
  
Abstract— In this work, fly ash has been used as filler material in 

epoxy polymer to produce particulate reinforced polymer 
composites. The chemical composition of fly ash and its particle size 
plays an important role in the enhancement of physical and 
mechanical properties of polymer matrix composites (PMC). Here 
four different sizes of fly ash (50 μm, 480 nm, 350 nm, 300 nm) with 
10 wt % are impregnated with epoxy resin to process the PMC by 
using simple mold arrangement. The size reduction is obtained by 
means of ball milling technique. Scanning electron microscope 
(SEM) and energy dispersive spectroscopy (EDS) are used to 
characterize the fly ash. Mechanical properties such as hardness and 
impact strength are analyzed as per ASTM standards. It was found 
that size reduction of fly ash particle enhanced the strength of PMC. 
 

Keywords—Epoxy, Fly ash, filler material, Mechanical 
properties, PMC 
 

I INTRODUCTION 
ARTICULATE composite material consisting of polymer 
resin as matrix and particle as reinforcement one. The 
particles in these composite are larger than in dispersion 

strengthened composites. The particle diameter is typically on 
the order of a few microns. In this case, the particles carry a 
major portion of the load. The particles are used to increase 
the modulus and decrease the ductility of the matrix. An 
example of particle reinforced composites is an automobile 
tire which has carbon black particles in a matrix of 
polyisobutylene elastomeric polymer. Particle reinforced 
composites are much easier and less costly than making fiber 
reinforced composites. With polymeric matrices, the particles 
are simply added to the polymer melt in an extruder or 
injection molder during polymer processing. Similarly, 
reinforcing particles are added to a molten metal before it is 
cast.       
     Particulate reinforced polymer composite materials are 
used for various engineering applications to provide unique 
physical and mechanical properties with a low specific weight. 
It is usually reinforced with fillers to achieve better 
mechanical strength. These fillers can be chosen as fibers 
(glass, carbon and aramid) or particles such as ceramic 
powders. Particles usually have dimensions in the range of 1–
10 or even more micrometers. Small ceramic particles are 
known to enhance the mechanical and tribological properties 
of polymers. Introduced into an epoxy resin, the filler 
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morphology, size, particle amount and the dispersion 
homogeneity influence extensively the composite’s 
performance. Various amounts of micro- and nano-scale 
particles (calcium silicate CaSiO3, 4–15 mm, alumina Al2O3, 
13 nm) were systematically introduced into an epoxy polymer 
matrix for reinforcement purposes. Composite material for 
mechanical applications may be represented by a 
thermosetting polymer matrix, e.g. an epoxy resin, which 
already covers alone some of the demanded properties [1].  

Fly ash, an industrial waste, can be used as a 
potential filler material in polymer matrix composites because 
it is a mixture of oxide ceramics. It improves the physical and 
mechanical properties of the composites [2]. Reduction in 
filler size gives better enhancement in properties due to 
uniform distribution of particles in polymer matrix and 
increases degree of cross linking of matrix [3]. A mechanical 
property such as tensile strength, impact strength and hardness 
of PMC is enhanced with the addition of smaller size filler 
materials [4]. In all particulate filled systems, the adhesion 
between the matrix and the filler plays a significant role in 
determining key properties such as strength and toughness. 
The size of the interface is generally dependent on the specific 
surface area of the filler. Modification of surface properties of 
the fillers can yield significant changes in strength [5]. Fly ash 
mainly consists of alumina and silica, which are expected to 
improve the composite properties. Fly ash also consists to 
some extent, hollow spherical particles (termed cenospheres) 
which aid in maintenance lower density values for the 
composite, a feature of considerable significance in weight-
specific applications[6],[7]. Ceramic filled polymer 
composites have been the subject of extensive research in the 
last two decades. The inclusion of inorganic fillers into 
polymers for commercial applications is primarily aimed at 
the cost reduction and stiffness improvement [8], [9]. 
Composites involving low cost fillers of fly ash, considered to 
be an industrial waste product and pollutant, are among the 
newer entrants to the family of particulate filled polymer 
composites. The use of fly ash as a reinforcement in polymer 
matrices gets strong support from a discipline such as civil 
engineering [10]. 

