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The comparison of the results of calculations based on experimental data with those
derived from a simple, two phase, elastic model proved the existence of a hard inter-
phase in particulate-filled composites. Moreover, beside clastic properties, also other
mechanical characieristics of the interphase, including yield stress, are different from
those of the components. An energy analysis showed that the relationship between the
yield stress of the matrix and the debonding stress determines the mechanism of defor-
mation. Strong adhesion leads to matrix yielding, while decreased interaction leads to
debonding, with a corresponding dependence of composite yield stress on filler content.
Particle size, interaction and interphase properties determine the stress necessary to
separate the matrix/filler interface. The thickness of the interphase depends on the
strength of the interaction; a linear correlation was found between the size of the
interlayer and the reversible work of adhesion.

Keywords: Particulate filled polymers; stress analysis; interphase with changing proper-
ties; tensile yield stress; composition dependence; debonding; matrix yielding; interfacial
interaction; particle size dependence
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INTRODUCTION

In heterogeneous polymer systems the mechanism of micromechanical
deformations and, consequently, the macroscopic properties of the
polymers are determined by the local stress distribution around the
inclusions [1,2]. With the exception of reactive coupling, the domina-
ting deformation mechanism is debonding in particulate-filled polymers
[3-5]. Besides stress concentration and thermal stresses, debon-
ding is also influenced by interfacial interaction, which is determined
by the strength of the interaction and the size of the inclusions
[4,6-8].

Stress distribution around the inclusions is determined by stress
analysis; the traditional approach of Goodier [9] is the most often
applied for the calculation of the main stress components. This ap-
proach, however, leaves numerous questions open [6,10,11]. In hetero-

~ geneous polymer systems interaction of the compenents leads to the

development of an interphase, which has properties different from
those of both components [12, 13]. The development of such an inter-
phase is not taken into account by Goodier’s analysis [9].

Several attempts have already been made to predict the elastic
properties of composites by introducing an interphase layer of definite
thickness and properties, which are independent of the position inside
the layer [14-15]. These models assume isotropic properties of the
matrix and the interlayer. In the case of a spontaneously-formed inter-
phase, a continuous change of elastic properties must occur in the
interlayer, from a higher value at the surface to the matrix characteris-
tics at a certain distance from the particle.

In an earher paper, the existence of such an interlayer was assumed
and with the help of a first-order perturbation calculation an approxi-
mate analytical solution was given for the stresses inside and outside
the particles [16]. The results of the analysis were used in a simple
averaging procedure and composition dependence of tensile yield
stress was predicted by choosing the proper dependence of elastic
properties on the distance from the particle. Although relatively good
correlation was found between prediction and experimental results,
the model possessed several contradictions. It considered changing
elastic properties in the interphase, but assumed a constant yield
stress, which is probably not true. Since the model was used for the
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prediction of yield stress, the eventual change of this property in the
interface must also be studied. This issue is addressed in the present
paper. The effect of changing interphase yield stress on debonding is
investigated by stress analysis and the averaging techniques developed
earlier.

PRELIMINARY CONSIDERATIONS, EXPERIMENTAL EVIDENCE

Although it seems to be obvious that not only elastic properties
(modulus, Poisson’s ratio), but also other mechanical properties,
including yield stress, of the interphase change with the distance meas-
ured from the particle surface, it is worthwhile to consider some ex-
perimental evidence which may support this assumption. Comparison
of the yield stress and modulus of unmodified polymers indicate a
very close correlation between the two quantities [17]. This correla-
tion is presented in Figure 1, where the corresponding properties
measured by us [10] are compared with values taken from the litera-
ture [17]. The close correlation leads to the obvious conclusion that
the increase of modulus due to adsorption on the filler surface and
decreased mobility are accompanied by similar changes in yield stress,
i.e. the correlation presented in Figure 1 for virgin polymers is valid
also in the interphase. This assumption is corroborated by the strong
correlation between the debonding and yield stresses in particulate-
filled composites [5] and by the fact that larger yield stresses than that
of the matrx can be achieved with fillers having high specific surface
area leading to the formation of considerable interphase.

