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Debonding microprocesses and interfacial 
strength in particle-filled polymer materials 
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Griffith energy theory was developed for analysis of crack propagation along an interface in 
polymers filled with rigid spherical inclusions. A polydisperse structural model was used for 
stress-strain distribution analysis of composite materials. Experiments were performed on 
glass-bead filled polyethylene and polypropylene and epoxy resin. The dependence of debonding 
stresses and angles on contraction stress, friction, particle diameter and material characteristics 
were analysed. 

1. In troduct ion  
Strength and plastic behaviour of particle-filled poly- 
meric materials are subjected to a considerable extent 
to microprocesses of deformation and fracture taking 
place in the close vicinity to inclusions [1-5]. One of 
the main aspects of these processes is a debonding of 
a polymer matrix from inclusions which leads to alter- 
ation of the local stress-strain distribution (SSD) [4, 
6-8] and predetermines the subsequent fracture 
process. The formation of interracial debonding in 
different filled polymer systems may not only be an 
undesirable fracture source but also an effective canal 
for energy dissipation [9]. 

Based upon existent data it is possible to distinguish 
the two main characteristics of the debonding process: 
a debonding stress and a part of the debonding inter- 
face. The few investigations reported in this field point 
to the necessity for more detailed analysis of the de- 
bonding mechanism and its dependence on the mater- 
ial physical parameters, the state of the interface, 
inclusion size and content, and effect of external con- 
ditions. 

The fracture mechanism analysis requires proper 
choice of criteria to be made. The known criteria of 
boundary fracture can be divided into two main 
groups: stress criteria based on the calculation of the 
local stress intensities, and energy criteria based upon 
the Griffith theory [10]. 

The present work was devoted to the development 
of the energy Griffith theory and experimental 
analysis of crack propagation along the interface in 
polymers filled with rigid spherical inclusions. The 
following factors which have an influence on the rela- 
tive part of the debonding interface (debonding angle, 
Oa) and debonding stress, ~d, were studied: size and 
volume fraction of the filler, interracial surface energy, 
thermal contraction stress, and the presence of friction 
between the sides of the propagating interfacial 
fracture. 

Special attention should be paid to various restric- 
tions imposed to simplify and clarify the undertaken 
analysis: (1) the theoretical analysis of the debonding 
process is developed in the elastic case within the 
framework of a Hashin polydisperse model; (2) the 
defect nucleation mechanism, and the size and distri- 
bution of defects are not discussed; (3) the possibility 
of the alteration of surface energy during debonding 
propagation, which can be caused by microplastic 
flow near the debonding tip, by variation of the crack 
propagation rate and by the geometry of an inclusion, 
is not taken into consideration. 

2. Theoretical  analysis 
2.1. Theoretical model description and 

boundary conditions 
The polydisperse structural model suggested by 
Hashin [11] was used for strain-stress distribution 
analysis of composite materials. It is assumed that all 
the volume can be divided into similar domains, that 
may have only boundary contact points (Fig. la). For 
particle-filled composites it is natural to consider 
a spherical inclusion within a cell structure forming 
a spherical shell. The ratio of particle radius, R, to the 
shell radius, A, (Fig. lb) is related to volume filler 
content, 

( R / A )  3 = o~ (1) 

Let us state the problem concerning the description 
of continuous displacement fields u(x) in heterogen- 
eous materials of polydisperse structure. Such fields 
provide identical SSD in different cells. It is not diN- 
cult to prove that the following correlation is neces- 
sary and sufficient for such fields 

ll(X) lxeS = 140 Jr- //1X1 -'}- //2X2 -{- //3X3 (2) 

Indeed, Equation 2 allows us to construct the dis- 
placement field with identical SSD in different cells. 
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Figure l Schematic representation of spherical shell configuration given by Hashin [Ill:  (a) polydispersed model and (b) deformed 
elementary shell with debonding angle ~). 

Inversely, if a continuous displacement field u gives 
equal strain fields in different cells, it is easy to see the 
necessity of Equation 2 by taking into account all 
triangles of adjacent shells. 

Furthermore, central symmetry of the cell leads to 
central symmetry of stress fields (Fig. la) and, conse- 
quently, to their equality in the adjacent points: 
c~ + = cy-. The above considerations are convincing 
arguments for the SSD description in the polydisperse 
composite structure by the displacement fields of the 
class under review. 

In comparison with regular structure composites, 
when deformation is described by solving the con- 
tinuum media mechanics boundary problem for a re- 
peated element with periodic boundary conditions, for 
the polydisperse structure composite, such an element 
is a spherical shell and the boundary conditions of 
Equation 2, apply. 

In the present study the cylindrical symmetrical 
boundary problem is solved using the finite elements 
method for the equilibrium equations 

~ J  - 0 (3) 
8xj 

with the following conditions at the cell boundary 

Ull S = ,~X1, /,/21S = -- 5X2, 

u3ls = -- 8x3 (4) 

The particles are supposed to be rigid and debonded 
from the matrix inside a certain symmetric volume 
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angle (Fig. lb). Friction between debonded parts of 
the surface is assumed to be neglected. So, the bound- 
ary conditions at the inside surface, F, of the spherical 
shell can be given as follows. 