 
II EXPERIMENTAL 

 
A . Materials 
 

 Commercially available epoxy resin is taken as matrix 
material in this study. Epoxy, also known as polyepoxide, is a 
thermosetting polymer formed from reaction of an epoxide 
"resin" with polyamine "hardener". Epoxy has a wide   range 
of applications, including fiber-reinforced plastic materials 
and general purpose adhesives. Reinforcement material used 
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for processing of PMC is fly ash. Fly ash is one of the 
residues generated in combustion of coal in Thermal power 
plants and comprises the fine particles that rise with the flue 
gases. Fly ash is generally captured by electrostatic 
precipitators or other particle filtration equipment before the 
flue gases reach the chimneys of coal-fired power plants. The 
dimensions of the fly ash particle are in the range of 5 to 50 
μm and the color is grey in nature. Fig. 1 and Fig. 2 shows the 
photographic image of the epoxy resin and fly ash.  

          
  
    Fig 1. Epoxy Resin                             Fig 2. Fly ash 
 
B. Planetary Ball milling technique 
 
 A planetary ball mills is a type of ball mill. Planetary ball 
mills are smaller than common ball mills and mainly used in 
laboratories for grinding sample material down to very small 
sizes. A planetary ball mill consists of at least one grinding jar 
which is arranged eccentrically on a so-called sun wheel. The 
direction of movement of the sun wheel is opposite to that of 
the grinding jars (ratio: 1:-2 or 1:-1 or else). The grinding 
balls in the grinding jars are subjected to superimposed 
rotational movements, so called as Coriolis forces. The 
difference in speeds between the balls and grinding jars 
produces an interaction between frictional and impact forces, 
which releases high dynamic energies. The interplay between 
these forces produces the high and very effective degree of 
size reduction of the planetary ball mill. 
  

 
     
 Fig. 3 Planetary ball mill    Fig. 4 Cylindrical container with 
                                                                                          Balls 
The planetary ball mill consists of the cylindrical container 
which is rotated in a planetary motion. The container is made 
up of tungsten carbide material. It is filled by number of steel 

balls.   The ball mill is a key piece of equipment for grinding 
crushed materials, and it is widely used in production lines for 
powders such as cement, silicates, refractory material, 
fertilizer, glass ceramics, etc. as well as for ore dressing of 
both ferrous and non-ferrous metals. The ball mill can grind 
various ores and other materials either wet or dry. The size 
reduction of fly ash particle is performed by using the above 
techniques. The ball mill is operated for different time periods 
(4hrs, 6hrs and 8 hrs) to get different particle size. The milled 
sample fly ash particle size was analyzed by particle size 
analyzer equipment. It is found that the sizes of the particles 
are 480 nm, 350 nm and 300 nm respectively. 
 
C. Characterization of fly ash 
 
SEM is one of the best and most widely used techniques for 
the chemical and physical characterization of fly ash. The 
three most common modes of operation in SEM analysis are 
backscattered electron imaging (BSE), secondary electron 
imaging (SEI), and EDS. In this study, BSE and EDS were 
used to characterize the fly ash samples. A representative 
portion of fly ash particles was sprinkled onto double-sided 
carbon tape mounted on a SEM stub. This grain mount enable 
to determine the particle morphology, external surface 
structure and external elemental distribution of individual fly 
ash particles. 
The morphology of a fly ash particle is controlled by 
combustion temperature and cooling rate. The majority of the 
particles ranged in size from approximately 1μm to 5 μm and 
consisted of solid spheres (Fig.5). Agglomerated particles and 
irregularly shaped amorphous particles shown in figure 5 may 
have been due to inter-particle contact or rapid cooling. 

 
       

Fig 5. SEM image of fly ash before milling 
 

The elemental composition of a fly ash sample is determined 
using characteristic X-ray spectrum of the specimen being 
examined. From Fig. 5, it is clear that the EDS detector was 
capable of detecting elements with atomic number equal to or 
greater than six. The predominant elements in the fly ash 
samples were silicon, aluminum, oxygen and carbon in 
various compounds. Their weight percentages are Si-27.16, 
Al-10.76, O-51.57 and C-10.51 respectively. 
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Fig 5. EDS graph of fly ash 

 
D. Specimen preparation 
 
         Fly ash impregnated polymer matrix composite 
specimens used in this work are manufactured by pouring the 
mixture contain both fly ash and epoxy resin in the required 
size of mould. Before that the measured quantity of the fly ash 
say 10 wt % is put into the epoxy resin and mixed it evenly by 
using mechanical stirrer. Hardener is added with the mixture 
for quick setting of composite specimen. TABLE I shows that 
the different size of fly ash fillers impregnated with epoxy 
resin for the synthesis of composite specimens.  
 

