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ABSTRACT: The mechanical behavior of multiphase materials is closely related to the
interfacial adhesion between their various components. There is considerable interest
in the development of simple experimental techniques for characterization of interfacial
debonding during mechanical loading. Probably the best known method is tensile dila-
tometry, in which the onset and progression of debonding are related to the volume of
microvoids generated in the material as it undergoes mechanical loading. Several au-
thors have suggested that equivalent information can also be extracted from stress–
strain data generated during a simple constant strain rate test. In practice, however,
the transition between the initially well-bonded and the debonded state is obscured by
the strain-induced softening of the matrix, which is usually observed in the same strain
range as the debonding. In this work the filler/matrix debonding in polypropylene and
polyamide 6 filled with up to 50 vol % of glass beads is examined using both tensile
dilatometry and an analysis of tensile stress–strain curves. It was found that, de-
pending on the level of adhesion, either a complete or partial debonding occurs in the
strain range studied (0–8%). It appears that the volume change due to debonding is
a small part of the total volume strain recorded. Therefore, the accuracy of the tensile
dilatometry is not sufficient to detect the onset of debonding. The loss of stiffness of
the composite, particularly when compared to the loss of stiffness of the matrix offers
a more promising way to follow the debonding process. q 1997 John Wiley & Sons, Inc. J
Appl Polym Sci 64: 653–665, 1997
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INTRODUCTION ous types. Conversely, the chemical structure of
the polymer can also be tailored towards a better

The mechanical behavior of filled polymers and of adhesion.
other multiphase materials is closely related to There is considerable interest in the develop-
the interfacial adhesion between their various ment of simple experimental techniques that
components. When the adhesion is weak, the load- would make it possible to evaluate the efficiency
bearing capacity of the material is limited because of these treatments. Undoubtedly the most widely
phase separation occurs at low stress and strain. used method to measure the mechanical behavior
The development process of any filled plastic usu- of materials is the constant strain rate tensile
ally involves considerations related to the ‘‘com- test. Although the material properties generated
patibility’’ of the components. Filler particles sur- by the short-term tensile test are only indirectly
faces are treated with adhesion promoters of vari- related to the in-use performance of polymer-

based products, the test owes its widespread use
to its great simplicity.Correspondence to : Abderrahmane Meddad.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040653-13 Constant strain rate methods have been evalu-
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654 MEDDAD AND FISA

ated for the study of debonding. Vollenberg et al.1

working with the glass bead-filled plastics, attrib-
uted a section of the stress–strain curve to the
debonding process. Another method, conceptually
more straightforward, consists of measuring the
volume of the sample as it is being strained. The
idea is that when the phase separation occurs,
the material starts to dilate at a faster rate. The
technique, tensile dilatometry, was recently re-
viewed by Naqui and Robinson.2 It was applied
by a number of workers to multiphase polymers
materials. Bucknall et al.3 have described one
quantitative method based on the determination
of the onset of phase separation and on the evalu-
ation of the cavitation phenomenon. Pukánsky et Figure 1 Typical axial strain Dl as recorded by the

extensometer as a function of time (PP / 20 vol %al.,4 using the dilatometry technique, have re-
untreated glass beads).ported that in the polypropylene filled with cal-

cium-carbonate particles, debonding initiation
might coincide with the yielding point. Effect of

Canada Ltd. Polypropylene/glass powder blendssilane treatment of beads was also evaluated by
with different filler contents (5, 20, 40, 50 vol %)this technique.5 It was reported that in the poly-
were molded on a Battenfield BA-C 750/300 injec-amide 6 filled with glass beads, the silane treat-
tion press. The polyamide 6 formulations werement tends to slow or to eliminate debonding phe-
first compounded on a twin screw extruder, thennomena. Working with glass bead filled polycar-
injection molded using concentrations of 0, 5, 25,bonate, Heikens et al.6 have proposed a method
and 40 vol %. The compounding and injection-to obtain quantitative information on the determi-
molding conditions were those recommended bynation of several possible deformation mecha-
the resin suppliers. An experimental mold cavity,nisms from the total volume deformation.
3 mm deep, having the shape of the ASTM D638-The goal of this work was to evaluate and com-
type I tensile bar, was used to mold the samples.pare the tensile stress–axial strain curves and

volume strain–axial strain curves of two model
materials: glass bead-filled polypropylene and Mechanical Testing
polyamide 6. In particular, we are interested in
determining whether the stress and strain corre- A universal testing machine operating at the

crosshead speed of 5 mm/min and a 2.5 kN maxi-sponding to the onset and development of interfa-
cial separation can be determined from these mum load was used. The strain data were col-

lected using two extensometers; an MTS 638.13Ccurves. The experimental results presented here
are used in a future article to model the kinetics axial extensometer (gage length 10 mm), and an

