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Abstract Failure mechanisms of poly(acrylate) (PA)
copolymer system filled with a diatom filler have been
studied. The natural diatom filler is characterised by the
original skeletal structure which allows high “inner” po-
rosity and thus matrix penetration inside the filler parti-
cles and agglomerates of various shapes in PA compos-
ite. High diatom filler crystallinity influences the matrix
re-structurization by changing the intensity ratio of ma-
trix amorphous halos indicating the increased composite
film inhomogeneity. Interactions at the interface be-
tween diatom filler and PA copolymer matrix, specially
for coarse cylindrical-shaped particles are low, showing
low adhesion in the composite. We see composite weak-
ening with the increased filler volume fraction, i.e. low-
ering the composite strength at break as a consequence
of lower degree of interactions. On the other hand, the
composite modulus and the yield strength increased as a
result of matrix hardening due to the pronounced matrix
penetration inside the porous diatom filler. The mecha-
nisms of failure depend on the location with the lowest
product of composite module and break energy. Because
dewetting occurred, it is the product EG in the interfa-
cial region between PA matrix and diatom filler parti-
cles that was relevant. The effects of filler characteris-
tics, may be followed through an interaction coefficients
calculated from a model equations. The numerical val-
ues of coefficients in the model are only comparative,
but the relative values can be connected with changes at
the interface.
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Introduction

Scanning electron microscopy (SEM) is widely applied
to investigate the interfacial adhesion in filled compos-
ites, generally through examination of fracture surfaces
[1]. This technique is specially useful for the observation
of the surface structure of film samples, while the thin
transparent films can be examined directly by SEM [2].
We have prepared the poly(acrylate) (PA) composite
samples in the form of thin films and examined them be-
fore and after the film fracture.

The main interest was related on the effect of diato-
maceous earth as a filler on the deformation mechanisms
and mechanical properties of composites based on the
PA copolymer matrix. Diatomaceous comes from the
word diatom, which is the single celled aquatic plant. Di-
atoms are living phytoplanktons which form an impor-
tant part of marine and freshwater. The silicate shell,
termed “frustule” supports a fleshy body [3]. The fossil
beds are skeletons sunk to the bed of lake or sea after as
the body died and formed deposits there. Diatoms are
found in a great variety of forms [3]. The skeletal re-
mains of diatoms with sub-micron-sized holes, are de-
scribed as “indescribable particle shape” far from any
simple classification [4].

The first use of diatom in composites was in 1864, by
the founder of Nobel Prizes, Alfred Nobel, who mixed
nitro-glycerine with a diatom to make dynamite. The
high porosity and low density of diatom filler rendered
the nitro-glycerine matrix safe to handle [3].

The specific diatom morphology and chemical resis-
tance could be the base of using this material as a filler
in composites. There is little in the literature on this sub-
ject. Adhesion between matrix and filler phases in com-
posites is important in crack propagation and composite
failure. The study of the deformation and failure process,
their relation to the structure of composite and the



strength of interactions between the PA matrix and filler
phases may provide useful information for the develop-
ment the new composite materials with diatoms.

Experimental

Materials

All samples used were commercial grade, used without further pu-
rification. The poly(acrylate) (PA) copolymer matrix, Acronal
(styrene-butyl acrylate-ethylbenzene-acrylamide and formalde-
hyde) from BASF, Germany, were used. The filler sample of dia-
tomaceous earth (diatom) was used. The ore is actually the skele-
tal remains of plankton. The natural powder was subjected to cal-
cination after the ore milling and air-drying. The commercial sam-
ple (Celatom MW27, Solvay, Germany) used has the following
characteristics; mean particle size 13 pn(1-48 um range); chemical
composition (%): SiO, (88.8), Al,O0; (4.6), Fe,05 (1.5), CaO (1.2),
MgO (0.2), other oxides (3.7).

