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Abstract 
Three-dimensional printing has become one of the most popular and useful manufacturing 
technology in recent times. Three-dimensional printing is an automated process of making the 
three dimensional objects from computer aided design (CAD). During earlier stage of 
developments, 3D printing was considered as the technology of making prototypes only. But 

with the improvements in the accuracy, surface finish and reproducibility, it becomes popular 
among various manufacturing sectors. In recent times researchers have added one more 
dimensions in conventional 3D printing to change the 3D static construct into dynamic 
structure. The fourth dimension is time and this technology is famous with name of 4D 

printing.  4D printed objects have the extra feature of changing their shape and properties with 
time when subjected to external stimuli. This research article will be discussing of principles 
of 4D printing technology with recent advancements, challenges and possible future 
directions. Last section is dedicated to 5D and 6D printing technology and their application in 

food sector. 

Keywords 
4D printing, Three-Dimensional Printing, Smart Materials  

1. Introduction

4D printing is the advanced version of 3D printing technology. 3D printing  is modern 
manufacturing technology of producing three dimensional solid objects  from  3D CAD 

(computer aided design) model. Complete computer aided design model is first converted into 
several layers. With the help of machine these layers added one over the other to make the 
complete three dimensional object. 3D printing also called by some other names such as AM 
(additive manufacturing), RM (rapid manufacturing), RP (rapid prototyping) and DDM (direct 

digital manufacturing). 3D printing technology enjoys various advantages over traditional 
subtractive manufacturing such as complexity of object, product customization, ellimination of 
tooling cost, no need of casting prototype, fast speed for low to medium size products and 
more design freedom. During early phase of develooements 3D printing technology was 

considered as the technique for making prototypes only. But with the improvement in speed, 
accuracy, reproducibility and cost, 3D printing gain popularity in various manufacturing 
sectors. Conventional 3D printing used for making static structures (using  single object) 
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which can not fulfill  requirements for dynamic functions for applications like adaptive blades 
of wind turbine and automatic packaging (self folding). For meeting demands of dynamic 

functions, fourth  dimension in the form of time added to existing 3D print ing technology and 
this technology is called as 4D printing [1]. 4D printing provides designers opportunities for 
multilateral designing and extra programmed functionality with reduced production time [2]. 
Due to better utilization, material efficiency improves in 4D printing process. This paper 

discuss various aspects of 4D printing  technology.  

2. Principles of 4D printing technology

4D printing may defined as ―a process of adding dynamic feature in the conventional 3D 
printing technology using smart materials with well programmed design‖. 4D printing 

technology was first explained during a conference in 2012 at massachusetts institute of 
technology (MIT).  Since than 4D printing become one of most popular research domain for 
researchers of various deciplines. 4D printed construct are dynamic in nature i.e ability of 
changing shape and property with time. Mostly 4D printing process is done with 

multimaterial printing  where one or more  material in a smart material [3]. Most important 
elements associated in 4D printing, includes printing methods, the materials, the external 
excitation, and the programming [4]. An air circulation system ma y be integrated with 
conventional fused deposition modeling printing technology to obtained the required 

dynamic results [5]. 

         Fig. 1. Three-Dimensional Printing 

3D Printer

Materials

Static Structure
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 Fig. 2. Four-Dimensional Printing [6] 

As shown in fig 2. 4D printing process starts with the 3D printing of smart materials with 
the help of mathematical modeling to make a static smart structure.  This static smart 

structure is convert into dynamic smart structure when  exposed to exter nal stimulus with 
proper interaction mechanism.  Smart materials are those materials which respond (i.e 
changes their shape and properties) to external stimuli. External stimuli may be heat or 
temperature, light, moisture or water, current, ph and magnetic  field. Smart materials also 

famous with other terms namely intelligent materials, responsive materials and programmed 
materials. 4D printing may also defines as a process in which 3D printed objects are 
programmed to independently transform over time in response to external stimuli (such as 
heat, Moisture, light, wind and electricity). 4D printed objects self assebled (due to chemical 

reaction) under external stimuli of  moisture, heat and air.  Most of the recent research in 4D 
printing  is focusses on the shape changing ability of the material [7]. With these shape 
changing ability 4D printed objects becomes suitable for various applications such as 
lockers, toys and lifters. Objects created by 4D printing technology offers better 
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performance and quality as compare to conventional techniques.  Biodegradability, low 
carbon and low mass are the eco friendly features of 4D products [8]. Due to self assembly 

of the material the total number of parts in the product gets reduced [9]. 