When 0 _> 

Uir = 0 (5a) 

when 0 < 

~0Jr = 0 (hb) 

%,Iv = 0 ifu~ > 0 (5c) 

or  
u, lr = 0 otherwise. (5d) 

In accordance with cylindrical symmetry 
u~ = ~r, = ~0~ = 0. The central symmetry allows us 
to place the restriction that the angles do not exceed 
~/2. The domain R _< r _< A, 0 N 0 _< r~/2 is divided 
into the rectangular rj _< r _< r~+l, 0i < 0 _< 0i+1, in 
which the displacement components ur, ue are approx- 
imated by the following functions 

u, = r(A~r + BrO + CrrO + Dr) (6a) 

uo = (Aor + BoO + CorO + Do)rsin0 (6b) 

The values u,, u~ at the knots of the network and the 
corresponding coefficients in Equations 6a and b 
are obtained from the condition of elastic energy min- 
imum 

f L i ~ 1 2  W = 4re dr d0r 2 sin O(~ij ~U2 (7) 
jo 



The value of longitudinal,  ~, and transverse, 6, macro-  
deformat ions  are determined by the uniaxial tension 
condit ions 

( 0 - ~ )  = 1, ( 0 - ~ )  = ( 0 - ~ )  = 0 (8) 

(angle brackets  denote  the volume average). 

2.2. The energy criterion of interface crack 
growth 

Let ? be the debonding energy density. Free energy 
decrease 

F(R, cy, E, ~, a ,  v, AaAT)  = Fs - F, (9) 

is regarded as a crack growth condition: ~ is the 
debonding angle, R the inclusion radius, 0- the ex- 
ternal tensile stress, E, v the matr ix  Young 's  modulus  
and Poisson's  ratio, Aa the difference between matr ix  
(am) and inclusion (ai ~ am) thermal  extension coeffi- 
cients, A T  the difference between manufac tur ing  and 
use temperatures ,  Fs the surface energy necessary for 
the fo rmat ion  of two debondings  inside the angle qJ or 
cone (Fig. lb) with a solid angle S = 4n(1 - cosqJ) 

Fs = 4n(1 -- c o s ~ ) R 2 y  = S(qt)R2y (10) 

Fr is the elastic energy of spherical shell 

F~ = R 3 W~(c~, E, ~, ~, v, a a A T )  (11) 

In the absence of thermal  contraction:  z ~ A T  = 0, F~ is 
p ropor t iona l  to 0-2/E 

0 - 2  
Fe - R 3 W(~, a,  v) (12) 

E 

Wc and W are the shell deformat ion  energies cal- 
culated for R = 1 (Equat ion 11) and R = 1, 0- = 1, 
E = 1 (Equat ion 12). 

Fur thermore ,  the clearer formula  (Equat ion 12) will 
be used if there are no special notat ions.  In this case, 
free energy may  be expressed as 

0 - 2  
r - R3[~S(~)  - W(qt, a ,  v)] (13) 

E 

where 
Ey  

- cyZR (14) 

is the reduced surface energy; ~ determines the energy 
condit ions of debonding  growth.  

In every concrete  calculation, Poisson's  ratio was 
assumed to be 0.33. For  this reason, v will not  be 
further used. In the main  the analysis was carried out 
for weakly interacted inclusions (a = 3.5%). Fig. 2 
shows the dependence of angle, ~, on d W(~) /d~  and 
~, dS(~) /dt )  at different ~?. The curves do not intersect 
each other  if ~ _> ? o r -  1.23. Thus the free energy 
monotonica l ly  increases and, therefore, the presence 
of any defects does not  lead to adhesive failure. If 
" / <  ?of, the curves intersect at two points. The first 
one, qq, corresponds  to the m a x i m u m  of free energy 
(Fig. 3) and is equal  to the min imum angle value of the 
initial defect capable  of initiating adhesive failure. At 
point  q~2, free energy reaches a min imum and, there- 
fore, further development  of  the debonding crack be- 
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Figure 2 Dependence of angle, qt, on elastic energy dW(~)/d~. (t) 
Finite element method calculations; (2) Gent approximation: 
W=8sin3(~) [12], and the whole reduced surface energy 
~,EdS(~)/d~] (y = (3) 0.2, (4) 0.4, (5) 0.6, (6) 0.8 (7) 1.0, (8) 1.23, (9) 1.4, 
The vertical line (~/,~,x = 68 ~ indicates the interruption of Curve 
I by friction. 
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Figure 3 Free-energy dependence, AF (9 = (I) 0.4, (2) 0.8, (3) 0.93, (4) 
1.07, (5) 1.23, (6) 1.4) upon debonding angle ~ (~1 = maximum, 
t)2 = minimum). 

comes disadvantageous.  Variat ion of ~/1 and ~2 with 
is represented in Fig. 4 (curve 1). It can be seen that  

~1 -* 0 ~ and ~2 ~ 90 ~ when ~ --* 0, i.e. particle radius 
and load increase or y decrease leads to energy ad- 
vantageous  to small defect p ropaga t ion  up to high end 
angles. 