Film sample preparation

Samples were prepared by mixing (1000 s/min, 5 min) of PA com-
mercial water dispersion (50 + 1%) with volume fractions of the
diatom filler, ¢; (%) = 3, 6, 9, 12 (ppy = 1.08 glem3, Pyisiom =
2.35 g/cm?). Film samples used for testing were prepared on poly-
ethylene foils and dried to a constant weight (thickness 0.2 mm).

Experimental techniques

Scanning electron microscopy (SEM) analysis of the diatom filler
and PA composite films were performed with a JEOL JSM-T330.

Wide angle X-ray diffraction experiments (WAXD) were made
on a Philips diffractometer with monochromatic CuK,, radiation in
the range of Bragg's angle 26 = 4-60°.

Differential scanning calorimetry (DSC) measurements with
the heating rate of 10 °C/min and a sample size of 8.5-9.5 mg,
were carried out with Universal V 18 MTA instrument.

Fig. 1 SEM micrographs of
diatom filler particles showing
a variety of shapes (A),

with characteristic cylindrical
(B) and circular “stubby
cheese” shape (C) and their
agglomerates (D)
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The film samples (50 X 15 mm) were strained to the break by
simple tensile testing using a Zwick 1445 Universal testing ma-
chine, with the crosshead speed of 25 mm/min.

Results and discussion
Filler characterization

SEM micrographs of diatom filler particles show a vari-
ety of shapes. A classical illustration of “indescribable”
particle shape may be seen in photomicrographs [4]. The
diatom filler particles were grounded and processed be-
fore, so their fragments have an even greater variety of
shapes. The characteristic circular and cylindrical-shaped
particles and/or their agglomerates with characteristic
sub-micron-sized holes of investigated diatom filler are
visible in Figure 1.

Visible “inner” porosity of fossil diatom skeletons, is
the consequence of reproduction cycles of living dia-
toms. Reproduction takes place generally by cell divi-
sion. The new daughter valve is formed inside the par-
ent. Thus each daughter cell is smaller than the parent,
because the new valve is built within the parent valve to
a point when the reduction goes no further. Then the liv-
ing portion enlarges and forms two new larger valves,
and the whole process re-commences [3].

The natural diatom filler porosity is considered to be
of importance in applications of diatom filler in compos-
ites, as there is the possibility of matrix penetration into
the filler. The wide varieties of particle shapes, along
with the agglomerates, could be expected to influence
the composite film continuity and thus the mechanical
properties.
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Table 1 X-ray analysis of diatom filler. (Figure 2)

Nr. Experiment Assignment structure
Diatom Opal-C [5]
d/A 1 d/A 1,
4.29 9
1 4.09 100 4.08 100
3.24 2
2 3.16 6 3.14 9
3 2.87 7 2.86 10
2.50 18 2.51 30
2.39 <1
5 2.13 2 2.13 4
6 2.04 3 2.03 4
1.95 2 1.94 5
1.89 2 1.88 5
1.70 1
1.62 4
1
o
4
32
65
46 38 34 30 26 22 18 14 108 6 4

20,

Fig. 2 X-ray patterns of the diatom filler (Table 1)

The strongly bonded particles observed in Figure 1,
are aggregates. The aggregation opens the possibilities
of crack initiation and lower deformability of compos-
ites. The less strongly bonded agglomerates may act also
as the potential points of stress concentration in the com-
posites.

The microscopic observation of diatom fillers was
complemented by X-ray diffraction, the results of which

Fig. 3 SEM micrographs

of unstrained films of PA

copolymer matrix (a) with
homogeneous surface (x)

and film edge (y) and the

heterogeneous surface

are shown in Table 1 and Figure 2. Experimental diffrac-
tion data (interplanar spacing d and relative intensity, 1/1,
for diatom filler) were compared to the corresponding
literature values for opaline silica polymorphs Opal-A,
Opal-C, Opal-CT (Si0,-H,0), o-crystoballite(SiO,), and
a-trimidite(SiO,) [5]. The best fitting of the experimen-
tal interplanar spacings was found for Opal-C (Table 1).