2.1 Critical elements in 4D printing process 

Various  elements are crucial in 4D printing process like selection of suitable material, 
external stimulus, printing technique, mechanism of interaction and modeling.  

2.1.1  Material selection  in 4D printing 

Material selection in 4D printing are based on the two aspects i.e printability and ability of 
material to respond to external environmental stimuli [10]. Printability mainly depends on 
the viscosity of the material. Viscosity (or rheology) can be improved by various additives 
called as rheology modifiers. Materials which changes their shape and properties when 

subjected to external stimuli are known as smart materials or metamaterials or 
programmable materials [11]. Limited materials are available for 4D printing but 
researchers are working to develope new materials for 4D printing process. Table 1 listed 
the various types of smart materials with their properties and applications.  

Table 1- Smart Materials in 4D printing 

Smart materials for 4D 
printing 

 Properties Applications 

SMAs (shape memory 
alloys) 

 Regain original shape when heated
above their transformation

temperature

 Examples are nickel- titanium
based SMAs

 Mechanical,

 Eletrical,

 Aerospace,

 Implants,

 Robotics

SMPs (shape memory 
polymers) 

 Can programmed to remember a
defined shape[6]

 Return to programmed shape

when exposed to certain stimuli

 Possess dual-shape properties
during conversion from temporary
to permanent structure

 Examples are poly-lactic acid,
Polytetrafluoroethylene, and
ethylene-vinyl acetate

 Smart medical
implants

 Tissue

scaffolds

 Medical
devices

LCEs (liquid crystal 
elastomers) 

 Formed  by blending  of single
smart materials with a polymer

 Actuators,

 Soft robots

4



J. C. Bose University of Science and Technology, YMCA Faridabad 

network i.e combining properties 
of both elastomers and liquid 
crystals [6] 

 Show a various dynamic 

responses to heat and light 
(external stumuli)  

 Direction of  deformation can be

controlled

 Anisotropic behaviour used to
creat complex shape changes like
bending  and twisting

 Sensors

SMHs (shape memory 

hydrogels) 
 4D bio-constructs having ability to

self fold or unfold in external
stumuli [12]

 Capable of responding to moisture
or water, pressure, electric field,

magnetic field and heat. During
contact with moisture, hydrogels
can experience a volumetric strain
upto 200 percent

 Application

Area incluides

 Bio printing of
tissues,

 Micro-

robot(for
targeted drug
delivery) for

treating tumors
(cancerous)

In recent times researchers in the field of material science are looking to develope materials 

which can mimic nature [13].  Nature teach us principle of  adaptation, transformation, self-
organization, and self-healing. Researchers are working towards incorporating  these 
properties in the material as much as possible.  

2.1.2 External Stimulus 

External stimulus is required to apply for initiating the changes in shape and properties of 
4D printed object. Researcher have applied a variety of stimuli namely heat, mo isture, 
current, electric field, magnetic field, pH etc. Selection of stimulus depends on the 
application and desired output from 4D printed construct. Smart  materials which is 

controlled by magnetic field generally shows large deformation rate with easy contol [10].  

2.1.3 Printing Techniques 

 Various additive manufacturing or 3D printing  processes can be used to print 4D objects as 
shown in fig.3. Additive manufacturing  process in 4D must be able to print multimaterials 

[8]. Basic principle of all AM processes are same (adding materials in the form of layers) 
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difference is mainly in the method of layer formation and raw material handling. Materials 
must be compectible with additive manufacturing  process. Every printing process have 

advantages and disadvantages (like surface finish, accuracy, ease of material handling, 
speed etc). Selection of printing technology depends upon the requirements of products like 
speed, accuracy and surface finish. 

 
 

 
                          
                                      Fig.3. Classification of AM processes [13] 
 

2.1.4 Mechanism of Interaction 

 
The desirable shape of a printed object can not be obtained only by exposing the smart 

material in external stimulus but a suitable interaction mechanism is also required. For 
example thermo-mechanism, electro mechanism   
Steps of thermo-mechanism- 
Step 1- Deformation of printed object at high temerature with application of external load  

Step 2- Deformation at low temperature while maintaining external load 
Step 3- Unloading of printed object at lower temperature and obtained desired shape  
Step 4- Original (or primary) shape is regained by heating the printed object   
In electro-mechanism electric field acts as indirect stimulus which increase the operating 
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temperature above the transformation temperature i.e temperature required for 
transformation by using resistance heating effect [11]. 