The composition dependence of yield stress for PVC/CaCO; com-
posites is presented in Figure 2. The data were taken from previous
studies [10,11]. Two different CaCOy fillers were used with average
particle diameters of 3.6 and 58.0 um. Composite yield stress decreases
with increasing filler content in both cases, indicating that debonding
is the dominating deformation mechanism. Debonding occurs before
reaching the yield stress of the polymer; most of the load is carried by
the matrix. Similar correlations are observed also in polypropylene
(PP)/CaCO; composites [5].

A different composition dependence is observed in a low density
polyethylene (LDPE) matrix, when the filler with the smaller particle
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FIGURE 1 Correlation of Young’s modulus and tensile yield stress of neat polymers,
(O) literature data [17], (O) own measurements [10].

size is added (Fig. 3). The yield stress of the composite increases
monotonically with increasing filler content, i.e. the filler carries a part
of the external load. The composition dependence of yield stress is
similar in plasticised PVC {(pPVC) composites as well (Fig. 4). Yield
stresses which exceed that of the neat matrix polymer indicate the
presence of larger than the average stresses around the inclusions and,
possibly, the formation of a hard interlayer with increased modulus
and yield stress.

A simple model was used for the determination of the average
stresses in the polymer and in the inclusions. We assume that at the
composite yield stress the polymer has undergone plastic deformation,
i.e. yielded. Moreover, the load carried by the components corre-
sponds to their effective cross-sections occupied in the specimen, i.e.
(1 —1.21@*") for the matrix and 1.21 @/ for the inclusions, where ¢
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FIGURE2 Tensile yield stress of PVC/CaCO;5 composites plotted against their filler
content. Particle size: (A) 58.0 pm, (O) 3.6 um.

is the volume fraction of the inclusions in the composites [187. If we
assume that the average stress acting across the surface of the particles
1s ¢*, the following equivalence must be valid:

a,=6%(1 — 1.21¢*) + 6*1.21 7 )

y

where 6, and cf are composite and matrix yield stresses, respectively.
These two values can be determined by fitting Eq. (1) to the experi-
mental data; the results of the calculations are collected in Table 1.
The load carried by the filler (6*) is always smaller than the matrix
yield stress when the filler with the large particle size is used, i.e.
debonding takes place. When the specific surface area of the filler is
larger (smaller particles), 6* can significantly exceed the yield stress of
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FIGURE 3 Composition dependence of the tensile yield stress of LDPE/CaCO, com-
posites. Particle size: (A) 58.0 um, (O) 3.6 pm.

the matrix (LDPE, pPVC). Assuming that the matrix does not yield
around the particle and that Goodier’s prediction is valid, stresses in
the interphase should be larger than 20';). However, if we do not allow
for the formation of a hard interlayer, the yield stress of the interphase
equals that of the matrix and stresses larger than o-f could not develop
around the particles. Two explanations can be given for the large ¢*
values:

a) An interphase does not form or its properties are the same as that
of the matrix, but large local deformations lead to the strain
hardening of the polymer.

b) An interphase forms with changing properties, and modulus and
yield stress are larger than that of the matrix. The material adsor-
bed in the interphase deforms elastically; it does not yield.
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FIGURE4 Effect of filler content and particle size of the filler on the tensile yield
stress of pPVC/CaCO, composites. Particle size: (A) 58.0 pm, (O) 3.6 um.

