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Abstract 

Composites of polystyrene with different loading of silica were prepared 
by melt mixing in a Brabender Plasticorder at a rotor speed of 60 rpm. The 
mechanical properties of the composites such as tensile behavior, impact 

strength, and flexural properties were studied as a function of filler load-
ing. The tensile moduli of the composites increased with silica content. To 

improve adhesion between the filler and the matrix, an amino silane cou-
pling agent was used. The composites with coupling agents showed en-
hanced mechanical properties. Thermal properties were measured using 

differential scanning calorimetry (DSC), thermogravimetry (TGA) and 
flammability tests. Composites with 15 wt.% and 0.5 wt.% coupling agent 
showed optimum properties. Scanning electron microscopy (SEM) studies 

of the tensile fractured samples revealed the extent of filler dispersion and 
filler/matrix interaction. Finally, experimental results were compared 

with theoretical predictions.   
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Key findings 

● Silica obtained from local sources in Saudi Arabia has the potential to use as reinforcements in thermoplastics.  

● Modification with silane coupling agent led to improved properties. 

● Flammability of the polystyrene is decreased upon incorporation of modified silica particles. 
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1. Introduction 

An important attribute of polymers is the ability to modify 

their inherent physical properties by the addition of fillers 

while retaining their characteristic processing ease. Poly-

mers can be made colored, stronger, stiffer, electronically 

conductive, magnetically permeable, flame retardant, 

harder, and more wear-resistant by the incorporation of 

various additives [1]. Most of these modifications are made 

by the addition of inorganic fillers to the polymer. These 

fillers, present in varying degrees, also affect the basic me-

chanical properties of the polymer. In many cases, the 

changes in the mechanical properties of the filled polymer 

can be predicted from basic principles [2]. In other cases, 

the property changes must be experimentally measured, be-

cause there is not sufficient knowledge about the polymer-

filler interactions to calculate the effect of filler concentra-

tion on property changes [3].  

A polymer composite is a combined material created by 

the assembly of two or more components, such as a filler or 

reinforcing agent and a compatible matrix, to obtain spe-

cific characteristics and properties [4]. The components of-

ten offer the properties that neither constituent has. The 

components of a composite do not merge completely into 

each other but they do act in concert and are divided gen-

erally by direct boundaries. These components as well as 

the interface between them can usually be physically iden-

tified, and it is this behavior and properties of the interface 

that generally control the properties of the composite [5, 

6]. The properties of a composite cannot be achieved by any 

of the components acting alone. To obtain the optimal prop-

erties in composites their components have to be chosen to 

have sharply different but complimentary properties [7, 8].  
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The mechanical behavior of the filled polymer systems 

was studied extensively [9–11]. These reports reveal that 

the easiest mechanical property to estimate is the modulus 

of the system. This is because it is a bulk property that de-

pends primarily on the geometry, modulus, particle size 

distribution, and concentration of the filler. The tensile 

strength of a filled polymer is more difficult to predict be-

cause it depends strongly on local polymer-filler interac-

tions as well as the above factors [12, 13]. Several investi-

gators have shown that two general tensile strength-filler 

concentration responses are possible, namely the upper 

bound and lower bound ones [14, 15]. The upper bound re-

sponse assumes strong adhesion between the polymer and 

filler, while the lower bound response assumes weak or no 

adhesion between the polymer and filler materials. Most 

particulate-filled polymers fall somewhere between these 

two responses [16, 17].  

