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INTRODUCTION 
 

any applications opt for aluminum (Al) composites over traditional materials due to a growing number of 
regulatory mandates. Aluminum, magnesium and titanium alloys form the base materials in metal composites, 
while Metal Matrix Composites (MMCs) employ fibers or particles such as Alumina (Al2O3), Graphite (Gr), 

Boron carbide (B4C) and Silicon carbide (SiC) as reinforcing elements [1]. These enhanced composites, termed Advanced 
M 

https://youtu.be/wUX4Kum9Uq0
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Metal Matrix Composites (AMMCs), are often recognized for their cost-effectiveness. The composites provide notable 
gain in density compared to the base alloy while also enhancing strength, stiffness, and fatigue resistance. The aerospace 
and automotive sectors extensively utilize Al composites due to their outstanding strength and stiffness properties. 
However, due to the abrasive nature of the reinforcing particles, machining these aluminum composites can pose 
challenges. The inclusion of these reinforcing particles profoundly alters the mechanical properties and machinability of 
composite materials. When referring to “operational characteristics” in machining these materials, it encompasses 
subjective characteristics of a cutting tool, including factors such as material removal rate (MRR), tool durability, and 
surface quality. Although MMCs are manufactured to precise standards, additional machining may be necessary to achieve 
desired specifications. Machining attributes are significantly impacted by variables such as the nature of reinforcement 
(particles or whiskers), the proportion of reinforcements by weight, the even dispersion of reinforcement within the 
primary matrix, and the selection of reinforcing materials. These factors play a crucial role in determining the 
machinability of the composite materials. Owing to the hardness and brittle nature of the reinforced particles, the 
machining process for MMCs differs significantly from traditional metal machining techniques. Machining composite 
materials elicits a diverse response as the cutting tool interacts with both the base matrix and the reinforcing components. 
The principal challenge encountered in machining MMCs is the accelerated rate of tool wear, which can lead to 
inefficiencies and increased production costs. Unique considerations regarding tool geometry and wear resistance must be 
meticulously addressed when machining MMCs to ensure optimal performance and productivity in the manufacturing 
process [2]. The integration of reinforcement into composites to augment their mechanical properties mainly affects their 
machinability. Despite their inherent anisotropic characteristics, non-uniformity, and inclusion of abrasive particles, 
composites pose considerable challenges during processing. The machinability of MMCs is subjected to diverse factors, 
including the matrix type, type of reinforcements utilized, and specific machining conditions employed. Furthermore, the 
selection of cutting tools, as well as the composition and properties of the composite materials themselves, are pivotal in 
determining the material's machinability. Composites have limited application in industries due the intrinsic complexities 
linked with their machining. The existence of strong reinforcing materials like Alumina (Al2O3) and Boron carbide (B4C) 
compounds requires excessive machining. While MMCs often achieve near-net shape, additional machining is frequently 
necessary to attain accurate measurements and surface texture Evaluating variables such as work-piece material, 
machining, tools cutting fluids and machining parameters is crucial for assessing machining effectiveness and this is where 
machinability analysis plays a significant role. When assessing the quality of cutting tools, machinability typically 
encompasses factors such as Metal removal rate, tool longevity, surface texture, resultant force, and tool temperature. 
Machinability is a pivotal aspect of manufacturing, as it dictates the efficiency of industrial production. Understanding the 
machining properties of specific composites slated for processing is essential for process planning. With the increasing 
integration of automation in machining, achieving optimal results with modern technologies necessitates reliable 
machinability data. Even with traditional manufacturing methods, efforts to establish consistent statistical data for 
production purposes are imperative to accurately define criteria for various machining concepts and processes. The 
presence of robust ceramic reinforcements significantly impacts the ease of machining of MMCs. These resilient ceramic 
particles embedded within composite materials lead to heightened tool wear during machining operations. The 
dimensions and proportion of these reinforcements are crucial factors in the processing of MMCs. Moreover, the surface 
quality of machined components is significantly influenced by the dimensions and weight distribution of these particles. 
The presence of hard ceramic nano particles in the machining process might lead to fewer discernible gaps on the 
machined surfaces, potentially elucidating this phenomenon. Thus, this condition plays an imperative role in achieving the 
MMCs' higher Ra value. Furthermore, specimens with lower reinforcement content were found to have lower Ra values in 
comparison to composite samples with higher reinforcement content. This emphasizes how much the reinforcement ratio 
affects the quality of the surface finish in MMCs. Kannan [4] reports that their study found a relationship between higher 
weight percentage of particles and observable tool wear, which in turn influenced the Ra value of the composite samples. 
The main factor contributing to high tool wear was found to be the existence of hard ceramic particles. Surface roughness 
increased during wet cutting procedures due to the gradual separation and formation of micro gaps among the relatively 
unbound particles. Morsiya and Pandya [5] stated that, the stir casting is used to create hard ceramic particles reinforced 
MMCs. The reinforcement ratio by weight percentage was found to be critical factors affecting the properties of 
aluminium alloy. Krishnamurthy [6] used regression analysis models and the Design of Experiments (DOE) methodology 
to investigate the machinability properties of AMMCs reinforced with SiC. Their research demonstrated the importance 
of the weight percentage of reinforcement by showing that higher SiC weight percentages in AMMCs produced higher 
resultant forces as a result of higher composite hardness. According to a study by Shrinivasa [7], MMCs based on 
aluminum have gained popularity as engineering materials recently. However, in some MMCs made of aluminum, using a 
single reinforcement may occasionally cause the material's physical qualities to deteriorate. On the other hand, the concept 
of using two distinct types of reinforcements in the aluminum matrix is being investigated as a way to address the issue of 
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single reinforced composites. The novelty of present research work was to the study the material properties of formwork 
grade Al7075 reinforced by nano sized B4C-Al2O3. In this present work, formwork grade alloy were developed by 
stircasting method. Material properties were studied and analyzed using Taguchi technique. In conclusion, the 
experimental results were correlated with the regression-analysis. 
 