Diatomaceous earth is primarily an amorphous silica
[4, 6], but in our study diffractograms of diatom filler
showed a high degree of crystallinity (content of amor-
phous phase w, = 9%), with the crystal phase close to the
opal-C (Table 1).

Morphology of PA composite with diatom filler

The unstrained film of PA matrix showed a flat homoge-
neous surface typical of an air-dried polymer film (Fig-
ure 3a). The surface of the composite film becomes un-
homogeneous by the addition of diatom filler (Fig-
ure 3b). Polymer matrix partly covered the aggregate of
diatom particles by penetrating more or less inside the
filler.

The structure of the films at much finer level was ex-
amined by wide-angle X-ray diffraction (Figure 4)

The WAXD pattern of PA matrix exhibit two amor-
phous diffraction halos with intensity maxima which
correspond to the Bragg's spacings, d; = 1.052 nm and d,
= 0.459 nm (Figure 4A). The additive crystalline pattern
(sharp maxima) in the composite sample belongs to dia-
tom filler (Table 1, Figure 4B). The tops of amorphous
maxima (d; and d,) showed both a shift to the lower d-
values caused by introducing the filler. The amorphous
diffraction maximum, d; = 1.052 nm, which corresponds
to the intermolecular character of PA copolymer matrix,
was shifted to d; = 0.940 nm by filler addition. The other
maximum, which corresponds to the intramolecular
character of polymer matrix, d, = 0.459 nm, showed the
small shift to d, = 0.450 nm.

The intensity ratio between the amorphous maxima
for the PA copolymer matrix without filler, was changed
in the composite by filler addition (¢; = 8%), from I,/1, =
0.325 to 1,/I, = 0.250. The obvious intensity decrease of
the first amorphous diffraction maximum (/;), which is
connected with interchain (d,) distances, to the intensity
of the second maximum (/,), connected with intrachain

of the composite PA+diatom
(6=8%) (b)




Fig. 4 WAXD curves of films; PA copolymer matrix (A) and the
composite PA+diatom (¢=8%) (B)

distances (d,), when diatom filler was present, could be
supposed as an indication of lowered film homogeneity.
The same results were observed in our previous paper
[7] for another composite system, PVAc/CaCO; as a
consequence of filler addition.

The diatom lowered the composite film homogeneity
observed in SEM micrographs (Figure 3). Diatom filler
addition showed the tendency of lowering the matrix
interchain (intermolecular) diffraction contribution to
the diffractogram of the composite sample (Figure 4),
what correspond to the increased composite film inho-
mogeneity.

Fig. 5 Fracture zone of films
strained to break in tensile
direction («») of unfilled PA
matrix (A) with a detail (B)
and of the composite PA/
diatom, ¢; = 8% (C) with

a detail (D) (x = surface,

y = fracture line)
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The glass transition temperature of PA composite was
not affected by addition of filler. The glass transition
temperature for PA matrix (T, = 20.4 °C) changed little
with diatom filler addition (T, = 19.5 °C). Similar results
have been reported for PVAc composite with CaCOj; fill-
er [7] and for polypropylene filled with CaCO; [8]. This
indicates that the filler, regardless of the degree of inter-
actions, did not significantly affect the polymer matrix
mobility in the glass transition region.

Failure analysis of PA composite films

Thin films were strained to break in tension. The fracture
zone of strained PA matrix (Figure 5A, 5B) showed that
the load was borne by PA (unfilled) amorphous matrix.

In an unfilled polymer, fracture initiates at a weakness
in the structure when the local stress built up at this
point. In a filled polymer failure may initiate in the ma-
trix, or within the agglomerates of particles, or at the
polymer/filler interface.

The fracture zone in the composite showed the filler
particles and their aggregates partly covered by the ma-
trix (Figure 5C). At higher magnification also visible is
the matrix penetration inside the porous filler particles
and separation of PA matrix from coarse cylindrical-
shaped diatom particles (Figure 5D).