Fillers have an important role in modifying the proper-

ties of various polymers. The theory of filler reinforcement 

of polymers predicts the formation of a boundary layer of 

matrix material on the surface of the filler [18–21]. The in-

corporation of rigid particles substantially enhanced the 

stiffness of the polymer, as studied by Ahmed et al. [22]. In 

some cases, the filler can improve some properties while 

degrading others, as in Nylon-66, which has improved stiff-

ness but reduced impact strength when filled with 30% 

glass [23, 24]. Recently, the effect of reinforcement of rigid 

particles on polymers was investigated [25, 26]. However, 

the particle agglomeration while preparing the composites 

is a great problem [27, 28]. The most important feature that 

affects interfacial adhesion is believed to be the mechanical 

stresses, chemical interactions, and physico-chemical weak 

boundary layers. Chemical interactions involve covalent 

bonding and filler/matrix wetting. Modification of the filler 

surface to improve adhesion has become increasingly im-

portant [29]. Strong adhesion or interfacial bond strength 

depends on the inherent wetting ability of the polymer and 

the effectiveness of the coupling agents. Incorporation of 

various additives or coupling agents in these systems helps 

to promote the adhesion at the polymer/filler interface and, 

hence, stress transfer between the filler and the polymer 

gets improved [30, 31]. Several groups are active in this 

area of research, and during the last decade a whole lot of 

fillers were introduced [32–35]. Also, several authors have 

made attempts to improve the mechanical and other prop-

erties of composites by modifying the surface of the filler 

with suitable coupling agents [36–38]. Coupling agents at 

fixed weight ratios have been used in the studies on 

HDPE/CaCO3 composites [39, 40].  

One of the most important parameters affecting the re-

inforcing effect of the filler is the adhesion at the interphase 

[18]. The polymer-filler interaction leads to the formation 

of localized stresses at the surface of the filler part and de-

termine the character of the deformation and breakdown of 

the filled polymer [13, 41]. Fortunately, the surface chemis-

try of silica is much more clearly defined than that of many 

other types of filler. Hence the polymer-filler interactions 

and their influence on the reinforcement properties of the 

material can be much more easily studied with silica as a 

filler [42, 43]. Silica can be classified, according to its na-

ture, as natural and synthetic. Natural silica is non-rein-

forcing and has been used only for reducing cost [44]. The 

synthetic ones are reinforcing and nowadays have particle 

sizes as small as the carbon blacks besides an extremely re-

active surface [45]. Silica can also be classified, according 

to the production method, into three groups: pyrogenic sil-

ica, obtained by high-temperature processes (thermal or 

electrical), silica gel, and precipitated silica. Silica obtained 

by high-temperature processes has a very high cost. Silica 

obtained by precipitation has a lower cost and has been 

more frequently used as a reinforcing filler. Therefore, the 

latter was chosen for the present study. The silica micro 

particles were locally produced in Saudi Arabia and were 

generously donated to study the reinforcing capabilities. 

The particles were white and were expected to have good 

dispersion properties. To improve the dispersion, the sur-

face of the particles was treated with a silane-based cou-

pling agent, 3-aminopropyl trimethoxy silane. The goal of 

the present study is to establish the reinforcing character-

istics of silica-filled polystyrene composites. The effect of 

the coupling agent on the filler matrix interaction is also 

studied. 

2. Materials and methods 

2.1. Materials 

The polymer used for the study is atactic polystyrene. It was 

obtained from Polychem Limited, Bombay, India. The spe-

cific properties of the used polymer are: density 1.04 g/cm3, 

Poisson’s ratio 0.333, water absorption 0.05%, softening 

temperature 108 °C and molecular weight of 218000. Silica 

was obtained from Saudi Geological Survey, Jeddah, and its 

properties are: density 1.64 g/cm3, average particle diame-

ter 167 μm, specific gravity 4.1, pH in the range of 6–8.  

3-aminopropyl trimethoxy silane (APTMS) was obtained 

from Fischer scientific USA. 

2.2. Preparation of composites 

Polystyrene/silica micro composites were prepared in a Bra-

bender Plasticoder (Brabender, Germany) at a rotor speed of 

60 rpm for 8 min at a temperature of 180 °C. The composi-

tions of the fillers were 0, 5, 10, 15, 20, and 25% by weight, 

and the samples were labelled as S0, S5 and so on. Based on 

the optimum properties of the composites, one of the compo-

sites was selected for filler modification. To enhance the 

filler/matrix adhesion, a silane-based coupling agent, 3-ami-

nopropyl trimethoxy silane, was used. The silica particles 

were first heated in an oven at 90 °C for 6 h to remove the 

moisture and then mixed with 0.1, 0.3, 0.5, 0.7, and 1 weight 

ratio of the coupling agent. They were mixed in the Bra-

bender Plasticorder with polystyrene with 10 wt.% silica. Af-

ter optimization of the amount of coupling agent as 0.5 wt.%, 
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composites were prepared with up to 25 wt.% of modified 

silica, and they were labelled as C0, C5 and so on. The com-

posites were made into sheets using a hydraulic press at a 

pressure of 200 kg/cm2 at 180 °C. Rectangular samples of 

10⨯1.2⨯0.2 cm3 were cut for tensile testing, 6⨯1.2⨯0.2 cm3 

for impact testing and 12⨯1.2⨯0.2 cm3 for flexural studies. 