Instron Model 6048.007 transverse extensometerof debonding during the tensile test.7

(variable gage length) with 5 mm of maximum
extension. These strains and stresses were re-
corded simultaneously using a data acquisitionEXPERIMENTAL
software at a frequency of 10 points per second
during the tensile test. Figure 1 illustrates theMaterials and Processing
use of the axial extensometer to determine the
actual specimen strain rate. It can be observedThe polypropylene used in this study was an injec-

tion grade resin, Profax 6301, from Himont Can- that the actual gauge length of increase, Dl, re-
corded by the axial extensometer, as a function ofada Ltd. The resin was in powder form with melt

index of 12 g/10 min and a density of 0.91 g/cm3. time for 20 vol % filled polypropylene is nearly
proportional to time and to crosshead displace-General purpose, unextracted polyamide 6, Zytel

211 (density 1.13 g/cm3) from DuPont of Canada ment. The accuracy of the Instron extensometer
is 5.7 mm and the MTS extensometer is accurateInc. Glass beads (untreated and silane treated)

having an average particle diameter of 45 mm and to 0.08% of 8%. The universal tensile machine is
accurate to 1% of cell capacity used (1% of 5 kNa density of 2.45 g/cm3 were obtained from Potters
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BEHAVIOR OF MULTIPHASE MATERIALS 655

reached at a strain of about 7.5% and at a stress
of 32 MPa. Usually, by convention, this is consid-
ered as yield stress sy and yield strain ey ( i.e.,
when ds /de Å 0). Unfilled polyamide 6, on the
other hand, does not reach a maximum. The ‘‘off-
set yield method,’’ recommended by ASTM D-
638M for this situation, gives a value of yield
stress sy Å 18 MPa and of yield strain ey Å 2.7%.
Using different conventions to determine the yield
properties of these materials would make compar-
isons between them difficult. For this reason, for
the purpose of this work we will compare, the
state of both polymers (filled and unfilled) at a
given constant strain of eÅ 7.5%. The stress borne
by the material at e Å 7.5% is hereafter referred
to as ss . For neat polyamide 6, ss Å 26.5 MPa.Figure 2 Stress s and secant modulus Esm of neat PP

Figure 3 shows the stress–strain curves ofand neat PA6 as a function of axial strain e.
polypropylene filled with glass beads. In Table I,
the average values of several properties deter-
mined from the s vs. e curves are listed: the initialin this case). From the stress–axial strain re-
modulus, E0c ; the stress s0 and strain e0 at whichsults, the behavior of the material can be repre-
the stress–strain curve deviates from linearity;sented by the nominal stress (s ) vs. nominal axial
the stress and the strain at yield, sy and ey (deter-strain (e ) and the secant modulus Es vs. e can
mined at ds /de Å 0); and the stress at e Å 7.5%,be extracted from the stress–axial strain results.
ss . The principal points of the experimental re-Assuming that the transverse strain, eT , is identi-
sults are:cal in both directions perpendicular to the applied

stress, the volume strain, z , is calculated using
the following equation: 1. All materials exhibit an elastic zone; the

initial modulus E0c increases with the filler
z Å (1 / e ) (1 0 eT )2 0 1. (1) content but is independent of the surface

treatment.
2. The yield stress sy decreases with increas-

ing filler content: s vs. e curves of all com-RESULTS AND DISCUSSION

Stress vs. Axial Strain Curves

Before considering the properties of filled sys-
tems, let us briefly describe the behavior of neat
matrix resins. Figure 2 shows the stress vs. axial
strain (s vs. e ) and secant modulus vs. axial strain
(Esm vs. e ) curves of polypropylene and of polyam-
ide 6. In the range of axial strains studied (0 to
8%) both materials first exhibit a constant stiff-
ness zone (between 0 and 0.75%, approximately)
with the initial modulus E0m of about 1.57 GPa
for polypropylene and of about 0.93 GPa for poly-
amide 6. In polypropylene, the breadth of this ini-
tial elastic zone is similar to that reported in the
literature. Mariyama8 also reported polypropyl-
ene to be elastic in strain range between 0 and
0.75%; the transition from the elastic to nonelastic Figure 3 Stress s vs. axial strain e curves of filled
behavior was interpreted in terms of strain soften- PP. Numbers on curves denote glass concentration (vol
ing due to the nonrecoverable deformation. With %). The difference between treated (T) and untreated

(NT) beads is shown for 20 vol % glass content.polypropylene, the constant stress plateau is
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656 MEDDAD AND FISA