An approx imate  analytical description of the con- 
nection between the elastic energy and the debonding 
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Figure4 ( - - )  Initial, 41, and ( . . . )  final, qt2, debonding angle 
dependence upon reduced surface energy, ~?: (1) in the absence of 
thermal contraction; (2) for debonding stresses c% < %/qo. 7or de- 
fines the range of ~ values (0 < ~' < 7cr) energetically advantageous 
for debonding. 

angle (DA) was proposed by Gent [12] 

AW = W(~) - W(0) = kqZsin3(q0, (kqZo ~_ 8) 

(15) 

by estimation of the "unloaded" volume value (Fig. 2). 
It is seen that Equation 15 is a rather good approx- 
imation for d W(q 0. However, it does not allow ana- 
lysis of the conditions of debonding propagation with 
increasing filler content, the existence of thermal con- 
traction stress and friction between the faces of ap- 
pearing debonding crack. 

2.3. The  sca le  fac to r  
If the defect radius, d(t)o = d/R),  is assumed to be 
independent from the inclusion radius, R, one can 
calculate the adhesive strength, ~d, as a function of 
R (Fig. 5). A marked dependence is observed only at 
d ~ R. In the common case 

(y2R 
1/(~) - E 7  - ( d S ( * ) ' ~ / ( d W ( q / )  ) 

dt~ / / \  d ,  / 

dS(q,) 
- (16) 

dW(~t) 

that leads to 

(y2d dS d dS 
- d W R  -- dW qt~ (17) E7 

When q~0 --* 0 the problem of the matrix debonding 
from the spherical inclusion converts to the problem 
of debonding from the rigid plane. According to its 
solution [12] 

( y 2  _ _  4~7E (18) 
3dkq 2 
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Figure 5 Dependence of theoretical debonding stress, %,  on inclu- 
sion radius, R, calculated assuming a fixed defect size (d = const.). 

where k is a value slightly dependent on Poisson's 
ratio (k = 2 at v = 0.5, k = 2.29 at v = 0.33), q0 is the 
coefficient of the local overstress (on the pole of the 
single spherical inclusion qo -~ 2), which in the normal 
case can be evaluated from the SSD analysis in the 
composite material and depends on geometry, filler 
content and aggregation. Solution of the debonding 
problem for two elastic media divided by a plane was 
obtained by Mossakovsky and Rybka [-13]. So, at 
d/R < 1, the dependence of cyd on filler radius disap- 
pears. 

The defect size may depend on filler radius and, in 
particular, be proportional to it (q/0 = d/R = const.). 
This assumption leads to the linear dependence of the 
debonding stress (DS), (~a, on 1 /R  1/2, Such a depend- 
ence was observed experimentally for filled elastomers 
r121. 

Davidge and Green [14] used integral criteria of 
energy balance for the scale factor evaluation. Accord- 
ing to this, debonding occurs up the angle t)e, if the 
released elastic energy is sufficient for the formation of 
a new surface 

AF = AFs - AFe = 4~(1 - cos~)R27 

- FJ0)  + F~(q~) _< 0 (19) 

The value of reduced surface energy, ~,, when 
Equation 19 is valid for the first time, is 1.07, and the 
corresponding DA, be = 68.5 ~ (Fig. 3). The integral 
criteria of energetic balance also lead to the inverse 
square root scale dependence of CYd ( E y / ~ 2 R  = ~'e = 

const.). One of the peculiarities of this approach is that 
complete debonding takes place if ~ < 7~d = 0.93 (the 
existence of such a critical value is improbable). 

2.4. The effect of filler volume content 
W(~)/d~ dependencies at different filler contents, ~, 
are presented in Fig. 6. One can see the permanent 
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Figure 6 Dependence of spherical shell elastic energy, dW(,.~)/d@, 
on debonding angle, 4, at different filler contents: (1) 3.5 vol %; (2) 
10 vol %; (3) 20 vol %. 

character  of these dependencies with filler content  
growth (at least up to 20 vol %). The proper  analysis 
shows a slight increase of DS for fixed initial crack size 
with filling. Low sensitivity of initial, ~1, and final, ~2, 
debonding angles to the filler content  is caused by 
averaging of the influence of neighbouring inclusions 
on the SSD. P robab ly  this effect is a consequence of 
spherical shell size distr ibution in a polydisperse 
model. SSD in a composi te  of periodical  structure is 
more  sensitive to filler content.  Local  overstress coef- 
ficient dependences on filler concentra t ion  for the 
periodic model  with cubic inclusions were calculated 
and are presented elsewhere [15]. 

2.5. The effect of filler volume content 
and DA on the elastic modulus 

The solution of Equat ions  3 - 5  allows calculation of 
an effective composi te  stiffness, Eel (Fig. 7) at any 
filling and degree of adhesive connect ion (debonding 
angle, ~d)- I t  should be noted that  Eef varies consider- 
ably with DA and may  increase or decrease depending 
on its value. The given curves are analogous  to the 
dependences obtained using other  models  [16-18] .  It  
is impor tan t  to ment ion  that  increasing DA leads to 
a considerable d rop  in effective composi te  stiffness. 

