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ABSTRACT 

The effect of crosslinking on the toughness of LDPE filled with 
two different grades of silica was investigated. An elastic plastic fracture 
mechanism based on the J integral has been used to evaluate the results 
of notch impact resistance. Crosslinking of the matrix in PE/silica com- 
posites leads to improved toughness when compared to uncrosslinked 
composites. The increase of toughness results mainly from an increase in 
the amount of plastic deformation and, consequently, higher ultimate 
deformation at fracture. A positive effect of crosslinking on the develop- 
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1456 CHODAK ET AL. 

ment of plastic deformation was also demonstrated by SEM, showing 
that the fracture is entirely cohesive. 

INTRODUCTION 

Several important parameters can be calculated from the stress-strain curve of 
thermoplastics, e.g., Young's modulus, yield stress, tensile strength, etc. Besides 
these, the area under the curve is proportional to the energy necessary for fracture 
of the sample. This value is known as toughness Wp: 

Wp = Jr u B ( E B )  dt (1) 

For brittle plastics, Wp = M U B E B  is approximately valid, where uB and E~ are the 
stress and strain at break, respectively. For ductile plastics the stress-strain curve is 
usually more complicated, and it is not possible to describe it by an applicable 
function. 

The toughness of ductile plastics is usually one order of magnitude higher than 
that of brittle materials. The difference is probably caused by forced elasticity and 
plastic deformation if the stress is higher than the yield stress of ductile plastics. The 
presence of an inorganic particulate filler usually results in a change of the ductile 
nature of the fracture to a brittle one. 

Toughness characterized by the values of impact resistance is affected to a 
great extent by inhomogeneities, i.e., by the presence of cracks and voids [ l ,  21. 
Cracks and voids are modeled by introducing a notch into the specimen [3]. This 
method is called the notch impact resistance test. The notch can be considered as a 
crack with a well-characterized size. Its effect on fracture of the specimen should 
dominate when compared to the sum of the effects of all other defects. Thus, by 
introducing one dominant crack, the effect of small voids and inhomogeneities 
formed in the material during processing can be almost completely eliminated. The 
notch acts as a stress concentrator, and the energy consumed during fracture of the 
sample is equal to the energy of crack growth. When the notch impact resistance of 
composites with a thermoplastic matrix is investigated, a plastic part of deformation 
can participate extensively besides the elastic deformation. The routinely used meth- 
ods for measuring the notch impact resistance (Charpy, IZOD) suffer from the fact 
that an exact description of the parameters of fracture of the materials is impossible. 
The values obtained are not the material's characteristics since they depend, besides 
other factors, on the geometry of the sample. Obviously, there is no possibility of 
distinguishing between plastic and elastic deformation during the initiation and 
propagation of fracture across the specimen. Differentiation can be made by using 
fracture mechanics; the deformation fracture parameters can be determined either 
from linear fracture mechanics in the case of linear elastic behavior of the material 
or from elastic plastic fracture mechanics if a substantial portion of plastic deforma- 
tion takes part [4]. Several possibilities exist for application of elastic plastic fracture 
mechanics, one of which is a characterization by the Jintegral. The measurement of 
notch impact resistance during a short time period results in a value for the energy 
consumed for fracture of the material. This energy is the sum of elastic and plastic 
parts of deformation and of the energy of crack propagation. 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1457 

Several models are used to express the J integral [5-71. These differ in the 
mode of accounting for both the geometry of the sample and the ratio of elastic to 
elastic plastic deformation, considering also other parameters, e.g., the kinetics of 
energy dissipation. This procedure, together with a proper experimental device, 
enables a more exact investigation of changes of notch impact resistance than do 
simple methods based on the measurement of total fracture energy. 

Toughness of materials is affected significantly by the presence of filler [8]. 
Generally, toughness decreases with an increasing amount of filler. Various proce- 
dures for the modification of either the filler or the matrix are used to increase the 
toughness of filled plastics [9-111. A combination of effects of the presence of a 
filler and a chemical modification of the LDPE matrix by radical processes initiated 
by decomposition of peroxide is investigated in this paper. 