TABLE I Calcuiated matrix yield stress and average stress
induced in the particles

Matrix D;=3.6 um D, =58 um

6? o* oy a*
(MPa) (MPa) (MPa) (MPa)

PVC 535 5.2 535 1.6

PP 331 9.7 331 33

pPVC 187 21.8 18.7 44

LDPE 71 16.1 78 4.0

STRESS ANALYSIS

In order to find the proper explanation for the above presented ques-
tion, a simplified stress analysis was carried out and the conditions for
debonding were determined.
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Existence and Properties of the Interphase

Assuming that, due to stress concentration, stresses larger than a;’ can
develop in the vicinity of the particle, the average tensile stresses in the
particle can be determined from the stress components. Stress dis-
tribution around the particles embedded in an elastic matrix can be
described by the 6,,, 6, and o, stress components superposed on the
c* external stress. It can be simply shown (Fig. 5) that only the ¢,, and
6, components lead to forces, which act in the same direction as the
external stress. In a homogeneous material at a given ¢° external
tensile stress a force Ae¢ acts in the direction of the stress, where A4 is
the cross section of the specimen perpendicular to the direction of the
external stress. In the presence of a filler, a three-dimensional stress
field develops around the particles. Stresses inside the particles will be
different from those in the matrix. Averaging must be carried out both
for the cross section of the particles and the matrix. Thus, by taking

FIGURE 5 Stress components initiating debonding.
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into account the stresses acting on the particles and the matrix, re-
spectively, and by using the corresponding surfaces, an average force
is determined, which acts against the external force. The (s, +
{6, + (B> equivalent “tensile stress” multiplied by the cross-section
of a particle gives a force, which is equal to that caused by the compli-
cated three-dimensional stresses around the particle. (04> does not
contribute to the average force acting in the direction of the external
stress. As a consequence, the surface average of stresses can be cal-
culated as:

] /2
{6, +{6,4 = e J. 6,27 R*sinBcos0d0
T

0

1 n/2
- J 6,27 Rsin2040 )

R?n 0
By using the explicit form of the stress components [9] we arrive at
6, =o+ pcos20 and o,=ysin20 (3)
Substituting these into the average stress we obtain
{6,>+{6,y=a—7y 4

o and y can be given as three-parameter functions, i.e.

a_szA 2v C+IZB
o R® 1-~2vR® R®

24B 2A1+v)C
Y=G<F‘1_zvﬁ> a

In the above correlations G is the shear modulus of the matrix and v
its Poisson’s ratio. If the particles are much stiffer than the matrix A,
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B and C can be expressed as

c"R*(1—v 3
A= +
4G \1+v  16—20v

¢’R° 1

S M S 6
B 8G 8—10v (©)

6’R35(1 —2v)

8G 8—10v

and the average stress is given as
l—v 2

* — —-— ag¢ e ——— A 7
oF =<0, + (0 =0 (1 +v+8—10v> M

The value of 6* can be determined from Eq. (7), which is the Good-
ier [9] solution for the elastic case, if ¢° is equaled to 6 and the
appropriate Poisson’s ratio is substituted. The calculation was carried
out for the two matrices and the filler with the small particle diameter,
where debonding did not occur; the results are collected in Table II.
Comparison of the data calculated by the mode! presented above
(6%,) and those obtained directly from the experiments (¢, ) leads to
the conclusion that the simple, two-phase, elastic model yields lower
average stresses than the values calculated by Eq. (1). The difference
verifies our assumption about the formation of a hard interphase with
changing properties, which makes possible the development of the
high ¢* stresses actually measured in the material. The remaining

TABLE Il Comparison of interphase stresses determined
from experimental data and theoretical prediction

* 0

Matrix T us Ol v ay

{MPa) (MPa) (MPa)
LDPE 16.1 15.1 0.43 16.1
pPVC 21.8 17.5 0.46 18.7

ok..s was derived from Eq. (1)
a¥,. was calculated from Eq. (7)
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question is the mechanism of stress transfer and debonding, as well as
the parameters influencing them.

Stress Transfer, Debonding

We assume that the elastic properties of the matrix change according
to a single a(|r]) function, i.c.