 
2.1.5 Laws of 4D Printing  

 
Farhang momeny et a l. define 4D printing using three different laws-  
According to first laws- shape morphing behaviour of multimaterials is due to comparative  

expansion between active and passive elements. According to second law- four physics 
involve in shape morphing behaviour of the multimaterials i.e  diffusion of mass, expansion 
due to thermal effect, molecular transformation and organic growth. Third law tells about 
time dependency of shape morphing behaviour of matimaterials [14]. 

 

3. Recent Advances in 4D Printing 
 
 Ability of 4D printed objects to self-assemble,  adaptation of environmental changes and 
programmability (which can design to respond to specific stimuli)  are the main 

advancements in 4D printing technology in recent times. Transformation functions in 4D 
printed objects are  bending,  angular deformation, folding, change in size (expansion and 
contraction), and changes in property. Many  researchers have explored the area of 4D 
printing in their research. Moslem Mohammadi et al. developed a sustainable robotic Joints 

[15] by 4D Printing with Variable Stiffness. DRL (Deep Reinforcement Learning) 
controller were used to control the soft link and joint mechanism.  They added Carbon fibre  
string in a S-spring shape poly lactic acid (PLA) filament. S-spring shape structure with 
carbon fiber string were placed on the joints of human limbs and performance were 

observed. Farhang Momeni et al.  fabricated an actual plant leaf-mimetic wind blade by 4D 
printing [8]. Paunovic et al. explored the  4D printing for biodegradable elastomers with 
tailorable thermal response at physiological temperature [16]. Zixuan Kang et al. developed 
a sweet potato by 4D printing enriched with cricket powder and explored its colour 

changing ability in different values of  pH [17]. Guiwei Li et al. fabricated biomimetric 
dome structure array by 4D printing and explored its dynamic nature [18]. Duigou et al.  
explored 4D printing of continuous flax-fibre based shape-changing hygromorph 
biocomposites [19]. 

 

4. Applications of  4D printing technology 
 
4D printing is in developing stage still  have various application areas including medical 
field, soft robotics, consumer goods, self evolving structures & piping system and 

aerospace industry.  
 

4.1 Medical Applications  

 3D printing of  biocompactible materials (that evolve with time) are refered to 4D 
bioprinting. 4D bioprinting possess several advantages over conventional tissue 

7



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

engineering such as cell positioning accuracy, high density tissue fabrication and 
fabrication of large engineering tissue. Kang et al. have shown various 4D printed 

biomaterials like self folding cell origami. Major applications of 4D bio-printing are drug 
delivery, orthopedics, medical devices, tissue engineering and dentistry [20]. Atchara 
chinnakorn et al. discussed about mechanism of approach in 4D printing technology for the 
cancer therapeutics [21] .  

 

 4.2 Soft Robotics 

 
Conventional robotics used hard materials i.e metals, hard plastics, and ceramics for 
making robots. Such robots are designed for specific applications and specific environment 

[7]. If there is any changes occurs in environment, they can not adjust. Large deformations 
and flexibility is intolerable for these robots. To deal with such limitations Soft robots are 
developed using soft materials like EAPs(electroactive polymers) which are flexible like 
humans. Soft robots can adapt to the environmental condition and having ability to vary 

their stiffness. 4D printing are best suitable for the developement of soft robotic. 
Controlling and durability are the main challenges in soft robotic. Researchers are working 
towards developements of more materials for better actuation and control in soft robots.  
 

4.3 Self Evolving Structure & Piping System  
 

Moisture sensitive structures can be make using 4D printing which regain their original 
shape when comes in contact with moisture or water. Earlier mechanical degradation 
occurs in structure due to continuous wetting and drying but new multimaterials elliminate 
such problems. 4D printing have shown potential application in producing self repairing 

piping system which can change diameter as per the prevailing conditions (flow rate). 4D 
printing technology developes adaptive and responsive infrastructure like a printed bridge 
which can redistribute load quickly during adverse conditions [22].  
 