2.3. Characterization techniques 

Tensile and flexural measurements were carried out using 

a Universal Testing Machine (TNE 400 series) at a cross-

head speed of 10 mm/min at room temperature. From the 

stress-strain curves, the tensile strength, Young’s modulus, 

and elongation at break of the composites were determined. 

The tensile properties were determined according to ASTM 

D638. Izod Impact testing was done in an ITS AMP 105 im-

pact tester. The impact strength was determined by striking 

the bar-shaped specimen with a hammer as per ASTM D256. 

The flexural properties were determined by applying the 

three-point bending load to a rectangular specimen (ASTM 

D 790), which rested on a block at both ends.  

Thermogravimetric analysis (TGA) was carried out in a 

Schimadzu TA60 DTG analyzer in nitrogen atmosphere. 

Thermograms were obtained from room temperature to 

700 °C at a heating rate of 10 °C min–1. Thermal analysis was 

carried out using a differential scanning calorimetry (DSC) 

on a pyris1 DSC (PerkinElmer, USA). Nitrogen gas at a rate 

of 70 mL min–1 was used as purging gas. Aluminum pans 

containing 2–3 mg of the samples was heated from room 

temperature to 200 °C at a heating rate of 10 °C min–1.  

Small-scale flammability tests were carried out on the 

Federal Aviation Administration’s Pyrolysis Combustion 

Flow Calorimeter, and the samples were tested in triplicate 

according to ASTM D7309-07 with the samples of 5±0.5 mg 

in weight. The heating rate was 60 °C/min in an 80 

cm3/min stream of nitrogen; the maximum pyrolysis tem-

perature was 900 °C. The anaerobic thermal degradation 

products in the nitrogen gas stream were mixed with a 20 

cm3/min stream of oxygen prior to entering the combustion 

furnace at 900 °C. The heat release was determined by ox-

ygen consumption calorimetry. Peak heat release rate 

(PHRR) data were reproducible within ±0.5%. The Scan-

ning electron Microscopy studies of the fractured samples 

were done using a JEOL 840 S microscope. 

3. Results and discussion 

3.1. Stress-strain behaviour in tension 

Figures 1 and 2 show the stress-strain curves of the composites 

of polystyrene and silica. Figure 1 demonstrates the stress-

strain curves of polystyrene with silica in different weight per-

centages. The pure polymer and filled composites show typical 

stress-strain curves similar to the brittle polymers. From the 

initial linear part of the curve, modulus properties can be 

measured. The filler addition improved the moduli. 

Figure 2 shows the stress strain curves of the polysty-

rene composites with varying amounts of silica particles 

with 0.5 wt.% of the coupling agent. The brittle nature of 

the composites is still prevailing; however, the moduli and 

ultimate break regions improved on account of the better 

interaction between the filler and the matrix. The modifi-

cation of the interfacial bond between the filler and the ma-

trix led to the improvement in stress-strain behavior, as ev-

idenced by Maldas et al. [46]. An interesting study related 

to the modification of silica micropowder and its usage as a 

filler in PVC polymer was reported recently [47]. The au-

thors mentioned that the modification to the silica micro 

powder improved the dispersion in the polymer matrix, 

thereby improved tensile strength, flexural strength and 

notched impact strength significantly.  

3.2. Young’s modulus 

The Young’s moduli of the composites were obtained from 

the stress-strain plots. Young’s modulus usually increases 

for a polymer when fillers are added to it due to the higher 

inherent modulus of the filler compared to the polymer ma-

trix [48]. Figure 3 shows the behavior of Young’s modulus 

of polystyrene with respect to silica loading with and with-

out coupling agent.  

 
Figure 1 Stress strain behavior of the silica filled polystyrene com-

posites without coupling agent. 

 
Figure 2 Stress strain behavior of the silica filled polystyrene com-

posites with 0.5 wt.% of coupling agent. 
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As can be seen from Figure 3, the modulus values in-

crease with filler loading for both systems. The silane 

treated composites have higher Young’s modulus due to the 

better interfacial interaction between the filler and the ma-

trix. The increase in modulus can be ascribed to the aspect 

ratio of the filler, the orientation of the fillers, interfacial 

interaction, and the nature of the failure [49–51]. 