E=E%(|r]); G=G (lr) (&)

where E° and G° are the corresponding properties of the matrix. The
origin of our coordinate system is placed in the center of a particle
and |r| is the absolute value of the distance measured from this point.
The matrix deforms under the effect of ¢¢ external load and the defor-
mation field around the particle is superposed on this deformation.
Displacement and stress components are noted by uj(a,r), ui(e,r)
and af (o, 1), oi (o, r), respectively. Since the modulus of the particles
is about one order of magnitude larger than that of the matrix, they
are completely rigid, i.e. they do not deform. For particles embedded
in an infinite matrix the following boundary conditions apply:

lim 65 (a,r)=0

lr]—
wé(ot, R) + u(a, R) =0 )
limegf =0
lr]—>«
Ilm u“=0

] — o

where u(a, R) is the displacement field on the surface of the particle
with a radius of R. The energy of elastic deformation for the matrix is

2U (o) = J o (m)leg(r) +ejlar)]
Vv

+op (o) ei(r) +gilonr) 1dV (10)
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The volume integral must be calculated only for the matrix, since the
particle is completely rigid. The last three terms of Eq. (10) are trans-
formed into surface integrals according to Figure 6, where S* is the
external surface of the sample and S¥ is the surface of the particle.
Taking into account that the o}, stress field is free of divergence and
that at the S* surface uf disappears, the second term of Eq. (10) can be
expressed by using the Gauss theorem

J o (r)eglor)]dV= J Logui (1)) — of W )uie,r))]dV
vV 4

= %ﬁ o (o, Ryuf(R)dS,
s

The third and fourth terms of Eq. (10) can be transformed in a similar
way, Le.

chk(a,g)sﬁc(a,g)dl/zﬁ o (o, R)u/(R)dS, (12)
v s*

Ve

FIGURE 6 Calculation of elastic energy by surface integrals; representative surfaces.
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and

J o lor)eg(or)dV= § ;. (o, R)u;(a, R)dS, (13)
v SF

The sum of the last two terms is zero because of the second boundary
conditions of Eq. (9), thus the total elastic energy of the matrix can be
expressed as

2= j oLesdV + fﬁ 64 (R)uf(R)dS, (14)
14 SF

In the above presented calculation we assumed that the particle is
attached to the matrix by its whole surface. If the external stress is
further increased, debonding occurs at a certain ¢°? stress. The total
elastic deformation energy of the matrix can be calculated in this case,
too. The stress in the matrix takes the form:

op =03 (r)+057(r) (15)

where 67 is the stress concentration remaining around the particle
after debonding, which takes place suddenly on a sufficiently large
area after initiation. At the moment of debonding, the interaction of
the filler and the matrix is disrupted, the conformational freedom of
the molecules increases, and the elastic properties no longer change in
the vicinity of the particle. The displacement field consists of two
terms as well:

ul(r) =ui(r) +uiP(r) (16)

The boundary conditions are modified

lim ¢2(r)=0

Ir|—oc

lim 6;2(r)=0 (17

lr}—=
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for the debonded surface
(65 + 65P)n,lsp =0 (18)
and for the places where debonding did not take place
ufP(o,r) +uiP(or) =0 (19)

From these conditions the elastic energy of the matrix after debonding
can be obtained as

20P = J [cf?sﬁ? +o:2(e? + )+ cﬁcpsfk”}dV (20
v

The three last terms are transformed into surface integrals just as
before. In the transformation S’ represents the debonded part of the
SF surface (Fig. 7). The second and third terms are transformed

/S

FIGURE 7 Creation of new surfaces in debonding; representative surfaces.
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together by using the conditions that
divé®=0 and divé*?=0 (21)

thus
jﬁka(E?,f’+€ff}dV=§ o5 (uf® +uP) dS, (22)
174 SF+ st

Since ¢¢” and us® disappear on the S* surface, the rest of Eq. (22) can
be divided into two parts

39 62 (uf +uP) dS, = f 6w + ug) dS,
st hY

+ f & 2(uf® +usP) ds, (23)
SF- 8

because of the condition of Eq. (19) the second term of Eq. (23) is zero.
The first term of Eq.(23) can be tranformed according to the condi-
tion expressed in Eq. (18)