Table I Summary of Tensile Properties of Glass Bead-Filled Polypropylene

s*g (MPa)

Glass Content e0 s0 ey sy Calculated
(vol %) E0 (GPa) (%) (MPa) (%) (MPa) Measured eq. (6)

0 1.57 0.75 11.9 7 32 — —
5NT 1.8 0.53 9.5 6 30 31 30
5T 1.8 0.60 11.0 6 30 31 30

10NT 2 0.43 8.6 6 28 29 28
10T 2.1 0.51 10.5 4 28 29 28
20NT 2.4 0.30 7.3 4 22 23 22
20T 2.4 0.37 9.0 4 22 23 22
40NT 3.1 0.19 6.0 4 17 14 16
40T 3.2 0.25 7.9 3 18 14 16
50NT 3.8 0.13 5.3 2 10 11 10
50T 4.3 0.18 7.7 3 11 11 11

T Å treated beads.
* e Å 7.5%.

posites fall below that of neat well before content. In fact, it is very close to the e0 value
of the neat polyamide 6. The stress s0 increasesyield (in filled polypropylene, the yield

stress and the stress at e Å 7.5%, ss are substantially with the treated glass content. The
stress–strain curves of polyamide 6 compositesnearly identical) .

3. Both the stress and the strain at which the containing treated beads remain above the neat
polyamide 6 curve. For a given glass concentra-material ceases to be elastic (s0 and e0)

decrease with increasing filler content. The tion, the curves, nearly identical at small strains,
diverge as the composite containing untreatedvalues of s0 and of e0 are higher with

treated beads. beads starts to yield. The yield stress and strain
(sy and ey , determined by the ‘‘offset yield4. Although the transition between the linear

(elastic) stage and the constant stress pla- method’’ ) decrease with increasing concentration
of untreated beads. With treated beads, both theteau starts at a higher strain with treated

beads (T ) , the values of stress at e Å 7.5%, yield stress (sy) and the stress at e Å 7.5% (ss)
ss are identical for a given glass content
(see, e.g., curves for the filler volume frac-
tion f Å 0.2, Fig. 3).

Filled polyamide 6 also has a linear zone at small
strains and the initial modulus is unaffected by
the surface treatment. Besides these similarities,
there are significant differences between filled
polypropylene and polyamide 6 filled with un-
treated beads, on the one hand, and polyamide 6
filled with treated beads (Fig. 4 and Table II) .
With untreated beads, the curves fall below that
of neat polyamide 6 but at higher strains than in
filled polypropylene. The departure from linearity
in untreated glass–polyamide 6 composites fol-
lows a similar pattern as in filled polypropylene,
i.e., the strain e0 decreases with increasing glass
concentration. However, the stress s0 increases Figure 4 Stress s vs. axial strain e curves of filled
slowly with filler content. With treated glass, the PA6. Numbers on curves denote glass concentration

(vol %). T: treated, NT: untreated glass.strain e0 appears to be independent of the filler
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BEHAVIOR OF MULTIPHASE MATERIALS 657

Table II Summary of Tensile Properties of Glass Bead-Filled PA6

s (MPa)

Glass Content e0 s0 ey sy Calculated
(vol %) E0 (GPa) (%) (MPa) (%) (MPa) Measured eq. (6)

0 0.92 0.73 6.8 2.7 18 — —
5NT 0.98 0.63 6.50 2.5 17 25 24
5T 1.05 0.71 7.4 1.5 13 28 24

25NT 1.9 0.40 7.3 2.3 21 21 16
25T 1.9 0.71 13.6 1.20 18 34 16
40NT 2.8 0.32 9.4 1 18 16 12
40T 3.0 0.65 19.7 1.1 34 33* 12

T Å treated beads.
* e Å 4.5%.

increase with the glass content. The composite with with fm corresponding to the maximum filler vol-
ume packing fraction.the highest treated filler content (40 vol %) broke

at a relatively low axial strain of about 4.5%. Use of the Kerner–Lewis equation is restricted
to macroscopically homogeneous, isotropic bodiesWe will now attempt to interpret the stress–

strain behavior of these filled polymers. There are that are composed of homogeneous isotropic
phases. Further to that are assumed perfect adhe-many equations relating the composite and the

matrix stiffness. For a material containing spheri- sion, and the uniform distribution of the particles.
All these considerations aim at a characterizationcal inclusions, one of the better known and widely

used is the Kerner–Lewis equation9: of the behavior of the composite material by
means of the properties of the individual phases,
their geometry (shape and dimensions), distribu-

Ec Å Em
1 / A1B1f

1 0 B1Cf
. (2) tion, and concentration.9,10 The equations of this

type have been successfully applied to a broad
variety of materials including those containing