EXPERIMENTAL 

The matrix of LDPE (Bralen RA-2-19, MFI = 2.0 g/10 min) was filled with 
two types of silica [Komsil (KovohutE Mniiek, Czechia) and Ultrasil (Degussa, 
Germany)] which differ in their surface areas (Ultrasil, 139 m2/g; Komsil, 21 m2/g). 
Both fillers are characterized in detail in Reference 12. 

The samples were mixed in the mixing chamber of a Brabender Plastograph 
internal mixer at 135OC for 5 minutes. Crosslinking of the matrix was initiated by 
2,5-dimethyl-2,5-bis(t-butyl peroxy)hexyne-3 (Luperox 130, Luperox GmbH), 0.8 
wt% related to PE content. The crosslinking was carried out in a press at 18OOC for 
20 minutes. 

Notch impact resistance was measured at -2OOC using a Charpy impact tester 
PSW 0.4 under the following conditions: the hammer speed was 1.5 m/s, the weight 
of the hammer was 0.955 kg, and the arm length was 0.22 m. The size of a specimen 
was 80 x 10 x 4 mm, and the distance between the stand points was 40 mm. A 
notch of 2 mm depth was made by a sharp cut with a blade. 

An example of the dependence of load on deformation is given in Fig. 1, 
where FM is the maximal force, DM is the maximal deformation, FG and DG are the 

FIG. 1. Typical stress-strain dependence of samples with elastic and elastoplastic 
fracture. 
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1458 CHODAK ET AL. 

force and deformation at the point of transition from the elastic to the elastoplastic 
region, and A,  is the energy of crack propagation. The nature of the fracture can be 
determined by a comparison of DM and DG values: the fracture is elastic if DM = 
D G ,  the fracture is elastoplastic if DM > DG. 

Measurement of impact resistance was carried out at -60, -40, -20, 0, and 
2OoC using a simple device based on a falling weight method (Fig. 2). Weights of 
20.5, 50.8, and 101.8 g were used; the height of the fall was 10, 20, 30, or 40 cm. 
The impact resistance was calculated from the weight and height used when the 
specimen was broken. The thickness of specimens was 0.2 mm, the width was 7 mm, 
and the distance between the stand points was 22 mm. The samples were kept in a 
bath of ethanol cooled by solid CO, down to a desired temperature within f 0.5 OC. 
The reason for using different methods was that we wanted to investigate the impact 
behavior in a broad temperature range. However, at room temperature (and par- 
tially also as OOC), the samples were impossible to break if Charpy-type specimens 
were used. Therefore thinner samples were used for measurements of temperature 
dependence. These values have only been considered within this particular set of 
values and were not compared with other data obtained by the Charpy method. 

Ten measurements were carried out for evaluating one experimental point. 
The fracture surfaces of selected samples were observed using a scanning electron 
microscope (Tesla BS 300). Since the surface of particles after fracture was covered 
by a layer of polymer, the fracture surface was etched by cold plasma for either 20 
seconds or for 5 minutes at 1000 V at a current intensity of 30 mA and at a ratio of 
supplied to effective power of 5 :  1. 

FIG. 2.  Scheme of a falling weight device. Iron rod (l), weight (2),  ram (9, sample 
(4), sample holders ( 5 ) ,  cooling bath (6). 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1459 

RESULTS AND DISCUSSION 

According to literature data [13, 141, the J integral as proposed by Sumpter 
and Turner [5 ]  is 

J = nEAE/B(w - a )  + n,A,(w - a , , ) / ~ ( w  - a)* (2) 

It is most appropriate for composites with a thermoplastic matrix. The equation is 
valid for 0.2 < a/ W < 1. AE and A, are the elastic and plastic energies, respec- 
tively, a is the depth of the notch, aCf is the effective size of the notch in the direction 
of crack propagation from the fracture surface as determined by optical microscopy 
after breaking the specimen at the temperature of liquid nitrogen, and n and n 
are correction functions for the geometry of the sample. The results are independent 
of specimen dimensions if the whole experimental procedure is properly designed 
1151. 

