomposite systems the
deformation theory of plasticity is not respected. In addition there is
formation of woids at the matrix-filler interface. This will result in a
destruction of any characteristic crack tip sgingularity. However J can
be considered as an alternative energy balance criterion of frécture
since it represents the flow of energy into the crack tip regioﬁ . Rice
et al. have introduced an approximate equation for the calculation of J

in deeply notched, bend-type specimens (30)

pdi)
J = ——— [6]
B(D-a)

where U is measured from the area under the load versus load point de-
flection curve. This equation is the basis for the multiple specimen re-
sistance (R) curve method for determining the fracture toughness first
developed by Landes and Begley (31) and is now the ASTM recommended stan-
dard procedure {(32), This method consists of loading several identical
specimens having the same initial crack length to different values of
load point deflection and then unloading. These specimens will thus ex~
hibif different amounts of crack growth., After unloading, the crack ad—
vance is marked by a penetrant ink and the specimen is broken open by im-
pact at room temperature. The value of J at the point where the specimen
is unloaded is determined from Eq. (6) for each specimen. This value of
J is plotted as a function of crack advance (Aa). This gives the crack
growth resistance curve from which the fracture toughness at crack initi-

ation Jy,. 1is determined at the intersection of the blunting line and




the straight 1ine £itted to the crack growth fesistance curve as

illustrated in Fig. 8.

Figﬁre 9 shows the J versus Aa curves for differeﬁt mica conténts. The
blunting lines based on J=ZoyAa are also shown in the same figure. It
can be seen that the crack growth resistance is fhe'same for 3, 5 and 10%
by weight of mica when the crack advances. However, as pointed out pre-
vioﬁsly, the amount of stable crack gropwth is lower with lowér mica con-
tent. Above 10%, the crack growth resiétance of mica-reinforced polypro-
pylene decreases. Figure 10 shows the fracture tougﬁness_at crack initi-
ation for various mica concentrations. The Jyo value increases at very
low amlca contents (< 3% by weight), and attains a plateau reglon between
3 and 10%. Beyond 10% Jy, decreases slightly up to 20% and then
drastically between 20 and 40%., This result confirms the measured value
of specimen strength ratio shown above (Fig. 6) except for 207 by weilght
of mica content. The maximum specimen strength ratio was £ound to be
between 3 and 20% mica whereas the J-~integral study shows that the plane
strain fracture toughness at crack initiation of mica-reinforced polypro-
pylene decreases above 10%. These results suggest that at maximum load,
there 1s probably a certain amount of stable crack growth which has al-
ready occurred, accompanied by an increase in the crack growth resistan-
ce. The maximum load is thus not necessarily an indication of the plane
strain fracture toughness in this particular case. The effect of mica on
the fracture toughness of mica-reinforced polypropylene is also rather
surprising compared to the appearance of the load-deformation curves of
fracture. These curves Indicate a much more pronounced effect of plasti-
elty when mica is added, resulting in a higher energy required to break
the specimen. It can be concluded from these results that éddiﬁion of
mlica has a more pronounced effect on the crack propagation processes than

on the crack initiation resistance.

The J-integral R curve method 1is not valid however for crack growth stu-
dy., In this method no crack growth 1s permitted because it necessarily
involves unloading. This requires that the amounts of crack growth per-—

mitted in the multiple specimen resistance (R) curve methoed for




determining Jy, must be insignificant, The Jr. fracture criterion

refers to crack Initlation rather than propagation.

Crack propagation study:

Theoretically, in order that alérack can propagate, the energy avallable
for crack propagation must be higher or .equal to the fracture energy of
ghe material. The energy available for crack propagation or the strain
energy release rate of a three—pointﬂbehd specimen can be calculated with
the aid of the calibration factor used in the calculation of the stress
intensity factor as discussed in Ref, (33). The energy balance of a
loaded specimen containing a crack shows that the strain energy release

rate can be expressed as follows: -

1 dc 1 a2 dc
G==P2 = —— {71
2 dA 2 CZ  gaA

where P is the applied load, C is the specimen compliance, A 1s the load
point deflection énd A is the crack area. G and dC/dA can be calculated
numerically as shown in the Appehdix and then G can be determined from
Eq. [7]. Figure 11 shows the variation of the dimensionless value of the
strain energy release rate GD/E versus the crack length for different de-
formation levels in a three-point-bend specimen having a ratio of support
span to specimen width of 4. The conditions for stable and wunstable
crack propagations are also 1llustrated in Figure 1l and have been tho-
roughly discussed in Ref. (33). For a material having a constant frac-
ture energy during crack propagation, the crack can propagate in a stable
or in an unstable manner depending on its initial length. TFor crack
lengths shorter than (a/D)yip,s the crack will propagate in an unstable
manner since the energy release rate of the specimen increases for a
constant deformation when the crack advances. TFor crack lengths

a/D 2 (a/D)1im. this energy release rate decreases with crack growth and
the crack can propagate only if additional emergy is provided, i.e. when




the deformation 1s increased. In this case the crack propagation is

stable.