2.6. The influence of fr iction between crack 
faces upon DA 

The above analysis did not  take into account  the 
friction between the debonding faces: free tangential  
displacements were allowed even when they were 
forced together  (boundary  condit ions in Equat ion  5). 
In the filled composites,  such behaviour  m a y  be real- 
ized only as a result of special t rea tment  of  the particle 
surface. In the opposi te  case, friction cannot  be 
neglected. 
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Figure 7 The relative Young's modulus, Eel, dependence upon rigid 
filler content, a, for different debonding angles ~d = (1) 90 ~ (com- 
plete debonded), (2) 54 ~ (3) 36 ~ (4) 0 ~ (ideal adhesion). 
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Figure 8 Calculated radial displacement, u,  of a polymer matrix 
from a spherical filler surface (D = 52 gm) as a function of angle, t~, 
in the presence of contraction stress under different loads, ~ = (1) 
7 kgmm 2, (2) 10 kgmm -2, (3) 15 kgmm -2, (4) without contrac- 
tion stress under load 15 kg mm-2. ( ) The mean height of the 
surface relief for the polydimethyl-dichlorosilane covering 
(dh ~ 1 prn). 

Displacement  field analysis shows (Fig. 8) that  de- 
bonding leads to matr ix  de tachment  f rom the particle 
surface up to the angle ~ / m a x  = 68 o Hence friction 
cannot  change the energy condit ions of crack propa-  
gat ion in this angle region. However ,  the following 
exfoliation does not lead to further detachment ,  only 
to surface shifts. So SSD and elastic energy change is 
terminated if the friction coefficient is sufficiently high 
(Fig. 2) and further debonding becomes energetically 
disadvantageous.  At low friction, the DAs may  change 
up to 90 o In the present case (high friction), angles are 
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close to qlma x = 68 o (maximum DA) for all 9 < 9~ 
Thus qt d will be independent of inclusion radius, DS 
and polymer matrix properties. 

2.7. Thermal  con t rac t ion  effect 
The effect of thermal contraction stress, % 

= - - -  (20) ~ ~ TR (1 + v) A~AT r r = R  

(r is the distance from a particle centre and R its 
radius), on the energy balance of interface crack 
propagation was analysed. Contraction strains, ~r for 
the matrix (a~m = ~mAT) and filler (ea = ~eAT) in the 
unloaded state are equal to 1% and 0%, respectively 
(% = 4.5 kgmm -2 when E = 300 kgmm-2) .  The de- 
pendence of dF~/d~ on angle ~ for different loads is 
represented in Fig. 9. It is clear that the dependence of 
Fo on cy and E becomes more complete in the pre- 
sence of contraction. 

If DS considerably exceeds the contraction stress 
(% > 4 - 5 % )  a contribution of contraction into elas- 
tic energy becomes insignificant and the 
[dF~(t~)/d~t]/[(cy2/E)e 3] curves become close to the 
d W(~)/d~ curve (Fig. 9). Therefore, contraction may 
be neglected for high loads. 

If external and contraction stresses are of the same 
order, the latter must be taken into account in calcu- 
lations. Displacement field analysis (Fig. 8) shows that 
at low friction, exfoliation may occur without detach- 
ment, due to release of shear deformation energy. The 
stress threshold o- d ~ ~r restricted by the top ex- 
ternal load, ensures that debonding only occurred by 
a shear mechanism. The dependence of qq and ~2 on 

for low adhesive strength (CYd --- CY~/qo) is represented 

in Fig. 4 (Curve 2). Significant diminution of ~cr is 
observed. A comparison of energy conditions of de- 
bonding for a given defect size ~ = 10 ~ in the pres- 
ence of contraction ( ~  = 1%), and without it 
shows that contraction raises the stress of crack 
propagation by 3.7-fold. Some shift of elastic energy 
release maximum into large angles for low DSs, lead 
to an increase of final DAs, ~2, for the same initial 
ones, ~1. 

2.8. Jo i n t  thermal  con t rac t ion  and f r ic t ion 
effect 

If we take into consideration friction between the faces 
of a growing crack in the presence of contraction, the 
maximum DA, qtmax(CY), is a growing function of 
applied stress, cy. The maximum debonding angle 
tends t o  I.~max = lim 1]/max(O'), corresponding to an ab- 
sence of contraction (Figs 8 and 10). 

The existence of these two factors restricts the min- 
imum DS, because in the presence of higher friction it 
cannot be less than cyr The last condition corres- 
ponds to the onset of debonding of the matrix from 
the inclusion pole. 