The constant A1 is determined by the matrix more than one dispersed phase and foams. In this
Poisson ratio: last case the Kerner–Lewis equation becomes (as-

suming Ef Å 0):

A1 Å
7 0 5n
8 0 10n

. (3)
Ec Å Em

1 0 f

1 0 B2Cf
(6)

The other constant, B1 , accounts for the rela-
tive modulus of filler and of the matrix: where (B2) Å 01/A1 . Using the values of the ma-

trix initial modulus E0m Å 1.57 GPa as Em , its
initial Poisson ratio n0 Å 0.39 as n, and the book
value of 72 GPa of glass elastic modulus as Ef ,

B1 Å

Ef

Em
0 1

Ef

Em
/ A1

(4) and taking fmÅ 0.64, the Kerner–Lewis equation
yields the E0c vs. f dependence shown in Figure 5
(full line). The agreement with the experimental
values of initial modulus E0c is fair except at high

with Ef and Em representing the filler and the filler content (f Å 0.4 and f Å 0.5). The discrep-
matrix moduli, respectively. ancy between the measured and the calculated

The factor C is a ‘‘crowding factor’’: initial moduli at higher filler content is usually
attributed to the fact that the material no longer
satisfies the assumptions employed in the devel-

C Å 1 / f S1 0 fm

f2
m

D (5) opment of the Kerner–Lewis equation. The model
does not take into account particle size nonunifor-
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mal expansion coefficient of the matrix compared
to that of the filler. This causes the matrix to
shrink around the filler particles as the material
is being cooled from the melt temperature to the
service temperature. This thermal stress has to
be overcome when the filled polymer is subjected
to an externally applied stress. Obviously, the
magnitude of the thermal stress depends among
other parameters on the thermal expansion coef-
ficient differential between the filler and the sur-
rounding material.1,13 With a higher filler content
this differential is smaller (because the ‘‘sur-
rounding material’’ consists of the filler and the
matrix). Therefore, the thermal stress should de-
crease with the increasing filler concentration,
and with other things being equal, the debondingFigure 5 Initial modulus (e Ç 0) E0c as a function of
starts at a lower applied stress in more highlyfiller volume fraction f. Points indicate experimental
filled materials.results, full lines were calculated from eq. (2) using

constants of the second column—Table III; dotted lines The effect of the coupling agent on e0 and s0 is
(rrrr) using: ‘‘fitted’’ constants (third column—Table relatively small, but significant. As the data in
III) . the Table I indicate, the values of s0 in treated

bead composites are higher by about 2 MPa than
in materials containing untreated beads. The
stress–strain curves coincide again at yield. Thismity, degree of aggregation, and the lateral re-

straint at high degrees of filling.9–11 suggests that regardless of the surface treatment,
a completely debonded state has been reached.One can also consider the Kerner–Lewis equa-

tion as a simple interpolation formula and deter- The Kerner–Lewis equation can again be applied.
Using the value of the matrix secant modulus atmine the values of its constants that fit the experi-

mental data. The curve-fitting procedure yields e Å 7.5% as Em (0.47 GPa), the Kerner–Lewis
equation can be used to calculate the stressesconstants shown in Table III. These values differ

slightly from those based on the filler and the borne by the fully bonded [eq. (2)] or by the com-
pletely debonded [eq. (6)] composite, assumingmatrix properties but a good fit with the experi-

mental results for all filler concentrations is ob- the debonded composite behaves as a foam con-
taining volume fraction of voids equal to f. Thetained even when a constant value of C is as-

sumed (dotted line Fig. 5). agreement between the experimentally deter-
The behavior of filled polypropylene appears to

be relatively simple to interpret. At small strains
Table III Parameters Used to Calculate theit behaves as well-bonded composite. The constant
Initial Composite Modulus E0c from eq. (1)value of the secant modulus is an indication that
Based on the Component Properties (Firstno debonding or other damage occurs below e0 .
Column) and Those Determined by CurveBecause, at small strains, the stress–strain
Fitting From E0c vs. f Curve (Untreated Beadcurves of treated and untreated composites coin-
Composites)cide and the values of s0 and e0 are lower than

those of the neat resin, the point when the stress– Curve
strain curve starts to deviate from linearity can Material Constituents Fitting
be attributed to the onset of debonding. In filled
polymers, the stress corresponding to the onset of PP Em (GPa) 1.57 1.62

A1 1.23 1.68debonding consists of two principal contribu-
B1 0.95 0.85tions.1 The first one is due to the adhesion at the
c 1 / 0.88f 0.60filler–matrix interface. In practice, this adhesion

PA6 Em (GPa) 0.92 0.88stress is varied by the use of adhesion promoters
A1 1.40 1.90(silanes, titanates, etc.) or inhibitors (e.g., silicone
B1 0.97 1.03oil, refs. 5 and 12). The other is the thermal com-
c 1 / 0.88f 1.04pression stress, which results from higher ther-
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BEHAVIOR OF MULTIPHASE MATERIALS 659

at this stage if any debonding occurs in the treated
bead polyamide 6 in the range of strains consid-
ered.