Fig. 11 shows that the value of (a/D)iip., is -aBouf b.35. | All the
tested specimens were thus In a stable fracture gondition with an initial
crack length of 0.4, The fact that brittle fracture occurs in virgin
polypropylene and at low mica content is probably due to the blunting
effect in which the hydrostatic stress_compohent reaches a critical value
at a certain distance ahead of the .crack tip. The blunting—induced
unstable fracture is a phenomenon often observed in pelymer where a
fracture mnucleus I1s formed ahead of the crack tip as.in the case of
polycarbonate (34) and Polyamide Il (33, 35). For polypropylene, the
fracture nucleus was belleved to be related to the craze formation (36).
This fracture mechanism will be further discussed later. Accordihg to
the shape of the available energy for the crack propagation ecurve for
long cracks {(Fig., 11), after instability the fracture energy should
considerably decrease in order to satisfy the emergy balance condition G2
Ge. Thus the addition of mica improves the crack growth resistance of
polypropylene in preventing brittle fracture even though the crack
growth . resistance (Jio) at crack Initlation was found not to be

significantly affected.

The fracture energy during crack propagation can be characterized by cal-
culating the variation of the critical stress intensity factor during
crack extension. This variation 1s alsec called the crack growth resis-
tance curve or R-curve (37). It has been shown that there is a unique
relationship between the amount of crack extension and the applied stress
intensity factor for a given thickness. R-curve is often used to Eharac-
terize the crack growth resistance 6f materlals in which plastic defor-
mation is large and as the the crack grows, the resistance to fracture
{nereases due to the Increased volume of plastically deformed material
ahead of the erack tip. The R-curve is now an ASTM standard procedure
(38) for Center~Cracked Tension panel (CCT), Compact Specimen (CS) and
the Crack-Line-Wedge-Loaded specimen (CLWL). For three-point—bend speci-
men the determination of the variation of the critical stress intensity

factor with crack extension requires the determination of the specimen




compliance versus the crack length. The compliance calculation and

R-curve determination is given in the Appendix.

Figure 12 shows R-curves for various mica contenté.' The;crack:extension
resistance Ky is plotted against the effective crack length determined
by the secant method (see Appeﬁdix), the effective crack length being the
physical crack size augmented for the effects of crack tip plastic defor-
ﬁation. The modulus used for the calculation of the effective crack
length ag¢s, was the effective modulus determined from the initial slo-
pe of the load-displacement trace as  discussed in Ref. (39), Figure 12
shows that up to 10% by Weight'pf‘miba the crack extension reslstance
(Kg) increases at a constant rate when the crack 1is growing and that
‘the amount of stable crack prdpagation before brittlie fracture increases
with mica content. At 10% no brittle fracture was observed; fracture was
completely stable over the emntire broken surface and a plateau region was
observed at maximum value of Kg. At 20% of mlca content Xg is lower
than that at 10% in the early stage of crack extension (Fig. 13) but
attains a higher plateau region {(at maximum Kg value). Above 20% of
mica concentration the fracture resistance 1s comsiderably reduced on the

entire R curve.

These results show that although mica addition leads to an apparently
brittle composite by reducing both the yield strength and the fracture
elongation of the material, in ;hgﬁﬁ;esence of a defect (crgck), mica
presence can augment the ductiliﬁ& locally, resulting in a higher
fracture energy (higher KR' value) during crack propagation of
polypropylene reinforced by up to 20% of mica. The fracture energy at
erack initiation, as shown in Jy. measurement, is also slightly impro-
ved up to 10% by weight of mica content. At 20%, the fracture energy at
crack initiation decreases slightly but the maximum fracture energy at-=
tained in this case is much higher, Figure 14 shows the maximum critical
stress. intensity factor reached during crack extension for vatious mica
contents. This demonstrates the considerable enhancement of fracture re-
gistance of polypropylene when it is reinforced by mlca up to 20%Z by

weight., Moreover mica addition can prevent unstable crack propagation




which is the cause of most catastrophic fallures., It 1s worth noting
that this effect of mica on fracture resistance would be expected to be
more important for materials which exhibit strong notch sensitivity as in
the case of polypropylene. This material is nbrmalli vér& ductile with a
high - capacity for stretching, but in the pfesence of a crack the
hydrostatic component of streés ahead of the cfadk tip leads to craze
formation and, when the wvoids in the craze region coalesce, they cause
ggtastrOphic fracture. The effect of mica in this case is to permit the
matrix to pull out and to stretch as illustrated in Fig. 153, glving a
higher crack tip opening displacement {(8o) and a 'higher crack growth
resistance since these parameters have been shown to be directly related

by

Kcz = mEeydc

where m is a constant. This effect will be further demonstrated by

microscopic examination of the fracture surfaces.