 
EXPERIMENTATIONS 
 
Materials and method 

he improvement of mechanical characteristics in MMCs depends significantly on a robust bond between the 
matrix and the reinforcements. Among the various methods, stir casting stands out as most as simplest and most 
cost-effective techniques for MMC fabrication, which has been effectively used by many researchers. Because of 

its cost-effectiveness, stir casting was chosen in this research for the manufacture of MMCs with particles. In this specific 
study, MMCs consisting of Al-7075 reinforced with nanoparticles such as Al2O3-B4Cp were produced using stir casting 
techniques. Nanoparticles of B4C and Al2O3, varying in size is from 30 to 50 nm, were integrated into the matrix as 
reinforcements. To ensure optimal casting conditions, safety measures were implemented by maintaining a stirring speed 
of 100 rpm, a stirring time of one minute, and a casting temperature of 750°C during sample production. In this process, 
heated hard ceramic nano-reinforcements were mixed with the molten melt, and degassing agents were added to reduce 
porosity. The resulting mixture was then poured into a cast iron mold box. After solidification, the samples were extracted 
from the mold box for further processing. After machining using CNC lathe according to ASTM specifications, the test 
samples as shown in Fig. 1, were subjected to a hardening process at 530°C for two hours, followed by rapid cooling using 
ice cubes. The samples were then subjected to age hardening for five hours at varying temperatures (100, 120, and 140°C) 
until reaching room temperature (27°C). For metallographic studies, diamond grit sheets of different sizes were employed 
to polish the composite specimens, ensuring a fine Ra. After polishing the samples, they were etched using Keller's 
reagent, a common etching agent, and left to air dry. Utilizing an optical microscope (Nikon E-200), the homogeneous 
dispersion of nanoparticles within the matrix was observed. The developed hybrid nano MMCs were subjected to 
microhardness testing in compliance with E92-ASTM guidelines. Specimens with dimensions of 25 mm in diameter and 
20 mm in thickness were used to evaluate the hardness. A constant load of 5 kg was applied to a diamond indenter for 
thirty seconds. Tensile testing were performed using a 450 KN weight on a Universal Testing Machine (UTM) according 
to ASTM E8 requirements (gauge length: 50 mm and gauge diameter: 10 mm). A steel disc of grade EN32 was used in the 
wear test, which was carried out using the PIN-ON-DISC method under a continuous load of 30 N and a sliding speed of 
2 m/s. CNC machining was used to create test samples that were 35 mm long and 8 mm wide. Weight loss was used to 
calculate wear loss for developed hybrid nano composites. To further investigate the machinability parameters of nano- 
Al2O3/B4Cp reinforced composites, a CNC milling machine was utilized. The study used specific parameters, including a 
feed rate of 0.1 mm/min, a depth of cut of 0.2 mm/min, and a spindle speed of 1000 rpm. The CNC milling machine 
utilized in this study is the FANUC Series (OJ MADE MD), boasting the following attributes: a maximum workpiece size 
of 360 x 360 mm, a maximum bed size of 800 x 400 mm, and a top speed of 600 rpm. The machine operates along the X, 
Y, and Z cutting tool orientations. To measure and analyze the Ra value of the machined surface, a device with 
specifications including a tip radius of 5 μm (equivalent to 200 μinch), a Z-axis stroke measurement range of 350 μm, and 
a speed measurement range of 0.25 mm/sec to 0.5 mm/sec was used. 
 

 
Figure 1: Specimens prepared by cast sample. 
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Design of experiments 
The effect of reinforcements on Ra and cutting force of composites was evaluated using the DOE (Design of 
Experiments) approach. To optimize experimental trials and reduce the required number of tests the Taguchi technique 
with an L27 orthogonal array was employed. Tab. 1 shows the levels of each process variable. Specifically, the study 
focused on analyzing the volume fraction, heat treatment temperature, and process parameters of nano-sized Al2O3/B4C 
particles. Initial pilot tests were carried out to determine each parameter's values. The aging temperature range was 100°C 
to 140°C. At 140°C, the ideal mechanical and physical characteristics were noted, with 4.5 % B4C and 2 % Al2O3. It was 
observed that the properties of the composite decreased as the reinforcement level increased. Following this, the Taguchi 
optimization process was carried out, taking into account three levels of nano-sized B4C reinforcement (1.5%, 3%, and 
4.5%), three levels of nano-sized Al2O3 reinforcement (1%, 1.5%, and 2%), and three ageing temperature ranges (100°C, 
120°C, and 140°C). The goal of this strategy was to determine the best possible combination of parameter to improve the 
composite performance. 

 

Process parameters Level A Level B Level C 

n-B4C (wt. %) 1 1.5 2 

n-Al2O3 (wt. %) 1.5 3 4.5 

Heat-treatment (ºC) 100 120 140 

 

Table 1: Levels of process parameters. 
 