3.3. Tensile strength  

Figure 4 shows the changes in tensile strength of the com-

posites with and without the coupling agent. Tensile 

strength increases for the composites up to 10 wt.% of sil-

ica for both cases, and thereafter the values are decreasing 

due to the agglomeration of the fillers in the matrix. The 

increment in tensile strength for the coupling agent added 

systems can be attributed to the better interaction between 

the filler and the matrix. Silane coupling agent improved 

the interphase between filler and the polystyrene matrix. 

In order to understand the effect of coupling agent on the 

tensile properties, 10 wt.% silica with varying coupling 

agent loaded composites were utilized to plot Young’s mod-

ulus and the tensile strength (Figure 5). The optimum con-

centration for the coupling agent is 0.5 wt.% as evidenced 

from the figure. 

3.4. Flexural studies 

Flexural properties are very important for the composites 

to understand the load bearing capacity. Figure 6 shows the 

effect of silica on the flexural modulus of the polystyrene 

composites. The maximum value of flexural modulus is 

given by 15 wt.% of silica reinforced polystyrene compo-

sites. In the case of flexural strength, the maximum is ob-

tained for composites having 10 wt.% of filler (Figure 7). 

There is appreciable improvement in the modulus and 

strength for the composites with coupling agent treated sil-

ica. The interaction with filler and matrix makes the com-

posites more stable against the flexural force. As in the case 

of tensile strength, beyond 15 wt.% of the filler loading the 

flexural property decreases due to particle agglomeration.  

 
Figure 3 Young’s Modulus of the silica filled polystyrene compo-

sites with and without the coupling agent. 

3.5. Theoretical modelling 

Filler dispersion, orientation, shape and their ability to ad-

here to the matrix and several other parameters contribute 

to the improvement in mechanical properties. Theoreti-

cally, one can predict the mechanical characteristics taking 

into account these parameters. 

 
Figure 4 Tensile strength of the silica filled polystyrene compo-

sites with and without the coupling agent. 

 
Figure 5 Effect of coupling agent on the tensile strength and 

Young’s modulus of the composites. 

 
Figure 6 Flexural modulus of the silica filled polystyrene compo-

sites with and without the coupling agent. 
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Figure 7 Flexural strength of the silica filled polystyrene compo-

sites with and without the coupling agent. 

There are several theories for predicting mechanical 

properties available nowadays. Most of the theories depend 

on the matrix properties and the filler properties. The im-

portant theories are developed by Einstein, Guth, Mooney, 

Kerner, Thomas and Nielson [48, 52, 53]. 

3.5.1. Einstein equation 

Einstein and Guth equations are mainly used for the theo-

retical calculations of the properties of composites with 

spherical (particulate) fillers. According to Einstein's equa-

tion, for a rigid filler and the matrix, 

𝑀𝑐 = 𝑀𝑚(1 + 1.25𝑉𝑝), (1) 

where Mc and Mm are Young’s modulus of composite and 

matrix, respectively, and Vp is the particle volume fraction. 

Einstein’s equation is applicable only for materials filled 

with low concentrations of non-interactive spheres. This 

equation shows that the volume occupied by the filler is in-

dependent of the size of the filler particles, which is the 

prominent variable for modulus of the composites.  

3.5.2. Guth equation 

𝑀𝑐 = 𝑀𝑚(1 + 1.25𝑉𝑝) + 14.1𝑉𝑝
2, (2) 

Guth’s equation is an extension of Einstein’s equation 

that takes into consideration the inter-particle interactions 

at higher filler concentrations.  

3.5.3. Kerner equation 

Young’s modulus of spherically shaped particulate-filled 

polymer composites is given by Kerner’s equation 

𝑀𝑐 = 𝑀𝑚 [1 +
15𝑉𝑝(1 − 𝜎𝑚)

𝑉𝑚(8 − 10𝜎𝑚)
], (3) 

where Vm is the matrix volume fraction and σm is the Pois-

son’s ratio of the matrix. 

3.5.4. Quemeda equation 

𝑀𝑐 = 𝑀𝑚

1

(1 − 0.5𝐾𝑉𝑝)
2
, (4) 

where K is a constant typically equal to 2.5. This variable 

coefficient is introduced to account for the inter-particle in-

teractions and differences in particle geometry. 