Fractographic examination

Figure 16 shows the micrograph, as viewed by the scanning electron
microscope, of the fracture surface of virgin polypropylene and Fig, 17
shows this surface in the region just ahead of the notch tip., In the
blunting region there are circular marks of volds formation and growth as
shown on a higher magnification in Figure 18, The size of circular

marks seem to decrease when the distance from the noteh tip increases.,
This is probably due to a higher density of void nucleation since the
triaxiality of stress rises to a maximum at a certain distance from the
notch tip. The circles in Fig. 16 and 17 indicate the region where a
fracture nucleus is formed, leading to a brittle fracture. This fracture
nucleus 1s probably associated with the coalescence of volds in the
region of maximum hydrostatic component of stress since in this region
the density of voids and their growth rate would be expected to be the
highest.




Figures 19 show the fracture surface of polypropylene reinforced with 3,
5, 10, 20 and 60% by weight of mica., These fracture surfaces reveal a
much more drawing effect than that of pure _polyp;opylege. The
micro-drawing of the matrix is also more pronouncéd when mica content is
increased. Since the crack growth resistance of mica-reinforced
polypropylene 1s improved with the addition of mleca, at least up to 207
of mica concentration, the micro-drawing observed on the fracture surface
:hould be the cause of the fracture résistance impraveﬁent. The
matrix—dfawing can also be attributéd to the debonding between mica
flakes and the matrix. It can be seen on these fracfure'surfaces that in
general the matrix 1s pulled out from mica particles and the stretching
effect of the matrix is mainly around these mica flakes.

At low mica contents (Fig. 19a-19¢) vold formatiom can be seen in the
matrix between the stretching regions. Voiding effect seems also to
diminish when mica content i1is increased. Since voids coalescence is
responsible for unstable, brittle fracture in wvirgin polypropylene, the
voiding reduction is probably the cause for an increase in the amount of
stable crack growth preceding unstable fracture when the mica fraction is
increased. At 10% of mica the volding effect seems to be at a minimum
and at 20%, no void formation was observed on the fracture surface. This
would be associated with the complete stable fracture for 10% of mica and

above.,

At this stage 1t is not clear why the fracture energy at crack initiation
and the crack growth resistance during stable crack propagation are
identical for mica contents of 3 to 10% even though the stretching effect
seems to increase and voiding seems to decrease. The only explanation
proposed for the moment 1s that the debonding between the matrix and mica
particles occurs probably very early with a wvery small interfacial
fracture energy and the matrix acts alone to bear the load and to resist
the c¢rack propagation. From the relationship KRZ = meyEﬁc, the
erack opening displacement &c should increase with mica content according
to an observed increase of drawing. The local yleld elongation remains

constant but since the effective section of the matrix decreases with




higher mica content, E would decrease and Xy remains the same for mica

contents from 3 to 10% by weight.

Above 20% of mica content, the maximum drawing of fhe matrix is attained
but since the effective amount of the matrix material is small, as can be
seen in Fig. 19 for the case of 60% of wica, the energy dissipated in
a&astic deformation of the matrix is reduced resulting in a decrease of

the fracture energy of the composite.

SUMMARY AND CONCLUSION

When polypropylene is reinforced by mica the medulus is improved and the
yleld stress is slightly decreased. The yield and fracture elongations
are also considerably reduced leading to an apparently brittle materilal.
However in the presence of a defect, such as a crack, pure polypropylene
breaks in a very brittle manner with low fracture energy due to the
formation of voids in the crazed region ahead of the crack tip. This
fracture behavior of polypropylene is much improved by addition of mica
up to 20% by welght. In the presence of mica particles, the debonding
between- the matrix and mica flakes, which requires vexry little energy,
causes a shear yielding deformation and a stretching effect of the
matrix, This matrix drawing prevents the coalescence of wvoids, which
normally occurs in the craze region of polypropylene and causes

catastrophic fallure.

Micro ductility induced by mica leads to a higher fracture energy at
crack initiation for mica contents up to 10%Z by weight. In this range,
the amount of stable crack growth preceding the brittle fracture is also
increased substantially accompanied by a reduction of voiding effect in
the matrix. At mica concentration of 10% and above no unstable fracture,
which is due to the blunting effeet, was observed in three-point-bend
specimen having a ratio of support span to specimen width of 4. The
crack growth resistance also 1increases strongly with stable crack

extension and attains a maximum plateau value.