4.4 Consumer Goods 
 

3D printing provides cutomization of products for customers and 4D printing add the 
features of dynamic design by which product can adjust itself in environment changes and 
provides better performance to customer. 4D printing materials can print adjustable shoes 
for different conditions like rain, grass or hard surface.  

 

4.5 Aerospace industry 

 
Presence of smart materials along with other materials greatly inhence the performance of 
aerocraft (mainly by shrinking application). Automated controlled 4D printed air inlet parts 
was developed collectively by skylart tibbits and airbus [23]. Many recent advancements in 
4D printing area for propulsion elements have shown great results and provide future 

direction of improvements in aerocraft industry.  
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6. Future direction 
 

Exploration of full potential of 4D printing technology needs collaborative research in the 
field of material science, nanotechnology, biotechnology and engineering. In recent times 
researchers are mainly focus on shape changing ability of 4D printed structures but various 
other functionality areas needs to be studied. Multi-functional ability of 4D printed 

structures will definately brings revolution in manufacturing sector. Researchers should 
work towards the more controlling of stimulus response rate so that desired dynamic smart 
object can be make. Long term durability should be imparte d into the smart 4D product 
[25].  

  

6.1. 5D and 6D printing 

 
4D printing technology provides dynamic structure but it required external stimulus for this 
dynamic structure. 5D and 6D printing can over come the limitatation of 4D printing. 5D is 
a combination of both additive and subtractive manufacturing. 6D printing used smart 

materials with 5D printing technology .5D and 6D printing finds application in food sector 
for making very complex shapes which are otherwise impossible to make with 
conventional methods. In case of 5D printing 5 axis (3 movements and 2 rotational) are 
used to make the complex shape object. Whereas 6D Printing process produced stronger 

food related products with higher responses to external envoronmental stimuli [26]. 
 
Table 2 – Description of Axis in 5D Printing 

Axis of 5D Printing  

Axis 1 X 

Axis 2 Y 

Axis 3 Z 

Axis 4 Movable Print Head 
Axis 5 Movable Print Bed 

 

 
7. Conclusion 
 
In this research paper , principles  of 4D printing technology, advances in 4D printing 
technology, applications of 4D printing technology, challenges in 4D Printing technology 

and future scope were reviewed. 3D printing of s mart programmable materials are termed 
as 4D printing. Time is the fourth dimension in 4D Printing technology. 4D printed objects 
deforms with time when exposed to external stimuli. Type of deformation (like 
swelling,bending,folding) depends upon nature of external stimuli (heat,moisture,magnetic 
field,electric field). Application areas of 4D printing includes  medical field, soft robotics, 

consumer goods, self evolving structures & piping system. Challenges in 4D printing 
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Abstract 

Thermo hydraulic efficiency of Heat Exchanger can be augmented by using Delta 
type winglet Vortex Generator. The comparison is also on the basis of the Heat 
Transfer factors; Colburn Factor, Friction Factor and Thermo hydraulic efficiency/ 

Performance Evaluation Criterion (PEC) have been drawn between without winglet 
and with winglet on a rectangular plate.The rectangular plate dimensions are 
considered 300mm*200mm*4mm, in which 12 Thermo couples are fitted for 
measuring the effect of temperature and pressure difference. The experimenta l 

procedure repeats two times, first without a winglet and the second time it is 
performed with a winglet. The comparison is to find out on the basis of Heat Transfer 
factors; Colburn Factor, Friction Factor and Performance Evaluation Criterion 
(PEC). Using Delta type Vortex Generator Thermo hydraulic efficiency of Heat 

Exchanger is enhanced up to more than 11%.  

Keywords  
Thermo hydraulic efficiency, Heat Exchanger, Delta type Vortex Generator, Winglet/ 
Vortex Generator.  

1. INTRODUCTION
In heat exchanger thermal equipment, air act as a medium. Usually, phase-transform
heat exchangers have a more significant heat transfer coefficient than air. Heat
transfer augmentation apparatus or systems may help attain major cost-cut and
energy in these types of applications where one fluid's thermal resistance proves

supremacy. The progress of surfaces with high performance is an important and
exciting area as the above-illustrated circumstances are usual and broadly accepted in
industries for airside heat transfer augmentation(Hiravennavar, Tulapurkara, and
Biswas 2007). The heat transfer coefficient may be enhanced by using extensive

surfaces.