Thus, due to the presence of contraction and fric- 
tion the crack behaviour on the spherical interface can 
be described in following way: from a certain stress 
level, an initial defect grows up to an angle of 
~d = ~ .... (C0 for a short time; further increase of DA is 
stipulated by the growing applied load, and ~d tends 
to  ~Jmax- 

2.9. The effect of po lymer  coat ing  th ickness 
An analysis of the influence of soft interface layers on 
the SSD in the neighbourhood of an inclusion was 
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Figure 9 Dependence of spherical shell elastic energy, dFe(~)/d~, 
on debonding angle, 4, at different loads, r = (1) 4 k g m m  -2, (2) 
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Figure 10 Dependence of max imum debonding angle, %.,x, on ap- 
plied stress, cr, in the presence of contraction and friction. ( ) 
Maxxmum debonding angle reached at c~ > cYc, ( -  - - )  min imum 
stress (C~ml n = CYc/qo) required to detach the matrix from an inclu- 
sion in the presence of contraction. 



made assuming a polydisperse structure model in the 
case of ideal bonding. The elastic modulus ratio of 
filler, matrix and coating was equal to 100: 1:0.1. As is 
seen from Table I, composite stiffness changes slightly 
with coating thickness, h, in the considered diapason 
of h/R. At the same time, a rather strong h/R depend- 
ence of normal stress, cy11, over the inclusion pole is 
observed. However, if (h/R) < 10 -3, soft coatings do 
not produce significant perturbations into the SSD in 
comparison with uncoated samples. From another 
point of view, the proper choice of thin coating makes 
it possible to modify the surface energy, y, and friction 
at the interface. 

3. Results and discussion 
3.1. Materials and sample preparation 
The matrix materials used were high-density poly- 
ethylene (HDPE, MM = 12x 104), isotactic poly- 
propylene (PP, MM = 15 x 104), and highly cross- 
linked epoxy polymer, resulting from polyaddition 
reaction of resorcinol diglycidyl ether and 
m-phenylenediamine under stoichiometric ratio of 
components [19]. A resorcinol diglycidyl ether was 
distilled over an argon flow in vacuum, and the aro- 
matic amine was purified by vacuum quasisublima- 
tion at melting temperature Tm = 64 ~ Glass spheres 
were used as a model filler. The glass particles were 
obtained in a variety of different size ranges and there- 
fore they were sieved into sharp fractions of different 
average diameters (see Table IV below). The relief of 
the surface was about 0.1 pm (Fig. 13). The volume 
content of particles for all compositions was 0.5% to 
exclude agglomeration and particle interaction. The 
average distance between the inclusions corresponded 
to four diameters. 

TAB L E I Stress values, or 1 l, at different points of the particle pole, 
and the effective Young's modulus, Eec, for various thickness, h, of 
soft coating (C-coating volume content). Filler content is 
3.7 vol %, correlation between filler, matrix and elastic modulus of 
the coating is 100:1:0.1, respectively 

h/R C(%) Eel (3" 11 a 

1.2 1.5 1.8 2.1 

0.4 6.45 0.888 0.708 0.537 0.535 0.633 
0.1 1.22 0.994 1.24 1.06 1.02 1.00 
0.2 0.226 1.05 1.78 1.49 1.32 1.21 
0.002 0.0222 1.08 1.97 1.67 1.45 1.31 
0.0002 0.0022 1.08 1.99 1.69 1.46 1.32 

"Relative distance (L/R) from particle centre. 

Composite materials of glass sphere-filled HDPE 
and PP were prepared by melt mixing (HDPE on 
a two-roll mill at 170 ~ for 15 min; PP in a Brabender 
mixer at 190~ for 10 min) and compression mould- 
ing into thin plates under standard conditions. Dog- 
bone shaped samples were cut in accordance with 
ASTM D1708-66 and annealed (HDPE for 2 h at 
T =  80~ PP for 1.5 h at T =  90~ 

In some experiments the modification of the inter- 
facial boundary in composite materials based on PP 
was made by incorporation of 1% of a surface-active 
compound, octomethylcyclotetrosiloxane. 

A special method was developed for epoxy 
resin composite preparation which excluded the 
appearance of air bubbles and provided a 
homogeneous distribution of glass spheres in the com- 
posite materials. The liquid compositions were ini- 
tially degassed under continuous rotation at pressure 
P = 1 x 10-2 torr (1 torr = 133.322 Pa) and T =  64~ 
for l0 min. Then the mixture was polymerized and 
rotated for 75 min at the same temperature in an 
argon atmosphere at normal pressure. It was then 
poured into a mould, consisting of two square glass 
plates held together with special rotating holder (rota- 
tion velocity f / = 1 0 m i n  - I )  and covered with 
dimethyldichlorosilane release agent. A two-step tem- 
perature regime (T = 64 ~ 4 h; T = 130 ~ 8 h) was 
used for final hardening. Tensile specimens were cut 
from the films and then annealed for 3 h at 
T =  130~ The reaction yield and glass transition 
temperature were determined using a DuPont  DSC. 
Ultimate reaction yield and glass transition temper- 
ature, Tg = 135 ~ was achieved. Examination of the 
filled resin samples by optical microscopy showed 
a good distribution of particles and the absence of 
aggregation or settlement The glass beads were 
coated with specially ultrathin polymer layers (poly- 
butylacrylate, polystyrene, polydimethyl dich- 
lorosilane) ~ 0.3 gm thick, to reduce the adhesive 
strength. The structure of the coating surface was 
studied with a Jeol-35C scanning electron microscope 
(SEM). The coating method will be discussed in a sep- 
arate publication. 