In polypropylene containing more than 10% of mica bf welght the fracture
energy at crack initiation decreases with mica comncentration. The Jyc
value 1s reduced slightly from 10 to 20% of mica, drops drastically from
20 to 40% and diminishes slowly again when more miéa ig a&ded. :

Polypropylene reinforced by more than 40% by welght of mica was found to
exhibit a fracture energy at crack initilation five times smaller than

E .
that of lower mica concentration composite.

At 20% of mica the crack growth resistance is reduced compared to that at
jower mica fraction in the early stage of erack extension. However the
resistance to crack propagation increases at a higher rate when the crack
is growing and attains a higher maximum plateaun value. Beyond 207%
although no brittle fracture occurs (the unstable fracture is -still
prevented) the crack extemsion resistance is continuously reduced. This
is probably due to the reduction of the effective amount of the wmatrix
material which resists the crack extension, even though maximum

stretching of the matrix is attained.
Current. work on this subject is particularly focussed on the effects of
other variables such as flake size, surface treatment, flake orientation,

etc. on the fracture behavior of mica relnforced polypropylene.
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NOMENCLATURE

a crack length

A crack surface area

pa crack extension

B specimen thickness

C specimen compliance

5_ specimen width

E Young modulus

f{a/D) geometric correction factor for K determination
G strain energy release rate

Ga fracture energy

J contour integral (toughness parameter)

J1e ceritical J value at crack initiation

K stress intensity factor

Kc fracture toughness (ecritical stress intensity factor)
Krp . critical stress Intensity factor during crack propagation
P load

Pmax maximum load

Pq | load determined by the secant offset

Rt specimen strength ratio

5 specimen span

T traction vector

u displacement wvector

W strain energy

8c crack opening displacement

€ strain

o] stress

A load point deflection
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Appendix

The stress intensity factor for a three~point-bend specimen is given (21)

by:

. K = (Ps/BD3/2) f(a/D) (9]
where £{a/D) is a calibration factor provided in Ref. (21). The strain

energy release rate is expressed as (17)

K2 1 ac 1 A2 ac
G=_=_P2__,==_. — — [10]
E 2 da 2 c2 dA

Then, combining [9] and [10] dC/dA and C can be written as a function of

a/D as follows:

dc dc s2(£(a/D))?2
= = [ll]
dA  d(a/D)BD EBZp3

PRy

C=Co+l(

a/D
§)2 [ (£@/m))? ata/py  [12]
EB °

D

where Co 1s the specimen compliance for a/D = 0. By numerically calcula-
ting dC/dA and C, the available energy for crack extension, G, in a
three-point—bend specimen can be obtained from Eq. [10] as a function of

crack length a/D at different values of deformation A.

Knowing the relationship between the specimeﬁ compliance and the crack
length, the effective crack length at any load level P can be determined
as 1llustrated im Fig, 20.




Three~polnt-bend speciﬁen used 1n fracture tests

Figure 1

-

Figure 2 Young modulus of mica-reinforced polypropylene as a function

of mica concentration (wih croés-ﬁegd épeed of 10 mm/min.)

Figure 3 : Yield strength of mica-reinforced polypropylene as a function

of mica concentration (with cross-head speed of 10 mm]min.)

Yield and fracture élongations of mica~reinforced

Figure 4
polypropylene as a function of mica concentration {(with

cross—~head speed of 10 mm/min,)

Figure 5 t Schematic showing load—-deflection curves of the
three—point-bending fracture tests at different mica
concentration. X represents the point at unstable, brittle

fracture

Figure 6 ¢ Square of the specimen strength ratio (Rsb2) as a function
of mica concentration

Figure 7 ¢ Crack tip coordinate system and arbitrary line integral
contour

Figure 8 : Procedure for Ji, measutement

Figure 9 : J versud crack extension for various mica concentrations

Figure 10: Crack initiation resistance (Ji,) as a function of mica

concentration

Figure 11: Strain energy release rate in three-point~bend specimen

versus crack length at different values of deflection

Figure 12: Crack growth resistance (Kg) versus effective crack

extension (Aagfs, ) at various mica concentrations




Flgure

Figure

Figure
E

Figure

Figure

Figure

Figure

Figure

13:

l4:

15:

16

17:

18:

19:

20:

Crack growth resistance (Kg) versus effective crack

extension (Aagfg,) for 3, 5, 10 and 20% of mica

Maximum crack growth resistance attained as a function of

mica concentration

Shematic of pull-out and stretching processes of the matrix

ahead of the crack tip

Micrograph of fracture surface of virgin polypropylene as

viewed by scanning electron microscope

Micrograph  showing the fracture surface of virgin

polypropylene in the region just ahead of the razor—motch tip

Micrograph showing vold formation and growth in the blunting
region of virgin polypropylene

Fracture surface of polypropylene reinforced by: 3% (=),
5%(b), 10%Z(c), 20%(d) and 60%(e} by weight of mica

Shematic of effective crack length determination from the

load~deflection curve
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