(Zhou and Ye 2012) showed the results that the CTWP had the best thermo-water
powered execution in ultimately violent locale due to the smoothed-out design and
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subsequent low strain drop, demonstrating the benefits of including this type of 
vortex generators for heat move improvement and used dimensionless variables to 

compare and contrast conventional VGs with rectangular, trapezoidal, and delta 
winglets and tentatively investigated the representation of a few new vortex 
generators with curved trapezoidal winglets (CTW). (Esmaeilzadeh, Amanifard, and 
Deylami 2017) identified an anticipated state mathematical diversion used to 

examine the warm and liquid stream qualities of a terrible end layer for a leve l 
channel in an immaterial power exchanger. (Sarangi and Mishra 2017) studied the 
preservation conditions of mass, power, and energy, mathematically reviewed heat  
move improvement and strain loss of a balance and-chamber HE with rectangular 

winglet pairs. At various Reynolds numbers, it was agreed that the stream was 
laminar. (Wu et al. 2012) familiarized with two novel edge tube surfaces with two 
lines of chambers arranged in a staggered plan of varying widths to further foster the 
power move of the balance tube surface. (Modi, et al. 2020) examined the thermo-

water-driven execution of FTHEs. They examined a variety of RWVGs with and 
without roundabout-poked holes (openings 1, 2, 4, and 6). The procedures of 
RWVGs are set up so that stream down (CFD) travels behind the circuitous 
chambers to increase the board's wakefulness. (Välikangas et al. 2018) focused on 

the effects of VGs. A coupled Open Foam open source solver was utilized to 
numerically settle the model in light of the fact that the coordinated grid gave both 
strong and fluid spaces. (Sinha et al. 2017) investigated as a plate-blade heat 
exchanger's mathematical upgrade by employing two lines of winglet. The findings 

indicate that the execution of the CFU design was the best among the various VG 
courses of action in terms of intensity shift and quality element. The new Reynolds 
number ranges from 250 to 1580.(Sadeghianjahromi et al. 2020) analyzed a number 
of novel improvements related to the airside execution of cylinder and wavy blade 

heat exchangers.  

(Hou et al. 2020)  performed erosion mix welding, divergent butt joining of 6061 
aluminum and financially unadulterated copper with differing apparatus offset 

esteem, as was reviewed. (Jang, Hsu, and Leu 2013) represented that block-
type VGs are used for tube heat exchangers and thermal-hydraulic characteristics are 
studied for 3-dimensional laminar in-lined. Also, a staggering plate fin tube is used 
for exchanging heat.(Ke et al. 2019) investigated the assault point of DWVGs in 

straight and wavy finned-tube heat exchangers using mathematical analysis.(J. Gong 
et al. 2013) utilized mathematical analysis to investigate the assault point of delta-
winglet. Consequently, three-layered mathematical recreation data and artificial brain 
network-based multi-objective hereditary calculations were utilized. Varun Kumar et.  

al. research for the increase of the efficiency in their research.   

 

2. EXPERIMENTATION 
The instrument used for this research is named Wind Tunnel. The wind 

tunnel is generally used to measure air effects on any object. The shape of the 
winglet is approximately venturimeter type, as shown in figure 1.  
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Figure 1: Wind Tunnel Experiment 

2.1 RECTANGULAR FIN PLATE 

The focal point of our experimental investigation is the rectangular fin plate. 
The experimental plate is used for each and every experiment. We are made up of 
experimental plates in the rectangle shape. The plate is 300 mm by 200 mm by 4 

mm. We employed 13 rectangular fin plates for our investigat ion, but only one of the 
plates which is fitted in the middle of the other plate was taken into consideration for 
the final experiment. The laminar flow of air is converted by the remaining 12 plates. 
But even if the laminar flow is produced by the honeycomb, the experimental yields 

an accurate reading, therefore these 12 plates are also utilized to produce further 
laminar flow.In these studies, we make use of thirteen plates, with a 28 mm pitch 
between each plate.Figure 2 shows the rectangular fin plate which is used for 
performed the experiments. 