Using the Kerner–Lewis equation to calculate
the stress borne by the composite at e Å 7.5%
gives results shown in Figure 7. In this case, the
experimental results are between those predicted
by eqs. (2) and (6). Considering that in filled poly-
propylene the stress ss calculated with the help
of eq. (6) corresponds to that determined experi-
mentally, the fact that in filled polyamide 6 the
experimental values of ss are considerably higher
even with untreated glass strongly suggests that,
unlike in polypropylene, the debonding is not com-
plete at e Å 7.5%.

The degree of interface adhesion in multiphaseFigure 6 Stress at e Å 7.5%, ss of filled PP vs. filler
materials is often evaluated from the micrographsvolume fraction f. Points indicate experimental re-
of fractured surfaces. The typical results of thissults, full lines were calculated from eqs. (2) and (6)
type of analysis are shown in Figure 8(a) andusing ‘‘fitted’’ constants (third column—Table III) .
(b) . Samples containing 5 vol % of beads were
deformed to an axial strain e Å 7%, broken in
liquid nitrogen, and observed in scanning electronmined values of ss and those calculated with the

help of eq. (6) is excellent (Fig. 6). microscope. The matrix debonded from untreated
beads creating elongated cavities [Fig. 8(b)] ,The behavior of filled polyamide 6 can be ana-

lyzed using the same approach. The initial modu- while the treated beads appear to remain solidly
anchored to the matrix [Fig. 8(a)] . While the frac-lus calculated using the Kerner–Lewis equation

is in good agreement with the experimental data tured surface of Figure 8(a) and (b) represent
a kind of median (or most frequently observed)and the ‘‘fitted’’ values of parameters (A1 , B1 , and

C ) differ only slightly from those calculated using situation for each type of bead, they do not provide
a completely accurate description of the material.the component properties (Fig. 5 and Table III) .

Considering the polar nature of polyamide 6 when In fact, it is possible to find in untreated glass–
polyamide 6 composites a significant proportioncompared to polypropylene, it is reasonable to ex-

pect that there will be a higher degree of adhesion of filler particles that have not separated from the
at the glass–polymer interface. Because, with un-
treated glass, the composites again deviate from
the linearity at strains when the matrix is still
elastic, the loss of elasticity at e0 can be attributed
to the onset of debonding. The fact that the s0

increases slightly with the filler concentration
underlines the difference between the applied
stress (s ) and the local stress at the filler–matrix
interface. To the applied debonding stress corre-
sponds a local stress affected by the stress concen-
tration at the interface. The stress concentration
effect is determined by the stiffness differential
between the particle and the surrounding mate-
rial. With a higher filler concentration this differ-
ential is smaller and, at a given value of applied
stress, the local stress will be lower leading to a
lower probability of debonding. With treated
glass–polyamide 6 composites the stress–strain Figure 7 Stress at e Å 7.5%, ss of filled PA6 vs. filler
curves remain well above that of the neat resin. volume fraction f. Points indicate experimental re-
In addition, the strain e0 appears to be indepen- sults, full lines those calculated from eqs. (2) and (6)

using ‘‘fitted’’ constants (third column—Table III) .dent of the filler content. It is, therefore, unclear
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Kerner–Lewis equation is used to calculate the
stress borne by the fully debonded polypropylene
glass composite assuming it behaves as a foam,
excellent agreement with experimental results is
obtained. With polyamide 6 glass composite, the
experimentally determined values are higher
than those calculated from eq. (6). This suggests
that the debonding is incomplete. Results ob-
tained by scanning electron microscopic confirm
the validity of this hypothesis.

Tensile Dilatometry

Figure 9 shows the volume strain versus axial
strain (z vs. e ) curves of polypropylene containing
0 and 20 vol % of glass beads. The neat z vs. e
polypropylene curve starts to deviate from linear-
ity at about the same strain as the tensile stress–
axial strain curve. Above e0 , the volume strain is
smaller than that calculated from eq. (1) using
the initial value of Poisson ratio n0m Å 0.37 and
taking eT Å n0m r e (dotted line). For example, at
e Å 7.5% eq. (1) predicts the volume strain z
Å 1.6%, while the experimental value is equal to
1.2%. The onset, at e0 , of stress-induced viscoelas-
tic reorganization of material is therefore detect-
able both from the s vs. e and z vs. e curves.