3€ o (ufP+ui®) dS, = —J o +ui?) dS, 24)
¢ s
thus the total energy of the matrix can be given as

2UD=f cipsﬁchV—f 6 P(uf® +uiP)ds, +3€ oPu? ds, (25)
v s’

i
St

The difference in elastic energy before and after debonding is

2U—-UP)= J (o588 —Gf,?ﬁ,f’)dV%—é [oiu$(a,R)—
s

1 4
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—oP(R)uP(R)dS,] — J o:P(ue? —uiP)ds, (26)
¢
The volume integral can be transformed again

e ae eD_.eD _ e, e eD,,eD
J (65&x — Ok €5k )dV—J (oguf —og ui")dS,
v s*

+J (ofuf — o5 u")ds, (27)
Sk

The last integral of Eq. (27) is zero, because 6§, = 65° before and after
debonding and if debonding takes place on a particle somewhere in
the matrix far from the S* surface it does not influence its value, i.e.

limy® = limu*? (28)

= o lr|— =

thus only the integral calculated on the surface of the particle remains
from Eq. (27)

AU —UP) :§ [og(uf +uf)—652(uf® + ui®)]ds,
SF

— f P (ue? + uP)ds, (29)
s

By dividing the S¥ surface into debonded and adhering parts and using
the boundary conditions, the first term can be simplified to the integra-
tion according to S’. The total deformation energy in this case is

U_ur— f 652 (ug® + uP) dS, (30)
)

When debonding occurs the deformation field of the matrix is
modified, thus also the elastic energy of deformation changes. A new
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surface is formed at the same time, which occurs only if the energy
gained by the modification of the deformation field is sufficient to
create the new surface. Thus, the condition of debonding can be ex-
pressed as

IU—UDIZJ 2N (31)

where Wis the reversible work of adhesion. Introducing Eq. (30) into
Eq. (31) we obtain

f 62(u® + ugP)ds, — J Wds >0 (32)
s S

Debonding is initiated at the pole of the particle (6 =0, see Fig. 5) on
a small AS’ surface, where stresses and deformations can be regarded
as constant, thus the local condition of debonding is

P (u® +uPyn, —W=0 (33)

In the condition expressed by Eq.(33), u¢®+ ut® = A, represents a
small change of displacement. The first term of Eq. (33) expresses the
work done by the external load if the displacement of a unit surface is
A, If A, is sufficiently large at a given ¢°” stress, debonding occurs.
The critical displacement can be created by thermal fluctuation. At the
pole of the particle only ¢” differs form zero, thus A, must be taken
into account only in the r direction. The probability difference be-
tween the formation and disruption of one interaction point depends

on the external stress and it is proportional to A,, i.e.

A, ~ (e ~U—aV/kT _ e—-U+a”’V/kT) (34)

¥

where U is the adsorption energy, V the activation volume and
D — g¢P If 0°®V « kT, then Eq. (34) can be expressed as a series and

r

g
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A, takes the form

eDV )
A,~Gk—Te"U/“ (35)

It can be shown by dimensional analysis [6] that

1 R oPV
A=— O 7 g-unt 36
"T A E@R) kT ¢ (36)

where E(o, R) is the Young’s modulus measured on the surface of the
particle and A4, is a constant. Normally the expression could be writ-
ten as

A,=——g°P (37)

However, in our case the A; displacement must take place before
debonding, when the properties of the interphase are determined by
the interaction. As a consequence, E{a, R} must be substituted into
Eq. {36) instead of E. If the released strain energy is sufficiently large,
debonding occurs and the modulus decreases to the matrix value.
Introduction of Eq. (36) into Eq. (33) leads to

(GeD)ZRV e—U/kT
E(a,R) A, kT

W=0 (38)

which, after expressing ¢¢?, gives the condition of debonding

WE(a, R
o _(d,__}

= [Ag—py— kTe™ (39)

CONSEQUENCES

Eq. (39) clearly shows that in the case of changing interphase proper-
ties the relationship of ¢°? and c;’ can change with the particle size of
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the filler. If the particle size is large, 0°” < ¢, debonding takes place
and composite yield stress (o) continuously decreases with increasing
filler content. If the particles of the filler are small, the relationship of
the two guantities changes and the correlation will be reversed as is
shown in Figures 3 and 4.