3.2. E q u i p m e n t  and  tes t ing  m e t h o d s  
Apparatus for microdeformation and fracture 
study was devised consisting of an optical microscope 
with a video tape recorder and a special tensile testing 
machine, installed on its mechanical stage [20]. This 
apparatus allows specimens to be tested under 

T A B L E  II  Thermo-mechanical parameters, thermal contraction stresses, cso, and strains, ec, at the rigid particle surface for PE, PP and 
epoxy matrix 

1) m 7m ec = :~mAT E~ c~c g~ 
( x 10 -4) (%) (kg mm -2) (kg mm -z) (kg mm z) 

PP 0.34 3.2-4.0 
PE 0.34 3.2-4.0 
EP 0.33 ~ 5.0 

3.2-4.0 74 + 4 3.5-4.4 2.7 + 0.07 
3.2-4.0 34 -t- 3 1.6 2.0 1.7 4- 0.06 
5.0 240 4- 5 ~ 1.8 9.2 + 0.05 

a Deformation velocity, Vd = 2.5 % min - 1. 
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Figure 11 Light, microscope micrograph of void initiation and 
growth in PE: (a) initiation of a debonding (appearance of the 
increasing darkening along the inclusion contour); (b) void forma- 
tion during the debonding; (c) a void in the neck region. 

Debonding was registered due to changes of stress- 
field configuration in the neighbourhood of the par- 
ticles in the epoxy matrix (under transmitted polarized 
light, Fig. 11) and due to the appearance of darkening 
at the inclusion contours in PE and PP (dark-field 
image, Fig. 12). 

different loading conditions directly in the microscope 
observation field. The tensile tests were performed at 
a strain rate ~ = 2 . 5 x  10-2min -1. The measuring 
system is able to register stresses and strains in the 
course of time and at the moment of adhesive fracture. 
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3.3. Experimental analysis of debonding 
The microscopic study of the polymer matrix de- 
bonding process from the spherical particles showed 
its critical character. An initial microcrack sited at the 
pole of an inclusion above a certain load propagates 
symmetrically up to a particular angle, ~d. The time of 
crack propagation was less then 0.5 s, which was much 
less than the loading time. Exfoliation at the other 
pole can occur as a result of the stress increase. The 
DA of the second crack is tess than that of the first, 
because, the first crack appearance causes an al- 
teration of the SSD. 

This method of observation does not allow the 
initial of DA to be measured, but it can be confirmed 
that the angle is less than 10 ~ 

The DSs are less than or near to 0.6 yield stress, ~y, 
for all composite materials; this permits the use of 
elastic analysis as above [5, 15]. 

The debonding stresses and angles measured for 
an epoxy matrix and spherical differently covered 



Figure 12 Polarized-light stress-field configurations for an epoxy 
matrix composition: (a) before debonding; (b) after debonding. 

inclusions with a mean diameter 52 lam are given in 
Table III. The upper limits for local contraction stres- 
ses and strains calculated for this composition are 
given in Table II. It should be noted that chemical 
shrinkage and contraction stress relaxation was not 
taken into account in the calculations, but does occur 
in real systems. Comparison between debonding and 
contraction stresses for epoxy composite materials 
confirms the possibility of DA estimation without 
contraction. 

Let us compare experimentally measured DAs with 
calculated ones without friction (Fig. 2). It is seen that 
final angles, 42, can reach experimentally observed 
DAs (Compositions C, D, E, Table III) only at high 9. 
An evaluated increase in ~ would lead to high values 
of 41, up to 45 ~ . Such values might be measured 
experimentally. However, the angle size of the critical 
crack did not exceed 10 ~ as mentioned above. Experi- 

mentally obtained DAs are close to the value 
4max = 68 ~ predicted assuming high friction. 

The influence of different polymer coatings on the 
debonding stresses and angles can be analysed from 
the data shown in Table IIl. The thickness of the 
coatings was not greater than 0.5 pm or ~ 10 -a from 
particle radius, and, according to the data presented in 
Table I, should not influence the local SSD of the 
composite. The DAs for the filler coatings based on 
polystyrene, polybutylacrylate and absorbed anchor 
polymer correspond to the values calculated for the 
high friction on the interfaces. On the other hand, for 
the polydimethyldichlorosilane coating, the decrease 
of DA is observed (4d ~ 60 ~ SEM structure analysis 
of the coating surfaces indicates that minimal angles of 
debonding correspond to coatings with well- 
developed surface relief. The scanning electron micro- 
graphs of the polymer coatings on the glass beads are 
shown in Fig. 13. The influence of surface relief on the 
DA is similar to the influence of friction, and may be 
explained by the tangential mobility constraints of the 
polymer matrix layers adjacent to the filler surface, In 
the analysis carried out, the filler surface is supposed 
to be perfectly spherical, and in the case of exfoliation, 
the polymer matrix surface which has moved away 
from the particle is free and there is no restriction on 
any of its displacements, including tangential. Consid- 
ering a well-developed filler surface, there is some 
possibility of tangential displacements restriction be- 
cause of contact with bulges on the polymer coating, 
and subsequently some decrease of elastic energy 
release. 