 
OUTCOMES AND INTERPRETATION 
 

Microstructure analysis  
he microstructure of the produced composites, exhibiting this uniform dispersion, is illustrated in Figs. 2 (a and b). 
It is clear that the addition of hard ceramic nano particles is necessary for grain refinement of Al-7075 alloys. 
Thus, the formation of the produced hybrid composites can be related to the grain refinement process of the Al 

alloy triggered by the inclusion of nano-sized B4C-Al2O3 particles. Enhancing the mechanical strength of hybrid 
nano composites requires the dispersion of hard particles in the base matrix. The microscopic analysis reveals that, the 
grain surrounding hard reinforcements attributes to the finer than the grain surrounding free matrix alloy reinforcements. 
Hard nanoparticles can thereby accelerate the nucleation of particles between the matrix and the reinforcement phase, 
causing the Al alloy to recrystallize. It's worth noting that the properties of a material can vary significantly with changes in 
composition and microstructure, which was a focus of this study, as indicated by references [8 and 9]. 
 

 
Figure 2: Optical Micrograph of (a) Al 7075 (b) Al 7075 reinforced with nano-Al2O3+ B4Cp with uniform dispersal. 

 
 

T 



 
 
 

T. B. Prakash et alii, Frattura ed Integrità Strutturale, 69 (2024) 210-226; DOI: 10.3221/IGF-ESIS.69.15  
 

214 
 

Hardness 
Micro hardness tests were conducted on samples with compositions of Al7075 / nano sized B4C-Al2O3 using a load of 5 
kg. The impact of B4C-Al2O3 nanoparticles on the hardness of the cast composite is as shown in Fig. 3. Because of the 
uniform dispersion of nano sized B4C-Al2O3 particles in melt during stirring process, the developed nano composites with 
high weight percentage of B4C-Al2O3 content have a higher hardness than the base matrix. Due to the pre-heating of 
nano-particles, it was observed that, the bonding between the reinforcements and matrix was excellent. Nano particles in 
the metal matrix composites will enhance the hardness. It improves the resistance to corrosion and oxidation. In addition 
it improves the grain structure leading to the better performance on the composite material. Dipankar Dey et al. reported 
similar results [10]. Hard nano particles have a high hardness, and their presence in the composite increased the hardness. 
A decrease in grain size may also be associated with an increase in hardness. It has been observed that the hardness of the 
composite increased as the ageing temperature increased up to 140°C, after which it dropped as the ageing temperature 
increased to 160°C. It is most likely caused by brittleness development and a decrease in the bonding strength between the 
nano particles at higher temperatures [8]. 
 

 
Figure 3: Hardness of developed hybrid nano composites. 

 
Tensile strength 
The ASTM E8 guidelines were followed in the tensile testing of the Al7075/n-B4C/Al2O3 composite test samples, and the 
results were presented on a graph. Fig. 4 displays the tensile strength of a produced nano composite with different n-
B4C/Al2O3 weight percentages. It was observed that nano composites had increased strength; this could be attributed to 
the uniform dispersion of the particles. Nano particles significantly enhance the mechanical properties of MMCs. They 
will increase the tensile strength of the developed material, making it to more resistant to deformation. Additionally, nano 
particles will improves fatigue and creep resistance of the nano composites, it leads to the longer lifespan under high stress 
conditions. As the weight percentage of reinforcement grew, the majority of the load was placed on the reinforced 
particles, increasing their strength. Similar findings were reported by Dipankar Dey et al. [10], who found that the tensile 
strength of the created nano composite was much higher compared to that of the monolithic. This is due to the fact that 
hard, tiny particles aid in well-bonding with the matrix. Second, the strengthening process of the nano composite is 
affected by changes in the coefficient of thermal expansion. The inclusion of n-B4C/Al2O3 particles to composites 
resulted in gain in strength but reduction in ductility, as they acted as micro-crack initiates throughout the deformation 
process. Particles of n-B4C/Al2O3 are often more brittle and strong. During deformation, two types of micro-cracks are 
caused by the n-B4C/Al2O3 particles. If there is a strong interface unit that exists between the n-B4C/Al2O3 particles and 
the matrix material, then parameters such as dislocation density, strain, and stress all reach critical values at high 
concentration. Second, the nanoparticles will break before the matrix material sandwiched between them arises with 
nucleated microcracks if there is a poor interfacial bond that exists between the n-B4C/Al2O3 particles and a matrix 
material. Therefore, strong interfaces increase the strength and flexibility of the generated nano composite, while weak 
interfaces lead to the initiation of microcracks at low external stress. As the n-B4C/Al2O3 percentage rises, the produced 
nano composites decreases tensile strength and can be linked to a decrease in the slip distance dislocation. The effect of 
ageing temperature on tensile strength is also depicted in Fig. 4. Tensile strength of the n-B4C/Al2O3 reinforced Al 
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composite was found to rise with increasing ageing temperature up to 140°C, and then to decrease with further increasing 
ageing temperature to 160°C. The reduction of the tensile strength between 140°C – 160°C of the aged composites were 
observed (Fig. 4) during the tensile strength test. It is due to the increasing the ageing temperatures lead to the thermal 
expansion, mismatches between the matrix and the reinforcements causes reduction in internal stresses, further reduce in 
the overall tensile strength on the developed nano composites. Also, higher temperature will accelerate the degradation of 
the matrix material, compromising its ability to effectively transfer loads and distribute the stress [8]. 
 

 
Figure 4: Tensile strength of developed hybrid nano composites. 