15



J. C. Bose University of Science and Technology, YMCA Faridabad 

Figure 2:  Experimental Rectangular fin plate 

2.2 PLATE TEST SET UP 

There are 13 fixed plates, whereas only one plate is considered for experiment 
work. The dimensions of this plate arrangement is 43 cm * 22.4 cm * 30.2 cm with 
all boundaries. Figure 3 shows the plate set up arrangement with experiment plate.  
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Figure 3 Experimental Plate Test Set Up 

2.3 HEATER PLATE DIMENSIONS 

The rectangular type heater is used for producing the heat to the mid 
experimental plate in this channel flow. The heater plate is 24 mm in length and 17 
mm in breadth and 2 mm thick. It gives 300-watt power to the plate. Figure 4 shows 

the heater plate with experimental plate.   
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Figure 4: Heater Plate with experiment plate 

2.4 DATA LOGGER 

The data logger is used for recording all thermocouple temperature and pressure 

difference value on the screen. Although there are 12 thermocouples are fixed on 
plate where as one thermocouple is used where the air enters the plate and one is 
fixed where the air exits from the plate. Fan speed is also controlled and noted on the 
data logger. The data logger also contains the reading of the inlet air pressure and 

outlet air pressure. This record can contain directly in a pen drive or noted manually. 
Figure 5 shows the Data logger diagram.  
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Figure 5: Data scanning logger 

 

2.5 EXPERIMENTAL WORK 

We want to measure the effect of the heat transfer rate on the rectangular fin 

plate with or without adjustment of the winglets. Firstly in our experiment work, only 
a simple rectangular fin plate without a winglet is used for finding the effect of rate 
of heat transfer. After that heat transfer rate is calculated on the rectangular fin plat e 
with winglet and find the difference in between them. The thermo hydraulic 
efficiency/ performance evaluation criteria (PEC) represent the rate of heat transfer. 

So our primary focus is on calculating the value of PEC.  

 

2.6 PROCEDURE FOR FINDING THE VALUE OF PEC OF 

RECTANGULAR PLATE WITH WINGLET 

 

The Performance evaluation criteria (PEC) are calculated of the rectangular 
fin plate. Now we fit the modified delta winglet according to our objective on this 
rectangular fin plate for calculating the heat transfer rate/PEC. In the plate test setup, 
all 13 plates are arranged in a parallel way and this setup is fit on the throat. The 7

th
 

19



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

number mid plate is considered for measuring the heat transfer rate or finding the 
value of PEC. In this mid plate, the two modified delta winglets are fitted.Figure 6 

shows the Experimental P late with Winglet and Figure 7 shows the Test Section 
Experimental Plate with Winglet 

The procedures below are used to determine the va lue of PEC from this 

experiment: 

1.  Attach the instrument's electrical supply to it.  
2.  At an angle, fix the winglet to the rectangular plate. In our experiments, we took 

three attack angles into consideration: 30, 45, and 60 degrees. 
3.  Turn on the heater and adjust its temperature to a preset value.  
4. Start the fan and adjust its speed to meet the necessary air velocity requirements.  
5.  Hold off until the temperature fluctuations stabilize at a predetermined point, or 

wait for the steady state. 
6. Insert the pen drive into the data logger so that temperature and pressure readings 

are automatically recorded at predetermined intervals of time.  
7. Completing the reading on wind tunnel experiments begins with this stage.  

8. Adjust the heater's air velocity, heat power, and attack angle in accordance with the 
specifications, then take another reading of the second reading.  

9. Continue the experiment until all readings are collected in accordance with the 
specifications. 

10. Using the same mathematical techniques as previously mentioned, determine the 
value of PEC based on these temperature and pressure measurements.  

 
Figure 6: Experimental Plate with Winglet 
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Figure 7: Test Section Experimental Plate with Winglet 

 

 
 

 

2.7 EXPERIMENTAL RESULTS WITH WINGLET 
The results are shown below in figures with using winglets. Figure 8 shows the 

Colburn factor with the Reynolds number. The value of the Colburn factor is lies 

between the 0.001086 to 0.004643.  Figure 9 shows the friction factor with the 
Reynolds number. The value of the friction factor is lies between 0.009335 to 
0.069357. The friction factor indicates the pressure drop. Figure 10 shows the 
Performance Evaluation Criteria (PEC) with the Reynolds number. The value of the 

PEC is lies between the 0.116377 to 0.066948. The PEC indicates the thermo 
hydraulic efficiency. Figure 11 shows the Colburn factor, friction factor and 
Performance Evaluation Criteria with Reynolds number in one diagram.  