The curves of filled polypropylene exhibit two
linear parts: the first one being determined by the
initial Poisson ratio, n0c , which, for f Å 0.20, is
equal to 0.3. This value is in agreement with that
predicted by the Chow equation14:

Figure 8 SEM pictures of PA6 / 25 vol % glass beads
samples strained to e Å 7% and broken at liquid N2

temperature. (a) Silane-treated glass. (b) and (c) Un-
treated glass (arrows indicate (d) debonded bead and
(b) bonded bead).

matrix [Fig. 8(c)] . Conversely, in treated bead
composites a significant number of debonded par-
ticles have been observed at this strain. Figure 9 Volume strain z vs. axial strain e of neat

In summary, the stress–strain curves indicate PP and of PP-filled with 20 vol % glass beads (T:
the onset of debonding when the linear elastic treated; (NT): untreated glass. Dotted line (rrrr) indi-

cates dilational behavior of filled PP.zone is shorter than that of the matrix. When the
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Table IV Summary of the Tensile Dilatometry Results on Glass Bead-Filled Polypropylene

Glass Content Initial Poisson Slope of z vs. e z (%) Measured z (%)a at e Å 7.5%
(vol %) Ratio n0 Curve at e ú ey at e Å 7.5% Calculated

0 0.37 0.06 1.2 1.6
5NT 0.36 0.56 2.0 1.8
5T 0.36 0.56 2.0 1.8

10NT 0.33 0.60 2.7 2.2
10T 0.33 0.60 2.7 2.2
20NT 0.30 0.68 3.3 2.7
20T 0.30 0.68 3.3 2.7
40NT 0.29 0.75 5.0 2.8
40T 0.29 0.72 4.8 2.8
50NT 0.27 0.80 6.0 3.2
50T 0.27 0.77 4.7 3.2

T Å treated beads.
a Using eq. (1) and assuming eT Å n0re.

constant. Above 5% the volume starts increasing1 0 2n0cf

E0c
Å 1 0 2n0m

F1 / f

g(1 0 f ) GE0m

(7) at a faster rate. At small strains, the z vs. e curves
of polyamide 6, filled with treated or untreated
glass coincide up to e É 1.5% (for f Å 0.25). The
curves then diverge, the volume of untreated glass

where E0c , n0c , E0m , and n0m are the initial modu- composite increases at a much higher rate than
lus and Poisson ratio of composite and matrix, that of treated glass. At e Å 7.5%, the volume
respectively. The coefficient g is defined as fol- strain recorded with untreated glass-filled poly-
lows: amide 6 is 2.3% compared to 1.0% obtained with

treated glass. Both untreated and treated glass-
filled polyamide 6 values are significantly higher

g Å 1 0 n0m

3(1 0 n0m)
. (8) than those calculated using the low strain values

of composite Poisson ratio.
When one attempts to relate the z vs. e curvesThe initial slope of the z vs. e curve is indepen-

to the debonding process using the approachesdent of the filler treatment. The curve then turns
upwards (at e É 2% for f Å 0.2) before becoming
linear again; the slope of the second stage is sig-
nificantly higher than that of the first one.

In the transition stage (between strains of 2 to
6% for f Å 0.2), the z vs. e curve of the untreated
composite remains slightly above that of its un-
treated counterpart. It is also worth noting that
the curves of the filled polymers start to diverge
from that of the matrix at strains below 1%. Re-
sults of z vs. e tests on filled polypropylene are
summarized in Table IV.

The volume strain vs. axial strain curves of
neat and filled polyamide 6 (f Å 0.25) are shown
in Figure 10. For other filled polyamide 6 composi-
tions results are summarized in Table V. The be-
havior of neat polyamide 6 is similar to that of
polypropylene. During the first elastic stage, Figure 10 Volume strain z vs. strain e of neat PA6
which is observed at e õ 0.74%, the Poisson ratio and of PA6-filled with 25 vol % glass beads. (T):
is 0.46. It is worth noting that between 2 and treated; (NT): untreated glass. Dotted line (rrrr) indi-

cates dilational behavior of filled PA6.5% axial strain the polyamide 6 volume is nearly
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Table V Summary of Tensile Dilatometry Results on Glass Bead-Filled Polyamide 6

Glass Content Initial Poisson Slope of the z vs. e z (%) Measured z (%)a at e Å 7.5%
(vol %) Ratio n0 Curve at e ú ey at e Å 7.5% Calculated