TABLE I Different Size of fly ash fillers 
S. No Specimen Size of Fly ash filler 

1 S1 50 μm 

2 S2 300 nm 

3 S3 350 nm 

4 S4 480 nm 

            The molding box surface was covered with wax plastic 
sheets along with wax polish, which acts as a releasing agent 
for easy and quick removal of composite panel. It is clearly 
shown in figure 6. After sometime the specimen is taken out 
from the mould for mechanical testing which is shown in Fig. 
7 

 
 
     Fig. 6 Specimen mold              Fig. 7 Sample specimen   
 
     E. Hardness and impact testing 

 

        
 
   Fig. 8 Hardness testing m/c       Fig. 9 Impact testing m/c 
 
The determination of the Rockwell hardness (Fig.8) of a fly 
ash impregnated epoxy composite material involves the 
application of a minor load followed by a major load, and then 
noting the depth of penetration. The main advantage of 
Rockwell hardness is its ability to display hardness values 
directly, thus obviating tedious calculations involved in other 
hardness measurement techniques. It is typically used in 
engineering and metallurgy. Its commercial popularity arises 
from its speed, reliability, robustness, resolution and small 
area of indentation. In order to get a reliable reading the 
thickness of the test-piece should be at least 10 times the depth 
of the indentation. Also, readings should be taken from a flat 
perpendicular surface, because convex surfaces give lower 
readings. A correction factor can be used if the hardness of a 
convex surface must be measured. 
The Charpy impact test (Fig.9), also known as the Charpy v-
notch test, is a standardized high strain-rate test which 
determines the amount of energy absorbed by a fly ash 
impregnated epoxy composite material during fracture. Figure 
10 shows the fractured specimen after impact. This absorbed 
energy is a measure of a given material's toughness and acts as 
a tool to study temperature-dependent ductile-brittle transition. 
It is widely applied in industry, since it is easy to prepare and 
conduct and results can be obtained quickly and cheaply. A 
major disadvantage is that all results are only comparative. 

 
 

Fig 10. Impact tested specimen 
 

III RESULT AND DISCUSSION 
 

Surface hardness of composite was investigated as per 
ASTM D 785 on Rockwell hardness testing machine for 10kg 
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minor load and 140kg major load. The impact strength was 
analyzed on charpy impact testing machine as per ASTM 256 
standard. The results obtained from both the mechanical 
testing are discussed below. 
 
A. Effect of fly ash filler size on Hardness 

 

 The hardness values shown in Fig. 11 indicated that 
decrease in fly ash filler size increases the hardness. The 
addition of fly ash filler increases the hardness of composite 
material due to increase in the resistance strength of polymer 
to plastic deformation. The composite with 300 nm size fly 
ash filler yields higher hardness value than other filler sizes 
due to the better adhesion between the matrix and the filler.   
In this case, the polymeric matrix phase and the solid filler 
phase would be pressed together and touch each other more 
tightly. Thus the interface can transfer pressure more 
effectively in smaller size fly ash filler than larger one. This 
might have resulted in an enhancement of hardness. 

 
Fig 11. Effect on hardness for various sizes of fly ash filler 

 
B. Effect of fly ash filler size on Impact Properties 
 

The Charpy impact test was used to evaluate the relative 
toughness of the test materials which is reported in energy lost 
per unit of specimen thickness or cross sectional area. High 
strain rates or impact loads may be expected in many 
engineering applications of composite materials. 

 
 

Fig 12. Effect on impact strength for various sizes of fly ash filler 
 

Fig. 12 shows the variation of Charpy impact energy with 
decreasing the size of fly ash particle. It can be observed that 
the energy absorbed in fracturing the specimens increasing 

with decreasing fly ash filler size. The impact strength 
increased in the case of smaller particle size fly ash which 
confirmed that the void space available in the larger particle 
size fly ash material. Therefore the stress propagation was 
greater in the case of a larger fly ash particle size filled 
composites than that of a smaller fly ash particle size 
composites. 
 

IV CONCLUSION 
 

In this work the residue from the thermal power plant is 
utilized as filler material in the polymer matrix composite 
materials. Morphological and elemental characterization of fly 
ash was performed by SEM and EDS. Micron level fly ash 
particle was converted into Nano level by means of ball 
milling technique. The composite specimens are prepared by 
impregnating four different sizes (50 μm, 480 nm, 350 nm, 
and 300 nm) of fly ash filler materials by using molding 
process. Mechanical testing such as hardness and impact test 
was carried out. It is found that the 300 nm size fly ash filler 
impregnated polymer composite yields better impact energy 
(14 J) and hardness value (35 Hv) than others. Thus by 
decreasing the size of fly ash filler leads to increase the 
interface between the polymeric matrix and the solid fillers. 
 This work paves a scope for future investigators to obtain 
the size of filler materials less than 100 nm for better 
enhancement of mechanical and physical properties of 
particulate reinforced polymer composites. 
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Abstract— Renewable and nonrenewable resource constraints are 