For calculating the final results; at each air velocity takes the 10 readings with 
modified delta winglet vortex generator (winglet); and after that find the average of 
this results calculate to make error free results. This calculation is also to be done 
with design a program on MS Excel software. 
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Figure 8: Colburn factor with Reynolds number 

 

 

 

Figure 9: Friction factor with Reynolds number 
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Figure 10: Performance Evaluation Criteria (PEC) with Reynolds number 

 

. Figure 11: Colburn factor, Friction factor and Performance Evaluation Criteria with 

Reynolds number 
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3.  CONCLUSIONS  

In this research, the Thermo hydraulic performance/ performance evolution 
criteria (PEC) of a modified delta fin plate in a channel flow are augmented by using 
the response surface method (RSM). RSM helps optimize the extracted performance 
evolution criteria to achieve practical specification goals. There are the following 

conclusions are obtained from the above research. 

1. The heat transfer enhancement is obtained where as the pressure drop reduction and 
also found that the PEC is increased according to our objectives. 

2. When the air velocity increases, the PEC also increases constantly. Only a slight 
change occurs when the heat power rises in the PEC. 

3.  While the attack angle increases, the PEC also increases at a level but approximately 
mid-level. Further, when the attack angle increased, the PEC decreased. 
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Abstract 
 
The contemporary landscape of supply chain management is experiencing a paradigm shift from 
traditional, linear models towards dynamic, interconnected, and intelligent systems. This 
research paper explores the evolution of supply chains, delineating the trajectory from 
conventional methodologies to the emergence of smart, interconnected, and intelligent supply 

chains. It delves into the technological advancements, organizational strategies, and 
transformative practices that facilitate this evolution, analysing the implications for businesses in 
the global marketplace.This paper explores the evolution of conventional supply chains towards 
smart, interconnected, and intelligent models, analysing the key drivers, disruptive technologies, 

and potential benefits and challenges associated with this shift.It aims to provide a 
comprehensive definition and explore how supply chain management has evolved over time.  
 

Keywords 
Smart supply chain, interconnected supply chain, intelligent supply chain, digital supply chain, 

Industry 4.0, Internet of Things, Big Data, Artificial intelligence. 
 

Introduction 
 
The globalized business landscape necessitates efficient and agile supply chains to meet diverse 

customer demands and navigate dynamic market conditions. Traditional supply chains, often 
characterized by linear structures, limited data visibility, and manual processes, are struggling to 
keep pace with the evolving business environment. This has led to the emergence of a new 
paradigm: the smart, interconnected, and intelligent supply chain.  

This paper examines the evolution of conventional supply chains towards this more advanced 
model. It delves into the key drivers, including technological advancements, changing customer 
demands, and increased competition, that are fuelling this transformation. Additionally, the paper 
explores the role of disruptive technologies, such as the Internet of Things (IoT), Big Data, and 

Artificial Intelligence (AI) in enabling intelligent decision-making, real-time visibility, and 
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automated processes within the supply chain.  
 

Overview of traditional Supply chain 
 
Supply chain management has gained significant traction since the 1980s. Companies have 
increasingly recognized the benefits of collaborative relationships, leading to a surge in interest 
in supply chain management practices[1]. The companiesaim to build a network of suppliers to 

establish a interconnected relationship that can lead to mutual benefits in terms of efficiency, 
cost and innovation. Also, the companies are facing the intense competition that need to optimise 
their overall performance.It enables the combined administration and control of information, 
funds, and material flows, enabling a new generation of manufacturing and distribution 

systems.The supply chain orchestrates departments like procurement, production, and logisticsto 
transform raw materials into end products[2].Numerical researchers define supply chain 
management (SCM) based on supply chain theories. SCM manages a complex supply chain 
network to deliver products and services to end-users efficiently and cost-

effectively[3].Certainly, the conventional supply chain models laid the foundation for modern 
supply chain management but were associated with specific characteristics, limitations, and 
challenges. 
 

Characteristics of Conventional Supply Chain Models 
 
Linear Structure: Traditional supply chains operated as linear sequences of stages, starting from 
raw material procurement to manufacturing, warehousing, distribut ion, and ending with the 

customer.  
 
Silos and Limited Visibility 
 Each stage often functioned independently, with limited communication and information flow 

between different components of the supply chain. Siloed operations hindered overall visibility 
and coordination.  
 