Failure in thermoplastics may occur by two basic de-
formation mechanisms: shear yielding and/or crazing. In
particulate filled composites, an additional mechanism of
dewetting (i.e. separation at the filler-matrix interface)
can also manifest itself. These three mechanisms contrib-
ute variously to the failure in different materials.

The example of the necking area of the PA matrix,
showed the fibrils perpendicular and the crazing zones




210

Fig. 6 Necking area (z)

of the strained films in tensile
direction («>) of PA matrix (A)
with a detail (B) and of the
composite (C) with visible
signs of dewetting (—) in a
detail (D)

parallel to tensile direction (Figure 6A, 6B). In the filled
composite the separation between PA matrix and diatom
filler at the interface by dewetting mechanisms propagat-
ed away from the defect site i.e. the coarse filler particles
and/or their agglomerates (Figure 6C, 6D).

There is evidence that the mechanisms of failure in
PA composite filled with diatom filler initiate at the par-
ticle edge forming cavities i.e. in a polymer layer immo-
bilized at the particle interface by low interaction forces.

The phenomenon of dewetting was discussed in our
previous paper [7]. It was concluded that the particles
and/or their agglomerates above a certain size, depend-
ing on the polymer matrix and its adhesion to the filler
particle, will reduce the stress needed to cause the com-
posite to fail and fracture.

By discussing the Griffith-Irwin theory of failure in
the context of adhesion, Good [9] has made a very im-
portant point that the fracture will occur when the term
EG/r is the lowest, where EG is the product of modulus
and the fracture energy and r is critical length of crack.
Should dewetting occur, the product EG in the region ad-
jacent to the PA matrix-diatom filler particles is relevant.

Mechanical behaviour of PA composite filled
with diatom filler

The addition of inorganic fillers to the polymer matrix
affects the basic mechanical properties of the particulate-
filled polymer composites. The tensile properties of the
filled polymer composites are difficult to predict because
they depend strongly on the local polymer-filler interac-
tions at the interface, as well as on other factors. The in-
terface exerts a critical effect on the properties of com-
posites, because of its role in transferring stresses be-
tween the filler and the matrix.
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Fig. 7 The experimental results of the relative modulus, E | (®)
and the relative yield strength, o, () dependence on the filler
volume fraction

It is desirable to know the dependence of properties
on composition (e.g. on the filler content expressed as
volume fraction, ¢;) in order to be able to predict the op-
timum composition with respect to desired properties.
Modification of properties in such composites depends
not only on the filler volume fraction, but also on the na-
ture of the interface between the two phases [10].

The modulus is the easiest mechanical property to
predict, because it is a bulk property, which depends pri-
marily on the shape of filler particles. The important fac-
tors are also the strength of adhesive bond between ma-
trix and filler, the filler dispersion and the
amount of particle agglomeration.



A number of equations reported in literature [11-13]
relates the relative tensile modules E,,; to the filler vol-
ume fraction ¢, and describes the reinforcing action of
filler particles. The experimental results in Figure 7. il-
lustrate the reinforcing effect of diatom filler in the area
of low stresses caused the expected increase in the com-
posite modulus by filling.

However, the modulus data do not reflect the weak-
ness in the composite structure [13] which may become
apparent at higher deformations.

The relative composite yield strength measured also
at lower deformations provided similar information. The
results indicate, however, increased scattering of the ex-
perimental points reflecting the other factors which in-
fluenced the composite mechanical behaviour (Figure 7).

Turksanyi et al. [14] took into consideration the yield
strength of the composite material 6, as providing infor-
mation on the maximum allowable load without consid-
erable plastic deformation:

_ o
C 14250

where, Oy, (¢p) which formally corresponds to the matrix

yield stress is a function of the filler volume fraction.

By fitting the experimental results for many different
polymer-filler systems, the change of the relative com-
posite yield stress as a function of filler volume fraction
was found to be best described by the following expo-
nential function:

17
Oy =
142.50;

For the various polymer+filler systems tested, it was
found that they are characterized essentially by the value
of parameter B for a given polymer+filler interactions
[14].

The result plotted according to Equation (2) with
B;c1q = 4.26 are presented in Figure 8.