0 0.46 0.04 0.7 0.21
5NT 0.45 0.15 0.9 0.36
5T 0.45 0.10 0.8 0.36

25NT 0.44 0.45 2.3 0.52
25T 0.44 0.15 1.0 0.52
40NT 0.42 0.61 4.0 0.83
40T 0.43 0.22 1.2 0.67

T Å treated bead.
a Using equation 1 and assuming eT Å n0re.

outlined in the literature different results are ob- (1) using the low strain value of Poisson ratio.
This indicates that at least some cavitation musttained with each approach. For example, the hy-

pothesis that debonding initiation coincides with have occurred. However, the real volume strain
due to cavitation must be, in this case, greaterthe intersection of the two linear stages of the z

vs. e curve was examined in ref. 4. In polypropyl- than the difference between the measured volume
strain of the composite and that calculated fromene filled with 20% vol % of glass, this intersection

is situated at an axial strain of about 4%. Accep- eq. (1) by a factor that would take into account
the deviatoric behavior of the matrix.tance of this hypothesis would make the debond-

ing initiation coincide with the yield of the filled According to Sinien et al.12 the cavitational vol-
ume can be determined by substracting the ma-polymer. At yield (ey Å 4.2%, sy Å 22 MPa, f

Å 0.2 of untreated glass) the stress borne by the trix volume strain from the volume strain of the
composite. The cavitation volume calculated us-composite is significantly lower than that mea-

sured on neat polypropylene at the same strain; ing this method is shown in Figures 11 (polypro-
pylene, curve 1-3) and 12 (polyamide 6, curves 1-therefore, the load-bearing section of the compos-

ite must have already been greatly reduced by 4 and 2-4). The results for polypropylene show
that in the range of strains where the debondingthe phase separation process. It is clear that the

debonding started at a lower strain. occurs (0.3 to 1.5%, f Å 0.2), the volume gener-
ated is very small and is of the same order ofAnother approach suggests that the point when

the experimental z vs. curve deviates from the
dilational behavior corresponds to the onset of de-
bonding. Again, using the 20 vol % untreated
glass/polypropylene composite as an example,
this occurs at an axial strain of about 2% (see
Fig. 9). However, the matrix itself deviates from
dilational behavior already at e Å 0.75%. There-
fore, the observed linearity of the z vs. e function
below e Å 2% is probably coincidental: the addi-
tional void volume due to debonding of the glass–
polypropylene interface compensates for the devi-
atoric behavior of the matrix. This method, there-
fore, also appears to overestimate the stress and
strain at which the filler–matrix separation is ini-
tiated. With other glass concentrations, both in
polypropylene and in polyamide 6, the Naqui and
Robinson approach2 yields similar results (see the Figure 11 Volume strain of the composite from which
last column of Tables IV and V and Fig. 11, curves the dilational volume strain calculated from eq. (1) was
1–2, and Fig. 12, curves 1–3 and 2–3). The ex- substracted (curve 1–2) and from which the experi-
perimentally determined values of volume strain mental matrix volume strain was substracted (curve

1–3). Filled PP (f Å 0.2, untreated glass).are always higher than those calculated from eq.
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Figure 12 Volume strain of the composite from which Figure 14 Secant modulus Es of neat PP, PA6, and
PP-filled with 20 vol % glass beads and PA6-filled withthe dilational volume strain calculated from eq. (1) was

substracted (curve 1–2) and from which the experi- 25 vol % glass beads (T: treated and NT: untreated) as
a function of axial strain e.mental matrix volume strain was substracted (curve

1–3). Filled PA6 (f Å 0.25), treated (T), and un-
treated (NT) glass).

As for filled polyamide 6, the results confirm
that the debonding progresses at a rate slowermagnitude as the experimental error. This sug-
than in filled polypropylene. With treated beadsgests that the debonding process does not gener-
the cavitational volume is significant but smallerate a substantial volume strain until it is already
than both in untreated glass filled polyamide 6 orwell advanced. In addition, the slope of the post
polypropylene. The incremental postyield slope inyield stage is not necessarily proportional to the
filled polyamide 6 (compared to neat polymer) isfiller content (see Fig. 13). In neat polypropylene,
proportional to the filler content and is muchthe postyield slope is only 0.06. It jumps to 0.56
larger when glass beads are not treated (Fig. 13).for the lowest concentration of glass beads but a
This is a further indication that with treated glassfurther rate of increase with f is relatively slow.
beads the debonding is not completed in the rangeThis shows that, following yield, phenomena
of strains studied.other than an orderly elongation of a constant

number of debonded ellipsoidal vacuoles play a
role.