3.5.5. Thomas equation 

𝑀𝑐 = 𝑀𝑚(1 + 2.5𝑉𝑝 + 10.05𝑉𝑝
2 + 0.00273𝑒𝑥𝑝[16.6𝑉𝑝]).  (5) 

Thomas equation is an empirical relationship based on 

the data generated with dispersed spherical particles.  

These theoretical predictions (3.5.1–3.5.5) were plotted 

with the experimental result in Figure 8. At lower filler 

loading the experimental data agree with Quemeda (at 0.12 

volume faction) and Guth (0.07 volume fraction) models. 

The experimental results agree with Einstein and Kerner's 

equations at a higher volume fraction of filler. The modulus 

values increase upon adding the fillers into the system. Ein-

stein's equation predicts an increase in modulus for in-

creased filler amounts, and the experimental result agrees 

with it. 

3.6. Impact properties 

Apart from the polymer-filler adhesion, other adhesive 

forces also affect the impact properties of the filled polymers 

[54]. The fracture mechanism of the polymer in the filled and 

unfilled states are different, which can lead to improvement 

in impact properties. Generally, the impact properties of the 

filled system are lower than the unfilled system in case there 

is good filler/matrix interaction [55]. 

The impact energy of the composites is shown in Figure 9. 

The impact energy shows a decreasing trend with respect to 

filler loading. Comparing the filled systems with and without 

coupling agents, the coupling agent added systems have 

higher impact energy in all compositions due to the better 

filler/matrix adhesion. In the presence of the coupling agent, 

the interfacial bonding between the matrix and the filler in-

creases and thus facilitates better transfer of stress.  

3.7. Thermal properties 

TGA was used to measure the thermal stability of the com-

posites in the temperature range of 30–700 °C. The repre-

sentative thermograms of the coupling agent modified sil-

ica reinforced composites are given in Figure 10. The ther-

mal properties of the composites are given in Table 1.  

According to the data, the thermal stability of polystyrene 

is lower than that of the composites. This is due to high ther-

mal stability of the modified silica particles in the system. 

Table 1 DSC and TGA characteristics of polystyrene composites 

with the coupling agent. 

Compo-

sites 

DSC 

(°C) 

Wt.% remaining 

at different temp. 

(TGA) 

TGA characteristics 

(°C) 

Tg 350 °C 500 °C T10 T50 Tmax 

C0 100.5 87.9 0.5 344 371 375.8 

C1 102 90.7 9.6 357 382 383.8 

C3 103.8 88.0 14.8 343 381 390.8 

C5 101 87.4 29.7 329 364 381.8 

 

https://doi.org/10.15826/chimtech.2024.11.1.05
https://doi.org/10.15826/chimtech.2024.11.1.05


Chimica Techno Acta 2024, vol. 11(1), No. 202411105 ARTICLE 

 6 of 9 DOI: 10.15826/chimtech.2024.11.1.05

   

 
Figure 8 Theoretical modelling of the tensile moduli of silica filled 

polystyrene composites. 

 
Figure 9 Impact strength of the silica filled polystyrene composites 

with and without the coupling agent. 

 
Figure 10 TGA curves of the silica filled polystyrene composites 

with the coupling agent. 

Physical interaction between the surface of the silica 

particles and the polystyrene chains is one of the important 

factors for improving the thermal stability of the polymer 

matrix. Table 1 also shows the glass transition temperature 

(Tg) of the polystyrene composites with modified silica par-

ticles. It can be seen that the pure polystyrene has lower Tg 

than the composites. The rigid particles of silica can restrict 

the steric movement of the polystyrene chains and induce 

inflection in the DSC measurements at higher tempera-

tures. Glass transition temperature of polystyrene with un-

modified silica particles showed little change. The pure PS 

showed a Tg of 100 °C, and the incorporation of silica par-

ticles increased the Tg values by 0.5–1 °C. So, these results 

were not included in Table 1. The increase in Tg is marginal 

and amounts to 2–3 °C for all the composites with silica 

modified with coupling agent.  

A pyrolysis combustion flow calorimeter, also known as 

a microscale combustion calorimeter (MCC) was utilized to 

measure the flammability of the samples. The parameters 

obtained by MCC are heat release capacity (HRC), peak heat 

release rate (PHRR), total heat release (THR), and reduct-

MCC, which are presented in Table 2.  