 
Fig. 5 shows the cracked surfaces of Al7075 + n-B4C/Al2O3 composites. Decohesion of the reinforcement from the 
matrix phases and grooves within the matrix phase are visible on the shattered surfaces of an n-B4C/Al2O3 reinforced 
nano composite (Fig. 5(a-d)). The appearance of the dimples can be explained by the decohesion of reinforcement and the 
fusion as well as nucleation of cavities caused by the shear deformation caused by the strength and fragmentation of 
ceramic under the effect of focused stress. Nanosized B4C/Al2O3 particles confirmed the presence of elongation and 
brittle fracture by comparing the shattered surface of the lower weight percentage of reinforcements to the circumstances 
of the higher weight percentage of reinforcements composite. The triaxial condition of stress in the proximity of hard 
particles is initiated by the presence of soft matrix, which leads to the formation of voids. It calls for properly connecting 
the matrix and reinforcements. The interaction of hard particles at the interface is indicated by the shattered surface of the 
tensile specimens. By strengthening the matrix's link and reducing ductility, the presence of hard particles of ceramic on 
the fractured surface and in micro voids further improves the mechanical characteristics. In the current study, the primary 
reason for the MMCs' reduced ductility was interface debonding. Furthermore, the primary factor causing the quick failure 
of MMCs is the presence of nano-sized B4C/Al2O3 particle clusters, which likewise have no effect on the tensile strength 
of MMCs at increasing weight percentages of nano reinforcements [11, 12]. 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5: Fracture surface of tensile test specimens (a) Al7075 - 1.5% B4C+2 Al2O3 (b) Al7075 - 3% B4C+2% Al2O3 (c) Al7075 - 4.5% 
B4C+2% Al2O3 (d) Al7075 - 6% B4C+2% Al2O3. 

 
Wear loss 
Using pin-on-disk wear testing apparatus, the wear behavior of Al 7075-SiC-Al2O3 composites was investigated under a 
3N load and at a sliding speed of 2 m/s against an EN32 steel disk. By using machining, composite specimens measuring 
35 mm in length and 8 mm in diameter were created. The worn specimens' starting weight was determined to within 
0.0001 grams. The effect of nano B4C-Al2O3 and ageing temperature on wear loss of developed hybrid MMCs are shown 
in Fig. 6. It has been observed that when the weight percentage of hard ceramic particles increases, the wear resistance of 
the MMCs also increases [13, 14]. Nano particles in the metal matrix composites will greatly improve the wear resistance. 
It is due to the dispersing of nano particles within the MMCs, it improves the uniform structures that resistance the 
abrasion and wear. Normally, a nano particle acts as barriers to prevent the dislocation and reduce the wear rate. 
Comprehensively the addition of nano particles enhances the wear resistance. In the present research work, the wear is 
reduced when Al2O3 particles are firmly (intensely) bound to the Al matrix, shielding the composite surfaces from the 
counter face's destructive action. One of the crucial constraints is the interface between the reinforcement particles and 
the matrix. However, because of the interfacial interactions and low wettability, interfaces may be subtly weak. The wear 
resistance of MMCs is continuously increased by improved bonding between the matrix and reinforcing particles, which 
results in a rise in the weight percentage of reinforcements. Regarding Al composites, the hard ceramic 
nano reinforcements that protrude usually direct the depth of dispersal caused by the hard asperities of the hard steel disc. 
It is observed that samples that had heat treatment at 160°C showed more wear loss. The mechanical qualities of heat-
treated samples revealed lower values at these temperatures, which increases wear loss. The decreased bonding strength 
between the particles, which raises the wear rate, and is most likely to be a reason for the lower strength in developed 
samples. 

 

 
Figure 6: Wear loss of developed hybrid nano composites. 
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Fig. 7 (a - d) shows SEM images of the worn-out surfaces of developed nanocomposite specimens. Micro-pits, high 
material flow, and thin grooves were the hallmarks of the worn surfaces. It is observed that, the presence of narrow 
grooves in the dark layer of the SEM image. Micro pits, or tiny grooves, hide the worn-out surfaces of MMCs and indicate 
that the wear mechanism is delaminating and plowing. On the worn-out surface of nano MMCs, there is severe 
deformation and delamination, which indicates that delamination, is a wear characteristic. The strain placed on the 
nanoparticles of ceramic leads to surface wrapping and these strong ceramic nanoparticles often provided superior wear 
resistance by acting as a wrapping material on the sliding surfaces. The microstructure reveals that the worn-out surfaces 
of the nano composites have a significant number of narrow grooves. These constant, parallel grooves are therefore proof 
of micro plowing. On the worn-out surfaces of nano composites, which exhibit noticeable wear behavior in the nano 
MMCs, wide plowing is also visible. The creation of narrow grooves with dark layers is seen in the SEM study of the 
nanocomposites' worn surface. This suggests that wear resistance can be enhanced by raising the weight percentage of 
nanoparticles. While the constant sliding may operate as an abrader for a brief amount of wear, potentially the 
nanoparticles will debond from the matrix material and become trapped between the sliding surfaces. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7: Wornout surface of wear test specimens (a) Al7075 - 1.5% B4C+2 Al2O3 (b) Al7075 - 3% B4C+2% Al2O3 (c) Al7075 - 4.5% 
B4C+2% Al2O3 (d) Al7075 - 6% B4C+2% Al2O3. 
 

 
Figure 8: EDS spectrum of developed hybrid nano composites. 
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Fig. 8 displays the findings of an Energy Dispersive Spectroscopy (EDS) investigation conducted on an aluminum matrix 
containing nano Al2O3+B4C particles. The presence of primary constituent elements such as boron, oxygen, and 
aluminum peaks in the EDS analysis provides evidence for the incorporation of nano Al2O3+B4C particles into aluminum 
composites. The results indicate that the trace amount of oxygen detected by EDS might have originated from an oxide 
(Al2O3) likely introduced during the sample preparation process. This underscores the significance of sample preparation 
methods in composite materials analysis and emphasizes the need for careful interpretation of EDS results. 
 