The dependence of the J integral on the content of Ultrasil or Komsil is shown 
in Fig. 3. The polyethylene matrix is of a ductile nature. The addition of a filler 
results in a decrease of the toughness, demonstrated by a decrease of the J integral 
value. This fact corresponds with the known effect that the presence of a filler 
leads to increased stiffness and lower deformability [Ill.  The filler acts as a stress 
concentrator and, at the same time, it negatively affects the mobility of macromole- 
cules close to the filler surface. The observed differences in the effects of different 
fillers can be ascribed to better interaction between polyethylene and particles of 
Ultrasil than those of Komsil [16, 171 as a result of the larger specific surface of 
Ultrasil. Higher values of the J integral of composites with Ultrasil can thus be 
explained as well. 

Crosslinking of a filled polyethylene leads to an increase of J integral values 
when compared to uncrosslinked polymer, as shown in Fig. 4. A maximum is 
observed on the plot of J integral vs volume portion of filler at about 7 vol% of 
Ultrasil. An increase in toughness can be caused by several factors: formation of a 
more resistant morphology (smaller spherulites, lower crystalline portion), higher 
molecular weight of the matrix, and modified properties of the interphase. Poly- 

FIG. 3. The dependence of the Jintegral on the volume portion of filler in composites 
PE/Ultrasil (0) and PE/Komsil ( 0 ) .  
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FIG. 4. The dependence of the J integral of uncrosslinked (0) and crosslinked (8) 
composite PE/Ultrasil on filler content (~01%). 

mer-filler interaction may be influenced as well. All the above-mentioned factors 
may influence local deformation at the tip of the notch, which results in an increase 
in the energy needed for crack growth. With an increased amount of filler, immobi- 
lization of polymer chains is enhanced and the positive effect of crosslinking is 
partially eliminated. 

The particles tend to form agglomerates at higher filler content. The stress is 
concentrated in their vicinity, and the formation and growth of cracks becomes 
easier. The parallel effects of filler and crosslinking result in the appearance of a 
maximum in the dependence (Fig. 4). 

The presence of crosslinks can somehow contribute to the occurrence of plastic 
deformation in microvolumes. Higher values of the J integral are connected with a 
higher proportion of plastic deformation in the overall deformation. The nature of 
fracture is affected by the concentration and specific surface of the filler and by 
crosslinking, as is obvious from Tables 1 and 2. The fracture of polyethylene sam- 
ples filled with Komsil is entirely elastic (Table 2); elastoplastic fracture was ob- 
served with composites filled with 3.4 and 6.9 vol% Ultrasil (Table 1). Polyethylene 

TABLE 1. 
Transition from Elastic to Elastoplastic Region (DG), and Nature of 
the Fracture (F)  vs Ultrasil Content (4) for PE and PE Crosslinked 
with Luperox 130, 0.83%, Related to PE Content 

Maximal Deformation at Fracture (DM), Deformation at 

Uncrosslinked PE Crosslinked PE 

+,vol% DM,mm DG,mm Fa DM,mm DG,mm Fa 

0 0.54 0.52 e 0.35 0.32 e 
3.4 0.52 0.37 eP 0.67 0.49 eP 
6.9 0.46 0.35 eP 0.67 0.52 eP 

14.2 0.38 0.38 e 0.55 0.47 eP 

'e = elastic fracture, ep = elastoplastic fracture. 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1461 

TABLE 2. Maximal Deformation at Fracture 
(&), Deformation at Transition from Elastic 
to Elastoplastic Region (DG), and Nature of the 
Fracture (F)  on Volume-% of Komsil(9) 

$,vol% DM,mm DG, mm F 

0 0.54 0.52 e 
2.95 0.43 0.39 e 
6.03 0.31 0.31 e 

12.6 0.28 0.28 e 

without filler or filled with 14.2 vol% Ultrasil is broken by elastic fracture. Obvi- 
ously, the presence of filler in the proper concentration can lead to an increase in 
the amount of plastic deformation of the material. 