DISCUSSION

Although the concept of tensile dilatometry ap-
pears to offer a straightforward approach to detect
and to monitor the debonding process, the results
of this work show that in viscoelastic materials
the results tend to be obscured by the deviatoric
behavior of the matrix. Moreover, the volume
strain due to debonding is small. Comparison of
stress–axial strain (s vs. e ) and volume strain–
axial strain (z vs. e ) data suggests that the loss
of stiffness during the constant strain rate tensile
test can also be linked to the debonding process.
Figure 14 shows the tensile secant modulus of
neat and filled polypropylene (f Å 0.2, untreated
glass) and of neat and filled polyamide 6 (f Å 0
and 0.25, treated and untreated glass) as a func-
tion of strain. As discussed above, wherever theFigure 13 Postyield slope of the z vs. e curves as a

function of filler volume fraction f. composite modulus starts to decrease when the
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determined for each cycle. The results of this
load–unload test on the 25 vol % filled polyamide
6 are shown in Figure 16. For the neat polyamide
6, the modulus determined from the load–unload
test is essentially constant in the same range of
strains as that in standard tensile test. In un-
treated glass–polyamide 6 composite the constant
stiffness zone is much smaller and the load–un-
load modulus drops rapidly below that of the neat
matrix in a manner similar to the standard tensile
test with the secant modulus. In polyamide 6 filled
with treated glass, the modulus also decreases
with prestrain ep but at a lower rate. In both cases,
this is an indication that prestrained materials
have undergone some damage from the point
when the load–unload modulus starts to de-Figure 15 Secant moduli ratio Esc /Esm as a function
crease.of strain e.

matrix is still elastic (polypropylene and polyam- CONCLUSION
ide 6 filled with untreated beads), the stress and
strain at the end of the constant stiffness stage The results of this work, carried out on two model

systems, suggest that tensile dilatometry is notcan be safely associated with the onset of debond-
ing process. sufficiently sensitive for detection of the debond-

ing process in viscoelastic polymers filled withThe question of the onset of the debonding pro-
cess (or of other damage) in treated glass–poly- glass beads. The debonding can be more easily

related to the progressive loss of stiffness as theamide 6 composites merits further discussion. For
this material both the dilatometry and the micros- material undergoes straining. In polypropylene,

the debonding is completed at yield point withcopy have shown a partial debonding at the strain
e Å 7.5%. The initial rate of decrease (at e ú e0) untreated and silane treated glass. The Kerner–

Lewis equation can be applied to calculate theexhibited by the secant modulus of the treated
glass–polyamide 6 composite is very close to that yield stress of the fully debonded materials as-

suming its behavior is that of a foam. In filledof untreated glass counterpart (Fig. 14). The
measured secant modulus of this composite is also polyamide 6, the adhesion at the filler–matrix in-
significantly lower (at e¢ e0) than that calculated
from the Kerner–Lewis equation [eq. (2)] using
the secant modulus of the matrix as Em (see Fig.
14). The effect of matrix viscoelasticity can be
reduced or possibly eliminated by plotting the ra-
tio of the composite secant modulus and of the
matrix secant modulus measured at the same
strain. This is shown in Figure 15. Again, the ini-
tial rate of decrease of the Esc /Esm ratio at strains
slightly above e0 are similar in treated and un-
treated glass–polyamide 6 composites.

Another strong evidence that in polyamide 6
treated glass composite the debonding starts at
or near e0 was obtained from ‘‘load–unload’’ tests
that were performed as follows: the specimen is
first strained approximately to 0.5%, the test is
then stopped, the sample is unloaded and allowed
to relax for 30 min, and the procedure is repeated Figure 16 Initial modulus (e r 0) determined from
using the same sample except that the test is the load–unload test as a function of ‘‘prestrain’’ ep

(filled PA6, f Å 0.25).stopped at a higher strain. The initial modulus is
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terface is better, the debonding occurs at a slower Dl: displacement recorded by exten-
someterrate, and is not complete when the material

yields. In filled polypropylene and in polyamide 6 f: filler volume fraction
fm : maximum packing fraction [eq. (5)]filled with untreated beads, the materials cease

to be elastic where their respective matrices are n, n0m , n0c : Poisson ratio and initial Poisson
ratio of matrix and of compositestill elastic. Therefore, the departure from elastic-

ity corresponds to the onset of debonding. Polyam- s, s0 , ss , sy : applied stress, elastic stress, cal-
culated stress at e Å 7.5% [eq.ide 6 containing treated beads is elastic in the

same range of strains as the neat polymer. How- (6)] and yield stress
z : volume strainever, the evaluation of the relative loss of stiffness

expressed as the ratio of the composite and matrix
secant moduli and the results of the load–unload
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