Sl. No. n-B4C (wt. %) Al2O3 (wt. %) 
Ageing 

Temperature (ºC) 
Machining 
force (N) 

Ra (µm) 

1 1.5 1.0 100 4.35 1.05 
2 1.5 1.0 120 5.68 1.25 
3 1.5 1.0 140 8.56 1.29 
4 1.5 1.5 100 10.25 1.26 
5 1.5 1.5 120 7.56 1.32 
6 1.5 1.5 140 4.53 1.35 
7 1.5 2.0 100 10.44 2.56 
8 1.5 2.0 120 8.95 1.89 
9 1.5 2.0 140 8.35 1.80 
10 3.0 1.0 100 7.22 2.01 
11 3.0 1.0 120 9.66 2.10 
12 3.0 1.0 140 6.50 1.95 
13 3.0 1.5 100 13.35 3.55 
14 3.0 1.5 120 11.35 2.35 
15 3.0 1.5 140 10.98 2.30 
16 3.0 2.0 100 15.60 3.56 
17 3.0 2.0 120 11.20 2.66 
18 3.0 2.0 140 10.25 2.54 
19 4.5 1.0 100 15.30 2.78 
20 4.5 1.0 120 14.91 2.88 
21 4.5 1.0 140 10.09 3.09 
22 4.5 1.5 100 16.30 3.12 
23 4.5 1.5 120 13.25 3.19 
24 4.5 1.5 140 15.46 2.78 
25 4.5 2.0 100 15.95 4.02 
26 4.5 2.0 120 16.35 3.35 
27 4.5 2.0 140 17.35 3.40 

 

Table 2: Experimental outcomes of machining force and Ra. 
 
Cutting force and Ra 
Machinability, often described as an "ease" with which a material can be machined, plays a crucial role in determining the 
efficiency of cutting operations. While machinability cannot be precisely quantified, parameters such as chip formation, 
machining pressures, surface finish, and power consumption are commonly utilized for evaluation. Extensive studies have 
been conducted on the machinability of nano-Al2O3/B4C reinforced Al7075. One essential output of these studies is the 
examination of machining force (Fm). During trials, values for Feed force (Ff), Cutting force (Fc), and Thrust force (Ft) 
measurements are collected. The mean machining force, often referred to as the mean force, is computed using the 
theoretical equation provided in Eqn. (1). This computation aids in understanding the overall force exerted during the 
machining process, providing valuable insights into the machinability characteristics of the material. 
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  2 2 2
m t f cF F F F             (1) 

 
Validating the ideal ranges of factors is the goal of optimization determination. For Al7075 composites the experimental 
results of cutting force and Ra values under various process settings are shown in Tab. 2, which also summarizes the 
results of each trial. The tabulated data provides a comprehensive record of the experimental observations made during 
the optimization process. This makes it easier to identify the process parameters that work best for achieving the desired 
surface roughness and machining force characteristics in Al 7075 composites. 
To find the Ra and machining force value, regression equations were applied, taking into account ANOVA models. The 
predicted regression analysis method was used to evaluate the significance of these effects. ANOVA results were 
employed to elucidate the effects of Ra and machining force, providing insight into their respective impacts on the overall 
machining process. The ANOVA findings presented in Tab. 3 offer insights into the significance of machining force in 
the context of composites. Notably, nanosized B4C emerges as the most influential factor, contributing the largest 
percentage (62.78%) among all process factors. This downplays the paramount importance of nanosized B4C in 
determining machining force. In contrast, with individual parameter contributions of 14.78 % and 3.97 %, respectively, 
nanosized Al2O3 and ageing temperature were found to be the least significant. The overall error, attributed to various 
factors, stands at 18.44 %. The presence of hard nano reinforcing particles renders hybrid composite materials less 
machinable compared to traditional counterparts. As the weight proportions of nano-B4C content increased during milling 
operations, there was a gradual rise in material cutting pressures. This observation highlights the dynamic relationship 
between material composition and machining behaviour [11]. The investigation's findings were used to determine the 
significance of the variables influencing Ra using ANOVA. Tab. 4 demonstrates that, of all the components, nano B4C 
makes up the largest percentage (66.29%), highlighting its noteworthy impact on Ra. On the other hand, with individual 
contributions of 16.39% and 3.50%, respectively, nano B4C and ageing temperature were found to have the least 
significance. 
 

Source DOF Seq. SS Adj. SS Adj. MS F-value P-value Cont. % Remarks 

n-B4C 1 244.131 244.131 244.131 78.2754 0.0000000 62.78 Significant 

n-Al2O3 1 57.495 57.495 57.495 18.4345 0.0002709 14.78 Significant 

Ageing 
Temperature 

1 15.475 15.475 15.475 4.9618 0.0359819 3.97 Significant 

Error 23 71.734 71.734 3.119   18.44  

Total 26 388.836     100  
 

Table 3: ANOVA results of machining force. 
 

Source DOF Seq. SS Adj. SS Adj. MS F-value P-value Cont. % Remarks 

n-B4C 1 12.2348 12.2348 12.2348 110.417 0.0000000 66.29 Significant 

n-Al2O3 1 3.0258 3.0258 3.0258 27.308 0.0000267 16.39 Significant 

Ageing 
Temperature 

1 0.6460 0.6460 0.6460 5.830 0.0241096 3.50 Significant 

Error 23 2.5485 2.5485 0.1108   13.80  

Total 26 18.4551     100  
 

Table 4: ANOVA results of Ra. 
 