The effect of crosslinking consists not only in affecting the mode of failure 
but also in enhancing the plastic deformation of Ultrasil-filled samples. This fact 
corresponds to published results describing the effect of crosslinking on the value of 
elongation at break of composites [ 1 11. 

Figure 5 shows a decrease of maximal deformation of the sample with increas- 
ing filler content. The decrease is less pronounced with Ultrasil; with 14.2 vol% 
filler the deformation is two-thirds of the value of polyethylene. With Komsil a drop 
to 50% of the original value was observed. When the average interparticle distance 
decreases due to increasing filler content, deformability of the matrix also decreases, 
corresponding to the restrictive effect of filler particles. This phenomenon is demon- 
strated in Table 1: the fracture of polyethylene filled with 14.2 vol% Ultrasil is 
brittle, and the mode of fracture is elastic, unlike samples with a lower filler content 
where elastoplastic behavior dominates. 

The dependence of D, vs filler content for composites crosslinked with 0.83 
vol% Luperox 130 (related to polyethylene content) and filled with Ultrasil is shown 

0.60 

F 

n 
0.4 0 x 

0.20, 
0 5 15 

lo $ 
FIG. 5 .  The dependence of maximal deformation of composites PE/Ultrasil (0) and 

PE/Komsil ( 0  ) on volume portion of filler. 
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1462 CHODAK ET AL. 

in Fig. 6. The dependence goes through a maximum, similar to a plot of the J 
integral vs filler content, The cracks formed around the filler can manifest them- 
selves as weak sites in the composite. On the other hand, if the cracks have the 
proper shape and size they may affect toughness positively, e.g., due to slowing 
down the rate of growth of cracks of larger than critical size, or because of the 
formation of small cracks on the polymer-filler interface connected with a certain 
consumption of energy. The properties of both the matrix and interphase are 
changed as a result of crosslinking. A most important feature is increased tear 
resistance [18]. In any case, increasing the filler content results in a higher degree of 
restriction of macromolecular motion in the polymer matrix. 

An important amount of plastic deformation was also observed when 14.3 
vol% Ultrasil was present in the sample, as is seen in Table 1. This is an explanation 
for the higher deflection of a crosslinked sample compared to that for an uncross- 
linked one where the fracture is brittle. 

The temperature dependence of impact resistance of unfilled and filled poly- 
ethylene (PE), as investigated by the falling weight method, is shown in Fig. 7. 
Increasing the filler content results in lower impact resistance in the whole tempera- 
ture range. Impact resistance of filled samples is marginally affected by tempera- 
ture, unlike unfilled PE. The effect is probably caused by the restrictive influence of 
filler particles on matrix deformation, which is significant enough to eliminate the 
effect of temperature on deformability of the matrix. A distinct minimum is ob- 
served in a plot of impact resistance vs temperature at -4OOC for both crosslinked 
(Fig. 8) and uncrosslinked PE. We cannot explain the existence of this minimum, 
but it may be connected with some changes of mobility of macromolecules with 
temperature. 

Crosslinking results in an increase of impact resistance of PE as well as of PE 
filled with 3.4 or 26.4 vol% Ultrasil when compared to uncrosslinked samples (Fig. 
8). With increasing filler content, the values of impact resistance diminish, similar 
to uncrosslinked samples. Unlike uncrosslinked samples, impact resistance values 
are positively affected by an increase of temperature. It is concluded that filler has a 
smaller effect on the decrease of deformability of crosslinked samples than of 

I 

I I I 

15 4, 0 5 
0.30' ' 

FIG. 6 .  The dependence of maximal deformation of uncrosslinked (0) and cross- 
linked (@) composite PE/Ultrasil on volume portion of filler. 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1463 

FIG. 7. The plot of impact resistance vs temperature for samples of PE with 0 (a), 
3.4 (0), and 26.4 (A) vol% Ultrasil. 

uncrosslinked material. Therefore, a change of temperature has a more pronounced 
effect in crosslinked material. 