HRC is the ratio of the maximum heat release rate to 

constant heating rate which helps one to understand the 

fire hazard of a material. As can be seen from Table 2, 

the HRC was found to decrease with the increase in silica 

loading due to the good dispersion of the filler in the ma-

trix. The thermal conductivity of the filler is greater than 

that of the polymer matrix which assists in conducting 

the heat throughout the polymer matrix. As evidenced 

from Table 2, when the filler loading was increased to 

25%, HRC values dropped to 22% compared to the poly-

mer without filler.   

Another important parameter to measure the fire haz-

ard is HRR. The reduction in PHRR is very important with 

respect to the fire safety aspects of a material. PHRR indi-

cates the point at which the fire will propagate further or 

adjacent objects might be ignited. It is obvious that the ad-

dition of modified silica filler reduced PHRR and this reduc-

tion is propagated with respect to filler loading. For 

25 wt.% of filler loading the PHRR value decreased by al-

most 28%. However, the total heat release, which is the in-

tegral of the HRR curve over the duration of the experi-

ment, decreases marginally with filler loading.  

Reduct-MCC (%) is the percent deduction in PHRR of the 

composites with respect to pure PS. The mechanism of re-

duction in the flammability properties of the PS composites 

may be attributed to the barrier effect of the silica filler, 

which inhibited the emission of degraded gas molecules and 

prevented the oxygen supply from reaching the surface.  

Table 2 Flammability properties of polystyrene composites with 

the coupling agent. 

Sample 
HRC 

(J/gK) 
PHRR 
(W/g) 

THR 
(kJ/g) 

Reduct-
MCC (%) 

C0 1119±7 1300±8 38.58±0.2 – 

C1 979±6 1123±6 36.03±0.5 7 

C3 912±4 1009±5 35.49±0.7 19 

C5 883±5 951±6 31.12±0.1 29 
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3.8. Scanning electron microscopy studies 

Scanning electron microscopy (SEM) images of the tensile 

fractured samples of composites are given in Figures 11 and 

12. The silica particles are shown in the SEM images in the 

red circled areas. From Figure 11 it can be seen that low 

loading of silica without coupling agent has good disper-

sion, which get agglomerated at higher loading (≥ 15%). 

This accounts for the decrease of properties at higher filler 

loading. Figure 12 shows the fracture surface of composites 

containing coupling agents. Even though agglomeration is 

seen at higher loadings, the coupling agent-containing sys-

tem shows good dispersion and improved filler/matrix in-

terface adhesion as compared to the system with no cou-

pling agent.  

4. Limitations 

The composites were prepared using solvent free fabrica-

tion technique, but the filler dispersion is a problem on 

account of the agglomeration at higher loadings. The mod-

ification of the silica particles with silane coupling agent 

leads to improved properties, and the samples with higher 

loading becomes brittle due to the nature of the thermo-

plastic characteristics. An impact modifier could be added 

so that the properties could be even more improved. How-

ever, achieving better dispersion in the matrix will be  

challenging.  

5. Conclusions 

Polystyrene samples with silica with and without modifica-

tion were studied in this work. The mechanical properties 

such as Young’s modulus, tensile strength, flexural modu-

lus, and flexural strength increase linearly with the in-

crease in the filler concentration followed by a decrease be-

yond 15 wt.%. The decrease at higher loading is due to the 

particle-particle interaction leading to agglomeration. The 

system containing coupling agents reduced the agglomera-

tion considerably, and the properties were improved signif-

icantly due to better interaction between filler and matrix. 

As expected, the impact properties of the composites de-

creased with filler content due to the brittle nature of the 

matrix. The thermal properties and flammability properties 

also showed appreciable improvement. The scanning elec-

tron microscopy studies indicated that at lower loading sil-

ica is well dispersed in the PS matrix, but at higher loading 

the silica agglomerates. Finally, the experimental results 

were compared with theoretical predictions. At lower filler 

loading the experiment results agree with Quemeda (at 0.12 

volume faction) and Guth (at 0.07 volume fraction) models, 

and at higher volume fraction of filler the experimental re-

sults agree with Einstein and Kerner equations. 
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Figure 12 SEM images of the tensile fractured samples of the com-
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