Calculations carried out of the crack opening de- 
pendence upon the angle and the surface structure 
analysis of the coatings allowed estimation of the 
decrease in DAs. For the Coatings A and B the mean 
height of inhomogeneities, dh, corresponds to 1 pm, 
and for Coatings B, G and D to 0.2 gin. From the 
relation between the height of the coating relief and 
debonding crack opening given in Fig. 8 it is possible 
to estimate the contact area and DA restriction. The 
angle of the debonding in that case will be 4a = 60 ~ 
corresponding to the experimentally obtained data. 

During macrostress growth, a weak increase in DA 
is observed. For the composite with the butylacrylate 
copolymer filler coating, the increase in DA from 68 ~ 
to 73 ~ took place with increasing macrostress from 
0.45 Cyy to Cry. The necessity of taking into account 
plastic deformations at these stresses hinders 
interpretation of the effect. In some cases, at high 

T A B L E  II I  Debonding stress, ~d, and angle, tkd, values for different thin polymeric coatings at a spherical particle (D = 52 gin) in an epoxy 
matrix: A, polydimethyldichlorosilane (particles were dried 30 rain before in vacuum at T = 150 ~ B, polydimethyl-dichlorosilane (without 
previous degassing); C, polystyrene; D, polybutylacrylate; E, adsorbed layer of anchor polymer 

Epoxy 

A B C D E 

,~ (grad) 60 (55") 61 (58) 66 (64) 68 (61) 73 ( - ) 
c~d (kgmm 2) b b 4.35 • 0.03 4.27 _+ 0.05 8.5 _+ 0.2 

"Mean angles of debonding formed at the opposite side of the particles are shown in parentheses. 
bStresses were too small to be measured by this method. 
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Figure 13 Scanning electron micrographs of thin polymer coatings 
on the glass beads: (a) polydimethyl-dichlorosilane, (b) polystyrene, 
(c) polybutylacrylate. 

stresses debonding crack propagates into the matrix 
polymer before sample fracture [5]. 

According to Table III, DS depends upon the type 
of coating. The largest values of cya were observed for 
the adsorbed anchor polymer coating, and the min- 
imum values for the dimethyldichlorosilane coating. 
The quantitative interpretation of this dependence is 
outside the scope of this article because of lack of 
7 values and initial defect sizes for the different 
coatings. 

For PE- and PP-based compositions tested im- 
mediately after high temperature annealing, debond- 
ing was observed near or after the yielding limit of 
a material, apparently caused by high thermal con- 
traction stresses (Table II). Therefore, in order to relax 
the thermal stresses before testing, the samples were 
kept at room temperature for 15 days. Such sample 

training led to a lowering of the DSs to the 0.4-0.7 % 
level. In Table IV the debonding angles and stress data 
for different glass-bead diameters are shown. A weak 
dependence of DAs upon particle diameter is observed 
and corresponding values for PE and PP matrices are 
compatible; note that they are higher for the epoxy 
matrix. The computation results permit interpretation 
of the low DAs and their weak dependence upon 
particle size as a consequence of friction and thermal 
contraction stresses commensurable with the DS. The 
diminution of a DA may also be caused by an increase 
in 7 during debonding crack evolution, due to micro- 
plastic yielding in a crack-tip region. DA increases and 
exfoliation transforms into a microvoid when the ap- 
plied stress increases (Fig. 12). 

Analysis of the DS values for epoxy matrix and 
differently coated glass beads (Table III), PE and PP 
compositions, shows the dependence of cya both upon 
the polymer matrix and the modification of the inter- 
face boundary. The interface modification can be car- 
ried out either by treatment of the filler surface or 
incorporation of a surface-active compound (SAC) 
into the matrix volume. Data obtained for PP show 
that incorporation of the 1% organosiloxane does not 
affect polymer matrix mechanics, but reduces the DSs 
to 0.68 kgmm -2 for the mean particle diameter 
D = 52 pm. This proves the interface state has a con- 
siderable influence on the DS in PP compositions. It 

T A B L E  IV Debonding stress, cra, and angles, ~d, for different mean diameters,/5, of particles in PP and PE 

fi Pe 

(pro) ~d (kg ram-2) 

PE 

qt d (grad) cra(kg mm -2) q*a (grad) 

8 +_ 5 1.83 +_ 0.17 55(5P) 
1.67 • 0.52 u 

45_+3 
52 • 4 1.55 • 0.19 58(57) 

0.68 _+_ 0.47 b 
113 _+ 9 1.16 _+0.25 
180 • 15 1.07 • 0.25 57(55) 
360 • 30 1.08 • 0.t9 

1.35 4- 0.1 

1.09 • 0.12 
1.02 +_ 0.l 

0.73 • 0.25 

58.6(54.6) 

573(54.5) 

56,1(53.2) 
56.1(53.I) 

a Mean angles of debonding formed at the opposite side of the particles are shown in parentheses. 
b Debonding stress values for PP modified with surface-active compound. 
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should be noted that a scatter increase of the DSs after 
incorporation of organosiloxane SAC, points to its 
inhomogeneous distribution on the filler surfaces. The 
data discussed demonstrate the possible ways of DS 
regulation over wide limits. 