On the other hand, the tensile behavior at break re-
flects the weakness in the composite structure which
lowered the composite ultimate properties. For this rea-
son Pukanszky [15, 16] has developed a broadened ex-
ponential model based on the ultimate tensile properties.
Such characterization should give more information on
the deformation and failure behaviour of the composite.
The factors taken into account in Equation (3) are filler
stress concentration, interfacial interactions, decrease of
specimen cross section and strain hardening of the ma-
trix:

Oy Oy, (0r) ey

@)

Oy, €xp(Byiela0r)

—Or
14+2.5¢¢

where 61 = Ao, i.e. the true stress, O is expressed as a
function of relative elongation, A = L/L, (the actual and
original length of specimen) and the engineering stress
©), respectively; n is a parameter characterizing the poly-
mer strain hardening tendency, 61 = A. The parameter n
for PA matrix was calculated from the slope of equation,

OT = OT, A eXp(Bbreakq)f ) 3)
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Fig. 8 Fitting of the experimental results with Equation (2) ()
and Equation (5) (@)

In 61 = nln AMn = 2.052). The tensile strength increases
depending on the interfacial area and on the strength of
the interaction; oy, , = O exp(Bo; (Of,, is the reduced
true tensile strength, O, 1S the true tensile strength of
polymer matrix and B is a parameter which reflects the
effect of the interactions for a given polymer+filler
system).

In this way in Equation (3) seems to take into account
the most important factors influencing the tensile
strength.

To prove the validity of Equation (3) the experimental
data were evaluated according the rearranged Equa-
tions (4) and (5):

_or1+25¢¢

Ol = 3m T—g; ~OT exp(Bor) “
and

O
OTye = Tred exp<Bhreak¢f) )

0

According to Equation (5), the In o vs. ¢; plot should
give a straight line with zero intersection [15]; see
Figure 8.

In our previous papers [17, 18] we have received the
above given models and fitted to the experiments for the
composite systems with polyvinyl acetate (PVAc) matrix
and various fillers. We have found, that if all factors of
importance were taken into account, the experimental re-
sults would be fitted better to the model of the composite
mechanical behavior.

The theoretical and practical utility of the model
would be significantly increased if a physical meaning
could be assigned to the interaction coefficient. An ad-
vantage of the exponential model is, in comparison to
the other models, that it has only one interaction coeffi-
cient. Thus, the coefficient B is regarded as summarizing
all the influences of the matrix, the filler and the inter-
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Fig. 9 Fitting of the experimental results (®) with Equation (6)
for the composite

face on the composite properties. If this is so, a conclu-
sion about its physical meaning should be easier to draw.

The lower value of By, means lower degree of inter-
actions, in comparison to apparently higher value By;q
for the same composite system PA+diatom in Figure 8.
This means that all factors taken into account by using
Equation (5) instead of Equation (2), lowered the final
true composite mechanical properties.

However, the significance of the numerical values can
only be seen by comparing them with the values for oth-
er systems. For example, in our previous paper [18] the
values of coefficient B for the composite system based
on PVAc matrix increased accordingly with the increased
degree of interactions between matrix and various fillers
in order; CaCOs, silica, and kaolin. It was interesting
that in the above systems we noticed that the By;q val-
ues were lower than By, opposite to the system with
diatom filler in this paper.

The special effect of diatom filler, caused higher coef-
ficient B;.q, possibly due to the observed pronounced
matrix penetration into the filler. This could lead to the
potential use of diatom fillers for composites where
stresses in service remain low enough.

On the other hand, the coefficient for the PA+diatom
composite at higher stresses (B, = 2.43) was much
lower than for example for the composite with PVAc ma-
trix with CaCOj; filler (By,, = 6.36) or with kaolin
(Bpreak = 18.30) [18]. Although B has no direct physical
meaning, it is obviously connected with the interfacial
properties [14]. The examples given above illustrate that
the higher value of B coefficient indicates the composite
reinforcing; when B is lower, as in the present case, the
composite weakening.