among the most used constraints which are considered in theoretical 
fields of project scheduling problems. On the other hand, although in 
wide practical cases projects are subject to the cumulative resources, 
this type of resources has not been vast studied in the literature. 
Noting to this, in this paper we use the framework of a resource 
constrained project scheduling problem (RCPSP) with finish-start 
precedence relations between activities and subject to the cumulative 
resources in addition to the renewable resources to study cumulative 
resource type more. This problem is formulated and modeled and 
then considering its NP-hardness, a meta-heuristic algorithm based 
on genetic algorithm is introduced for that. While structuring this 
method, pervasive heuristics of serial and parallel schedule 
generation schemes in forward and backward scheduling as well as 
forward-backward improvement method (FBI) are modified for the 
case of cumulative resources existence in project scheduling 
problems. These modified methods can be applied to other project 
scheduling problems subject to this type of resources too. We 
perform vast experimental analysis using the developed algorithm, 
assessing its validation, robustness and performance. Results show 
the effectiveness and efficiency of the developed meta-heuristic 
algorithm for the problem in question. 
 

Keywords— cumulative resources, genetic algorithm, resource 
constrained project scheduling.  

I. INTRODUCTION 
esource constraints are among the most used 

constraints which are considered in theoretical field of 
project scheduling problems. Just a brief study of the 
theoretical field can illustrate that the two types of renewable 
and nonrenewable resources are the most popular ones in the 
literature. Nonrenewable resources are subject to the 
availability limitations for the whole project. From practical 
insight, different kinds of resources pervasive in various kinds 
of projects, such as raw materials and parts are subject to this 
project-life-long limitation. However in most cases, a 
procurement plan for each of these resources exists that 
determine the maximum availability of the resource up to each 
time point of project planning horizon and causes a limitation 
on maximum usage up to the point from the start time of the 
project. This different type of resources is known as 
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cumulative resources [1] in project scheduling literature. 
Cumulative resources have not been vast studied in project 

scheduling problems. Neumann and Schwindt [2] introduced 
them and their different practical applications. They 
introduced an extended model of resource constrained project 
scheduling problem (RCPSP) with minimum/maximum time 
lags that was subject to this resource type as well. They 
developed a branch and bound algorithm for solving the 
problem. Schwindt and Truatmann [3] modeled the scheduling 
of a batch production process in industry as a project 
scheduling problem subject to cumulative resources. Also 
extra considerations such as minimum and maximum time 
lags between activities, precedence-related setup times, 
capacity limitations on materials in-process, activities 
preemption possibility and time-varying human resources 
constraints have been considered. For this problem a branch 
and bound algorithm has been developed too. Neumann et al. 
[1] also modeled a production scheduling problem using 
cumulative resources and introduced a method for solving that 
by initial relaxation of resource constraints and using branch 
and bound method. Bartels and Zimmermann [4] conducted 
another study including cumulative resources too. In their 
paper, scheduling of tests in R&D projects in automotive 
industry has been modeled as a customized model of resource 
investment problem (RIP), aiming at minimization of the 
number of cumulative resources needed. Extra considerations 
such as activities ready times, multi execution modes and 
setup time of resources have been considered in this work as 
well. 

Therefore considering the lack of extensive study in the 
literature around project scheduling models subject to 
cumulative resources, in current paper we use the framework 
of a simple RCPSP problem which is also subject to the 
resource type in question to further study these models. So far 
vast study on the RCPSP problem, albeit without cumulative 
resource constraints has been accomplished, dating back to the 
1960s [5], and also many review papers on the problem 
literature have been published, such as [6], [7], [8], [9], [10], 
[11] and [12]. Due to the NP-hardness of the problem 
([9];[13]), besides exact algorithms such as binary 
programming based models of [14], [15] and [16], dynamic 
programming algorithm of [5] and branch and bound methods 
of [17], [18], [19], [20], [21], [22], [23] and [24]which are 
applicable to rather smaller problems, many heuristic methods 
like [25], [26], [27], [28], [29], [30] and [31] and meta-
heuristic methods like [32], [33], [34], [35], [36], [37], [38], 

Resource Constrained Project Scheduling 
Problem subject to Cumulative Resources 

Ali. Shirzadeh Chaleshtari, and Shahram. Shadrokh 

R 

International Journal of Mining, Metallurgy & Mechanical Engineering (IJMMME) Volume 1, Issue 1 (2013) ISSN  2320–4060 (Online)

38