According to the data shown in Table IV, an in- 
crease in particle diameter leads to diminishing DSs. 
As was noted in Section 2, the model under considera- 
tion allows the influence of particle diameter on the 
DS to be evaluated. Analysis of the data obtained 
shows that the dependence %(R) is weaker than the 
inverse square root dependence (Fig. 14) but stronger 
than the dependence presented in Fig. 5. It is supposed 
that defects of different sizes were initially distributed 
on the filler surfaces or were formed during loading. 
The uncertainty of the initial defect size makes it 
impossible to evaluate surface fracture energy, 7. In 
the absence of friction between crack faces, DA 
q/a = 4z can be used for estimation of 7. In the oppo- 
site case of high friction, ~]d weakly depends on 9, so 
Y cannot be estimated from these data. The analysis 
carried out indicates the latter situation to exist. 

In a general case, y is an effective value and is 
determined not only by surface energy ( 7 =  
7mf -- (7,1 + 7e), where Ym, 7f are the surface energy of 
matrix and inclusion, and Ymf the interaction energy of 
matrix and inclusion), but also by the work of micro- 
plastic yielding during the process of debonding crack 
growth. In the given analysis, the contribution of 
microplastic yielding is not clear, but bearing in mind 
the low values of c~d and the rigidity of the particle, it 
can be assumed to be insignificant. 

Using the range of y values (0.05-0.1 Jm-2) given 
by Kinloch [21] for the polymer interface boundary 
fracture, it is possible to evaluate the range of critical 
defect radii, d, on the surface of the glass beads. In the 
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Figure l4 Experimentally observed dependence of debonding 
stress, od, upon inclusion mean diameter for (&) PP and (O) PE 
matrix. ( - - )  Approximations cy = constR o.s, obtained by the 
simple regression analysis ((1) PP, (2) PE). 

case of an epoxy matrix and particle diameter 
D = 50 ~tm, ) = 10-3-10 -4. For such ~ values, qq is 
rather small (d ~ R) as shown in Fig. 4. So Equation 
18 is valid and gives dee = 0.015 ~tm. For  PE, a similar 
evaluation gives dee = 0.062 l-tm. 

Using the same range for y and neglecting the 
contraction effect, it is also possible to estimate the 
minimum critical inclusion diameter, Dcr, at which 
debondings cannot appear. This critical value can 
occur in elastic approximation if there is some restrict- 
ing stress, for example, yield point, %. For the mater- 
ials studied, D~ E = 0.1-0.2 ~tm, D~ = 0.08-0.16 gin, 
Dcef= 0.02-0.04gm. The corresponding values of 
Dcr are the bottom limits because the real values of 
y can be greater. It should be noted that for inclusions 
with D < Dc~, a change of debonding mechanism can 
take place. The increase in load leads to the develop- 
ment of a plastic zone and debonding can occur due to 
the high interracial displacement incompatibility at 
the particle surface. This seems possible, but requires 
special theoretical and experimental studies. 

The analysis carried out shows the fruitfulness of 
the energy approach for the description of the debond- 
ing process in particle-filled materials. At the same 
time, the quantity of stored critical elastic energy is 
a necessary, but not sufficient, condition for debond- 
ing, because the existence of a certain size defect is 
supposed. According to estimation, the critical defect 
size is rather small (d ~ R). Probably the mechanism 
of critical defect formation will determine the scale 
factor of debonding. 

In general DS will be determined by not only the 
elastic behaviour of the polymer matrix, reduced sur- 
face energy and particle size distribution, but also 
preparation and testing conditions. 

In future publications, the nucleation mechanism of 
defects, crack path deflection from the interface into 
the matrix, and also the influence of plasticity, will be 
discussed. 

4. Conclusions 
1. The necessary energy conditions of interfacial 

crack propagation based on SSD numerical analysis 
in rigid spherical particle-filled composites, were 
formulated. 

2. The values of the experimentally measured de- 
bonding angles, which are close to 68 ~ and weakly 
depend on inclusion radius, debonding stress, and 
surface energy, were successfully described by the pro- 
posed model taking friction into account. 

3. A contraction stress increase leads to an increase 
in debonding stress and a decrease of the debonding 
angle. Friction suppresses the shear mechanism of 
crack propagation and debonding becomes possible 
only at high loads. 

4. A polydisperse structure model averages mech- 
anical interaction between inclusions and so predicts 
the slight dependence of adhesive failure parameters 
on filler volume content. This influence is expected to 
be noticeable in regular structure models. 

5. The observed scale effect cannot be described by 
the ~d ~ R -o.5 dependence and it is clear that a study 

4605 



of defect-size distribution and the formation mechan- 
ism is necessary. 
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