In the absence or for low adhesion between the poly-
mer matrix and the filler (i.e. for the composite weaken-
ing) a different model of composite mechanical behavior
[19] was also explored:
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Fig. 10 Fitting of the experimental results (®) with Equation (7)
for the composite

0.09

Grel =Oc/0p=1— ocq>?/ 3 (6)

where the coefficient o is related to the stress concentra-
tion caused by filler particles; thus the higher values
mean higher stress concentration effects. The parameter
n=2/3 is related to the geometry of the non spherical fill-
er, when the sample fails by random fracture.

The experimental results were fitted to the model giv-
en by Equation (6) in Figure 9.

The experimental data did not fit well either for
a=1.21 or for 0=0.71 (Figure 9). It is obvious that the
approximate coefficient closer to the experiment should
be lower than the value (0<1.21) indicating the case of
better adhesion between matrix and filler [11].

Analysing the numerical values of coefficients calcu-
lated from the appropriate model equations in Figure 9, it
should be stressed again that the significance of the nu-
merical values can only be seen by comparing them with
values for other systems. For example, the o=1.21 fits in
well with the data for SAN+aluminium composite [11],
where there is practically no adhesion between aluminium
particles and the matrix. Another example from literature,
when o, values were higher, for example for SAN+iron
composite, was an indication of streng adhesion [11].

The experimental data in Figure 9 illustrated that the
better fitting was obtained with a<1.21. This is an indica-
tion of a certain level of adhesion, proved by the in-
creased modulus and composite yield strength (Figure 8),
regardless the final composite weakening (Figure 9).

For the case of adhesion (i.e. for composite reinforc-
ing) which accounts for the improved adhesion between
matrix and filler, the competing loss in strength owing to
stress concentration points at the polymer-+filler interface
should be also taken into account in the model expanded
from Equation (6) on a purely empirical basis [20]:
Crel = 1 — a0l + cof

(7



where a (or o) and b = 2/3 are seen in Equation (6), with
diferent coefficients ¢ and d calculated from the experi-
mental data as the indicators of the strength of adhesion.

Most of the composite systems fail somewhere in-be-
tween these two boundary cases.

The best fit again (curve 2 in Figure 10) was obtained
with the coefficient a<1.21 (a = 0.14), indicating some
degree of interactions at the interface between the PA
matrix and diatom filler.

It should be noted that the reinforcing effect may be
lost as the filler concentration increases. Many systems
show a modest degree of reinforcement at low filler con-
centrations and loss in tensile strength at higher concen-
trations. The addition of filler particles gives rise to local
defects that induce critical effects influencing the
strength of the matrix.

Thus, the coefficients ¢ and d, calculated from the ex-
perimental data should be indicators of the strength of
adhesion to the extent that reinforcement is achieved
[20]. Again the examples from literature indicated that
the lower calculated values of ¢ and d for ABS+talk than
for Noryl+talk composites [20] indicate less adhesion
between the polymer and the filler.

The values of the coefficients ¢ and d in Figure (10)
for the composite are very low, or even negative, indicat-
ing the composite weakening at higher filler volume con-
centration. The increased composite film non-homogene-
ity by filler addition, the stress concentration points
mostly at the edge of coarse diatom particles or their ag-
glomerates, causing a pronounced processes of dewet-
ting contribute to the above conclusion.

Because of the significance of interaction in the de-
formation and failure of composites, its quantitative esti-
mation is very important [16]. A detailed consideration
of other models which describe the composite mechani-
cal behavior will be considered in a separate paper.

Conclusion

Interactions at the interface between diatom filler and PA
copolymer matrix are low and illustrated the case of low
adhesion in composite. Mechanical properties of com-
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posite showed the composite weakening with the in-
creased filler volume fraction, i.e. lowering the compos-
ite strenght at break as a consequence of lower degree of
interactions. On the other hand the composite modulus
and the yield strength increased as a result of matrix
hardening due to the pronounced matrix penetration in-
side the porous diatom filler.
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