The findings from the Taguchi Method trial runs have been visually depicted through the creation of Main Effects Plots 
(MEP) for the Ra and machining force of the MMCs. These MEPs, illustrated in Figs. 9 and 10, illustrate the correlation 
between process parameters and the machining force and Ra values of MMCs. These graphical representations enhance 
the comprehension of the relationship between different parameters and Ra and machining force in MMCs. In Fig. 9, the 
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primary effect graph shows the machining force and the "smaller the better" criterion is the focus of the examination. The 
chart clearly shows the best settings for machining the hybrid nano MMCs developed in our study: level-1 of nano-B4C, 
level-1 of nano- Al2O3, and level-3 of ageing temperature. The cutting force was found to increase in direct proportion to 
the weight proportions of nanoparticles. In contrast to homogenous materials, a fracture crack that originated over the 
silicon carbide particles and extended beneath the particles was revealed amid the process machining of ceramic-
reinforced hybrid nano MMCs, as opposed to a single crack that occurred within the shear zone. The main cause of the 
increased Ra and, thus, higher machining forces is the particle's rotational characteristic. It was also observed that 
brittleness produced by an increase in ageing temperature resulted in a decrease in machining force. Fig. 10 shows a major 
effect graph that centers on Ra values with the goal of identifying the ideal machining parameters that lead to the best 
possible surface quality. The graph clearly shows that the most advantageous points in this study, which correlate with 
improved surface texture of composites, are: level-1 of nano-B4C, level-1 of nano-Al2O3, and level-3 of ageing 
temperature [12]. It was shown that as the ageing temperature increased, Ra decreased. The observed phenomenon can be 
explained by the decrease in frictional stress on micro MMCs and the decreasing tendency towards the formation of Built-
Up Edges (BUEs) with increasing ageing temperatures [13]. Predominantly, samples that have been heat-treated had 
smoother surfaces than samples that had not, which are in line with research findings from other studies [14]. Three 
variables were evaluated in the ANOVA analysis: heat-treatment temperature, B4C, and nanosized Al2O3. Their 
interactions were also examined. There is no interaction between the parameters when looking at the plots and if the 
interaction lines are parallel to other parameter lines. In contrast, a plotting arrangement where the lines do cross one 
another indicates that the parameters are interacting [15]. Plots of the interactions taken into account for machining force 
and Ra values are shown in Fig. 11 and 12 in precise detail. Weight proportion of nano-sized B4C-Al2O3, and the heat 
treatment temperature are the three variable parameters that are illustrated and improved by this graphical representation. 

 
Figure 9: Main effect graph for machining force of nano composite. 

 

 
Figure 10: Main effect graph for Ra of nano composite. 
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Figure 11: Interaction graph for machining force of nano composite. 

 

 
Figure 12: Interaction graph for Ra of nano composite. 

 
Because of the existence of strong reinforcing particles, hybrid nano MMC machinability presents unique challenges 
compared to conventional materials. As the weight fraction of B4C content increased, as the weight percentage of B4C 
content increased, the material cutting pressures gradually increased during milling operations, consistent with the results 
of previous studies [16, 17]. Interaction plots illustrating the relationships between machinability process parameters are 
presented in Fig. 11. Notably, the machining force shows more prominent interaction plots due to the significant impact 
of parameter interactions. Fig. 12 illustrates interaction plots for Ra parameters, incorporating nanosized B4C, Al2O3, and 
ageing temperature. These visual representations facilitate the evaluation of each process parameter's importance, with 
noticeable changes in Ra attributed to significant parameter interactions. Regression analysis has been utilized to predict 
the characteristics of hybrid MMCs, with regression equations employed to forecast Ra and machining force among the 
examined attributes [18]. Typically, these equations are structured as Y = f (A, B, and C), where Y represents the 
performance parameters, including Ra and machining force. The variables A, B, and C correspond to factors investigated 
in the current study, such as the ratio of nano- Al2O3/B4C (wt. %) and heat treatment temperature (HT). Through 
regression analysis, these equations provide valuable insights into how variations in process parameters impact Ra and 
machining force in hybrid MMCs. The regression equations for machining force and Ra are as follows: 
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Machining force = 3.93759 + 2.45519 n-B4C + 3.57444 n-Al2O3 - 0.0463611 Ageing Temperature (ºC) (2) 
R-Sq = 81.55% 
 
Ra = 0.68 + 0.54963 n-B4C + 0.82 n-Al2O3 - 0.00947222 Ageing Temperature (ºC)    (3) 
R-Sq = 86.19% 
 
To validate the reliability of the test trials, a series of experiments were conducted, and the disparities between the actual 
experimental results and the expected outcomes were graphically illustrated. In Figs. 13 and 14, the experimental data 
points are plotted against the predicted values for Ra and machining force across each level of variables. These graphical 
representations enable a visual comparison between the observed results and the anticipated values, aiding in the 
assessment of the accuracy and effectiveness of the experimental procedures. By scrutinizing these graphs, researchers can 
discern any discrepancies or deviations between the predicted and actual outcomes, thus ensuring the robustness and 
reliability of the experimental findings. 

 
Figure 13: Plot of Experiment versus Predicted values for machining force comparison. 

 

 
Figure 14: Plot of Experiment versus Predicted values for Ra comparison. 

 
Tabs. 5 and 6 provide a clear response compiled from Ra and machining force outcomes. By ranking the delta of the 
means at 1, these tables provide a clear indication of the significance of different parameters. Specifically, the ranks 
assigned to the parameters in the response table highlight that nano-sized B4C particles play a crucial role in machining 
force, while nano-sized Al2O3 particles significantly influence Ra. This ranking system allows the identification of the most 
pertinent characteristics in each aspect of the machining process, enabling researchers to prioritize their focus on factors 
that have the greatest impact on surface quality and machining efficiency. 