Additional results have been obtained from the observation of fracture sur- 
faces by SEM. Figures 9 and 10 demonstrate that the fracture of notched specimens 
is cohesive, i.e., the crack grows through the matrix in both crosslinked and uncross- 
linked samples. The growth of the crack is directly influenced by large aggregates. 
In the vicinity of their surface, plastic deformation is much less.pronounced, as 
documented in Fig. 10. In the upper part of Fig. 9(a), bulk aggregate covered with 
the polymer layer is seen and plastic deformation on its surface is clearly different 
from the rest of the sample surface. The contribution of crosslinking to an increase 
in plastic deformation is confirmed by comparison of Figs. 9 and 10, as expected 
from the results in Table. 1. 

FIG. 8. The dependence of impact strength on temperature for crosslinked PE with 0 
( O ) ,  3.4 (0), and 26.4 (A) vol% Ultrasil. 
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1464 CHODAK ET AL. 

FIG. 9. The fracture surface of PE filled with 14.2 vol% Ultrasil (a) or 12.6 vol% 
Komsil (b). 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1465 

FIG. 10. Fracture surface of crosslinked composite PE with 12.6 vol% Komsil. 

Since the fracture is cohesive in all cases, filler particles are not visible directly 
in Figs. 9 and 10. The filler surface can be observed after the surface polymer layer 
is removed by etching with cold plasma. The etched areas are seen in Figs. 1 l(a) and 
ll(b). When the fracture surfaces are compared, it is obvious that the effect of the 
two fillers used is almost the same. At the surfaces with both Ultrasil and Komsil, 
the filler particles strongly bound to  matrix are seen in the middle of the fracture 
area (Fig. l la) .  On the other hand, at the end of the fracture area, voids between 
filler surface and matrix are visible (Fig. 1 lb). 

Dewetting in a much larger range is observed at the fracture surfaces of cross- 
linked samples (Fig. 12). Since the nature of these samples is different than that of 
uncrosslinked materials, it can be expected that the different structures were not 
formed during processing but during breaking of the specimens, i.e., dewetting 
occurs during fracture. This is fully consistent with the hypothesis that certain 
additional energy is consumed due to formation of small voids which do not cause a 
catastrophic crack. Since deformability of uncrosslinked materials is lower than that 
of crosslinked composites [18], local deformation at break is not high enough to 
result in dewetting. The notch advances through the material without any significant 
observable changes near the fracture level. On the other hand, significant deforma- 
tion can occur in crosslinked samples so that local deformation is higher than the 
deformability of the interphase. Therefore, dewetting takes place, leading to the 
formation of small voids of noncatastrophic size. 

According to results of impact resistance, it is concluded that: 

The presence of filler leads to  a decrease of toughness resulting from the 

The filler leads to a decrease of deformation due to lower mobility of macro- 
formation of inhomogeneities. 

molecules. 
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1466 CHODAK ET AL. 

FIG. 11. Fracture surface of PE with 14.2 vol% Ultrasil (a), or with 12.6 vol% 
Komsil (b), etched with plasma for 20 seconds. 

Crosslinking results in an increase of toughness due to formation of crosslinks 

Crosslinking leads to a rise of deformation, mainly because of a larger amount 

SEM experiments showed that fracture is cohesive. The positive effect of 

in the polymer matrix. 

of plastic deformation. 

crosslinking was demonstrated by the development of plastic deformation. 
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EFFECT OF CROSSLINKING ON TOUGHNESS 1467 

FIG. 12. Fracture surface of crosslinked PE filled with 14.2 vol% Ultrasil, etched 
with plasma for 5 minutes. 
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