Although changing yield stress of the interphase was neglected previ-
ously, a similar solution was obtained for the condition of debonding
[16,19]. The previous correlations did not contain the term expressing
the changing elastic properties of the interphase. The assumption of a
dynamic equilibrium of adsorption and desorption in the absence of an
external force made it possible to include this factor into the correla-
tion. The measurement of debonding forces as a function of particle
size, strength of interaction and temperature makes possible the deter-
mination of the modulus of the interface and the correlation presented
in Figure 1 allows us to calculate the interphase yield stress as well.

The experimental evidence and the calculations presented above
clearly prove the existence of a hard interphase. The final question is
its thickness, which must depend on the strength of the interaction.
Interaction is created by secondary, van der Waals forces, but the
range of these forces is small, not more than a few nanometers. When
the material is deformed, the volume affected by the decreased mobi-
lity of the chains attached to the surface is much larger, shown also by
the larger interphase thicknesses determined by indirect, mechanical
measurements [20]. This volume and the thickness of the interphase
can be estimated by a semi-empirical correlation developed earlier for
the quantitative description of the composition dependence of tensile
yield stress in heterogeneous polymer systems [10]:

1—9
=g’ —v— B 40
o, 0y1+2.5¢exp( y @) (40)
where the term (1 — ¢)/(1 + 2.5 @) expresses the decrease of effective
load-bearing cross-section on filling, while exp(B,@) describes the in-
teraction. The parameter B, contains the thickness of the interphase
(1) and its yield stress (o,

B,=(1+1pA,)n% @1

y
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where A, and p, are the specific surface area and the density of the
filler, respectively. Parameter B, can be determined from the composi-
tion dependence of tensile yicld stress and, if the experiments are
carried out with at least two fillers of different particle sizes, I can be
calculated from the results.

The measurements and the calculation have been carried out and
the obtained interphase thicknesses are plotted in Figure 8 for the
four matrices studied. The thickness of the interphase linearly
changes with increasing adhesion, which is characterized by the
reversible work of adhesion in this case. This result further corrobor-
ates the validity of the theoretical approach presented in the previ-
ous section.

Interphase thickness (um)
6 7 T )
PVC

0.4
0.5
0.2
0.1

100 110 120 130 140 150

Work of adhesion (mJ/m?

FIGURE 8 Effect of the strength of interaction on the thickness of the spontaneously-
formed interphase.
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CONCLUSIONS

The comparison of theoretical calculations and experimental data
proved again the spontaneous formation of an interphase on the sur-
face of a filler or reinforcement. Besides the elastic properties, the yield
stress of the interphase also changes continuously from the surface of
the particles to the matrix. In the absence of debonding, the develop-
ment of this hard interface leads to increased composite yield stress.
Debonding starts at the pole of the particles and proceeds cata-
strophically towards the equator if the elastic deformation energy of
the matrix is sufficient for the creation of new surface. By assuming
the dynamic equilibrium of adsorption and desorption in the absence
of external forces, the parameters influencing debonding stress could
be determined. The strength of the interaction, the size of the particles
and temperature influence the separation of the matrix/filler interface.
In the absence of debonding, tensile yield stress of the composite
increases with filler content, while in its presence it decreases with
composition. The apparent volume of the matrix influenced by inter-
action during deformation depends on the strength of interaction, it
increases considerably with the reversible work of adhesion between
the components. The results of the theoretical calculations make pos-
sible the analysis of the debonding process. Further experiments must
be carried out to verify the treatment.
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