 
Level n-B4C n-Al2O3 Ageing Temperature 

1 7.630 9.141 12.084 
2 10.679 11.448 10.990 
3 14.996 12.716 10.230 

Delta 7.366 3.574 1.854 
Rank 1 2 3 

 

Table 5: Response table for Mean - machining force. 
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Level n-B4C n-Al2O3 Ageing Temperature 

1 1.530 2.044 2.657 

2 2.558 2.358 2.332 

3 3.179 2.864 2.278 

Delta 1.649 0.820 0.379 

Rank 1 2 3 
 

Table 6: Response table for Mean - Ra. 
 

Contour plots from the regression model are created and utilized to show the combined effect of the variables that were 
employed in the present study. Usually, these graphs are used to illustrate the relationship between the two parameters. By 
evaluating these graphs, the ideal values for each parameter can be predicted [19]. The wear loss contour graphs based on 
independent factors for each of the developed materials are shown in Figs. 15 and 16. It shows that, increasing of 
machining force with increase in addition of n-B4C and n-Al2O3 in the MMCs. It is due to the addition of reinforcement’s 
cause’s brittleness and high hardness of the MMCs and it creates a higher machining force and Ra values during 
machining operations. Similarly ageing temperature verses nano particles indicates the lower ageing temperature with high 
wt. % of nano particles leads to increase the machining force and Ra values in the developed nano composites and also, it 
shows that, machining force and Ra values reduces at higher ageing temperature. The main reason is that, the ageing 
temperature (100°C - 140°C) leads to the grain refinement and uniform nano particles dispersion takes place in the matrix 
material. This causes reduction of machining force and Ra values during machining of developed nano MMCs. 
 
 

 

 
 

Figure 15: Contour Plot of Machining force. 
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Figure 16: Contour Plot of Ra values. 

 
The motivation behind the confirmation test primarily stems from the aim of optimizing the levels of process parameters 
[20]. This test serves to validate the optimal combinations of process factors and their corresponding values. Utilizing the 
ideal parameters determined through the Taguchi technique, composite samples were created and subsequently tested to 
evaluate machining force and Ra. The optimal process parameters and confirmatory results for Ra and machining force 
values, as obtained from the Taguchi analysis research, are summarized in detail in Tab. 7.  

 
 

Process 
Parameters 

Optimized 
Values 

Machining force, Fm (N) Ra (µm) 

For 
machining 

force and Ra 

Exprimental 
Values 

Confirmatory 
outcomes 

Error 
(%) 

Exprimental 
Values 

Confirmatory 
outcomes 

Error 
(%) 

n-B4C (wt. %) 1.5 

8.56 8.95 4.35 1.29 1.32 2.27 
n-Al2O3 (wt. %) 1 

Ageing 
Temperature (ºC) 

140 
 

Table 7: Confirmatory results of machining force and Ra values. 
 

This tabulated data (Tab. 7) provides a comprehensive overview of the ideal settings identified through the optimization 
process and their corresponding outcomes, serving as a valuable reference for future studies and practical applications in 
the field of composite material machining. From the outcomes of confirmatory trials, a maximum error of 4.35% was 
found in machining force of developed nano composite whereas, for the Ra it was 2.27% of error. It can be concluded 
that, this is within the acceptable limit.  
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CONCLUSIONS 
 

he successful creation of Formwork Grade Al7075 reinforced with nanoscale B4C-Al2O3 hybrid MMCs was 
achieved by the stir casting method in the study. The subsequent evaluation focused on the machining force and 
Ra values, yielding the following key findings: 

 Ageing temperature and weight percentage of nano-sized reinforcements exhibited a nearly linear effect on both Ra 
and machining force. 

 The addition of nanoparticles and heat treatment considerably improves the tensile strength, hardness, and wear 
resistance of hybrid composites by 3%, 17%, and 10%, respectively, for samples reinforced with 4.5% B4C + 2% 
Al2O3. 

 The Incorporation of nano-Al2O3/B4C particles led to an increase in both the machining force and Ra of MMCs. 
This phenomenon stemmed from the interaction of hard nanoparticles with a softer matrix, resulting in increased 
friction during machining. 

 With increasing ageing temperature, the cutting force (Ft, Ff, and Fc) decreased, while Ra values of composites 
demonstrated an increase with higher weight percentages of nano- Al2O3/B4C and decreased with increasing ageing 
temperature. 

 Utilizing Taguchi's method optimized the machining parameters, effectively reducing Ra and machining force. 
 Optimal results in terms of minimizing machining force and Ra were achieved at 1.5% nano-B4C, 1% nano-Al2O3, 

and an ageing temperature of 140°C. 
 From the outcomes of confirmatory trials, a maximum of 4.35% error was found in machining force of developed 

nano composite whereas, for the Ra it was 2.27% error. It can be conclude that, this is within the acceptable limit.  
 These findings provide valuable insights into the effects of varying process parameters on machining outcomes in 

Formwork Grade Al7075 nano composites, highlighting the importance of careful parameter selection and 
optimization for enhanced machining performance and surface quality. 

 
REFERENCES 
 
[1] Doddamani, S. and Kaleemulla, M. (2017). Fracture toughness investigations of Al6061-graphite particulate 

composite using compact specimens, Frat. ed Integrita Strutt., 11(41), pp. 484-490. DOI: 10.3221/IGF-ESIS.41.60. 
[2] Hatti, G., Lakshmikanthan, A. and Naveen, G.J. (2023). Microstructure characterization, mechanical and wear 

behavior of silicon carbide and neem leaf powder reinforced Al7075 alloy hybrid MMC’s, Frat. ed Integrita Strutt., 
17(65), pp. 88-99. DOI: 10.3221/IGF-ESIS.65.07. 

[3] Suchendra, K.R., Sreenivasa Reddy, M. and Ravikumar, M. (2023). Influence of quenching agents on mechanical, 
wear, and fracture characteristics of Al2O3 / MoS2 reinforced Al-6061 hybrid Metal Matrix Composite (MMCs), Frat. 
ed Integrita Strutt., 17(63), pp. 122-133. DOI: 10.3221/IGF-ESIS.63.12. 

[4] Kannan, S. and Kishawy, H.A. (2006). Surface characteristics of machined aluminium metal matrix composites, 
46(15), pp. 2017-2025. DOI: 10.1016/j.ijmachtools.2006.01.003. 

[5] Morsiya, C.H. and Pandya, S. (2023). Effect of stir casting process parameters and stirrer blade geometry on 
mechanical properties of Al MMCs - A review, Arch. Metall. Mater., 68(4), pp. 1473-1495.  
DOI: 10.24425/amm.2023.146214. 

[6] Krishnamurthy, L., Sridhara, B.K. and Budan, D.A. (2007). Comparative study on the machinability aspects of 
aluminium silicon carbide and aluminium graphite composites, Mater. Manuf. Process., 22(7), pp. 903-908.  
DOI: 10.1080/10426910701451754. 

[7] Shrinivasa, D. and Prakash, G.V.N. (2022). Machinability studies on hybrid aluminum metal matrix composites, IOP 
Conf. Ser. Mater. Sci. Eng., 1258(1), pp. 120-123, DOI: 10.1088/1757-899x/1258/1/012023. 

[8] Soni, S. and Pandey, A. (2014) Effect of heat treatment on mechanical behavior and structural response of Al-Si 
composite, Int. J. Adv. Mech. Eng., 4(7), pp. 767-782. 

[9] Anurag Namdev., Purohit., Telang. and Kumar. (2023). Fabrication and different characterization of graphene nano 
platelets reinforced epoxy nano composites, Arch. Metall. Mater., 68, pp. 823-832.  
DOI: 10.24425/amm.2023.143675. 

[10] Dey, D., Bhowmik, A. and Biswas, A. (2022). Effect of SiC content on mechanical and tribological properties of 
Al2024-SiC composites, Silicon, 14(1), DOI: 10.1007/s12633-020-00757-y. 

T 



 
 
 

T. B. Prakash et alii, Frattura ed Integrità Strutturale, 69 (2024) 210-226; DOI: 10.3221/IGF-ESIS.69.15  
 

226 
 

[11] Saritha., Saikumar., Venkatreddy. and Ravikanth Raju. (2018). Mechanical characterization and wear behaviour of 
Al7075 alloy reinforced with alumina and molybdenum disulphide, Int. J. Mech. Prod. Eng. Res. Dev., 8(6), pp. 395-
404. DOI: 10.24247/ijmperddec201844. 

[12] Sreenivasa Iyengar, S.R., Sethuramu, D. and Ravikumar, M. (2023). Study on micro-structure, hardness and 
optimization of wear characteristics of Al6061/TiB2/CeO2 hot-rolled MMCs using Taguchi method, Frat. ed 
Integrita Strutt., 17(65), pp. 178-193. DOI: 10.3221/IGF-ESIS.65.12. 

[13] Kumar, S., Subramaniyan., G., Venkatesh, P., Sanjay, S., Navaneethakrishnan, V., Vellingiri, S. and Govindarajan, V. 
(2022). Investigations on wear behavior of aluminium composites at elevated temperature, Frat. ed Integrita Strutt., 
17(65), pp. 178-193. DOI: 10.3221/IGF-ESIS.65.12. 

[14] Hoseini, M. and Meratian, M. (2005). Tensile properties of in-situ aluminium-alumina composites, Mater. Lett., 
59(27), pp. 3414–3418. DOI: 10.1016/j.matlet.2005.06.006. 

[15] Karamış, M.B., Alper Cerit, A., Selçuk, B., Nair, F.  (2012). The effects of different ceramics size and volume fraction 
on wear behavior of Al matrix composites (for automobile cam material), Wear, 289, pp. 73-81.  
DOI: 10.1016/j.wear.2012.04.012. 

[16] Muthukrishnan, N., Murugan, M. and Rao, K.P. (2008). An investigation on the machinability of Al-SiC metal matrix 
composites using PCD inserts, Int. J. Adv. Manuf. Technol., 38(5-6), pp. 447-454. DOI: 10.1007/s00170-007-1111-z. 

[17]  Jain, P., Soni, S. and Baredar, P. (2014). Review on machining of aluminium metal matrix composites, Mater. Sci. 
Res. India, 11(2), pp. 114-120. DOI: 10.13005/msri/110204. 

[18]  Shorowordi, K.M., Laoui, T., Haseeb, A.S.M.A., Celis, J. P. and Froyen, L. (2003). Microstructure and interface 
characteristics of B4C, SiC and Al2O3 reinforced Al matrix composites: A comparative study, J. Mater. Process. 
Technol., 142(3), pp. 738-743. DOI: 10.1016/S0924-0136(03)00815-X. 

[19] Ramesh Kannan, C., Venkatesh, R., Vivekanandan, M., Phani Krishna, J., Manivannan, S., Rajkumar, S., and  Vijayan, 
V. (2022). Synthesis and characterization of mechanical properties of AA8014 + Si3N4/ZrO2 hybrid composites by 
stir casting process, Adv. Mater. Sci. Eng., DOI: 10.1155/2022/9150442. 

[20] Suresh, R., Basavarajappa, S. and Samuel, G.L. (2012) Some studies on hard turning of AISI 4340 steel using 
multilayer coated carbide tool, Meas. J. Int. Meas. Confed., 45(7), pp. 1872-1884.  
DOI: 10.1016/j.measurement.2012.03.024. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