Forecast-Driven 

 
 These models heavily relied on demand forecasting based on historical data to predict future 
demand patterns. This approach often led to challenges in accurately gauging unpredictable 
market changes. 

 
Inventory Buffering 
 
To manage uncertainties in demand and supply variations, companies maintained larger 

inventory buffers at various stages. However, this led to increased holding costs and tied up 
capital.  
 
Supplier-Centric Approach 
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The relationships with suppliers were pr imarily transactional, focusing mainly on cost reduction. 

Strategic partnerships or collaboration for mutual benefits beyond cost efficiency were less 
common. 

Limitations and Challenges 

Lack of Agility 

 Conventional supply chains were less agile and adaptable to sudden changes in customer 
demand or market conditions due to their linear and rigid structures.  

Inefficient Inventory Management 

 Over-reliance on forecasts often resulted in either excess inventory (leading to increased holding 

costs) or shortages, impacting customer satisfaction.  

Limited Visibility and Responsiveness 
 Lack of real-time data and information sharing among supply chain partners led to reduced 

visibility, making it challenging to respond promptly to disruptions or changes in demand. 

Risk of Disruptions 

 The linear and siloed nature of these models made them vulnerable to disruptions—be it natural 
disasters, supplier issues, or sudden shifts in consumer behaviour.  

Higher Operational Costs 

 Holding excess inventory, inefficient processes, and limited technology integration often 
increased operational costs. 

Customer Service Challenges 

 Inflexible supply chains often struggled to meet changing customer expectations regarding 
speed, customization, and reliability. Various supply chain, evolvedto overcome challenges in 

traditional supply chain, are Green Supply Chain (GSC), Agile Supply Chain (ASC), Sustainable 
Supply Chain (SSC) and Digital Supply Chain (DSC). The key performance indicators and the 
focused dimensions for various supply chain evolved over the time period is shown in table 1.  
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Table 1:Key Performance Indicators and Focused Dimensions for Various Supply Chain 

S.N. Supply Chain Key Performance Indicators Key Focus Dimensions 

1 
Traditional 

Supply Chain 

Product driven, Inventory turns 
and Production cost, Production 

capacity 
coordination with suppliers  

Focused on maximising economies 
of scales by using particular 
practices. 

2 
Green Supply 
Chain 

Carbon Footprint, Energy 
consumption, Water Usage, 
Circular economy 

Focused on Environmental 
Dimensions to reduce carbon 
emission. 

3 
Sustainable 
Supply Chain 

Economic value created per unit 
of environmental impact, 
compliance with fair labour 

standards, social impacts of a 
product throughout its lifecycle  

Focused on Social dimension as 
well as Environmental Dimensions 

4 
Agile Supply 
Chain 

Customer driven, Value added, 
Lead time, Supplier 
Responsiveness towards change 

in demand 

Focused on adaption to disruption 

5 
Digital Supply 

Chain 

Data driven, Real-time 
communication, Business 
intelligence, transparency and 
traceability, data driven 

intelligent decision making 

Focused on to integrate the digital 
technology to make more 

responsive as well as efficient 
supply chain 

 

Green Supply Chain (GSC 
 
Initially, traditional supply chain management prioritized cost, efficiency, and product variety, 
often neglecting environmental impacts. However, evolving environmental regulations have 

compelled manufacturers to consider not just process-related consequences (like taxes), but also 
the financial gains from reusing, recycling, reverse Logistics and reintroduce of product 
components[4]. The concept of GSC is emerged to fulfilling the environment regulat ions 
throughout the whole product lifecycle. The evolution of Green Supply Chain Management 

(GSCM) reflects the incorporation of environmental thinking in response to the rising need for 
environmental compliance [5].In order to decrease carbon emissions, corporations need to 
restructure their supply chain networks (SCNs), engage in a low-carbon system, and implement 
energy-efficient practices. The government also make the policy on carbon emission reduction 

which enforce the organisations to develop the green supply chains (GSCs).  The study is also 
done on the three dimensions  carbon tax, carbon cap, and carbon trading in GSC [6]. 

 

Sustainable Supply Chain (SSC) 
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Sustainable development has come into the spotlight as a result of mounting environmental and 
climate change concerns, as well as conflicts stemming from socioeconomic disparities and 
destitution[7].With time it becomes essential to consider the social and environment concerns in 

the supply chain to achieve the sustainability. Due to impact of climate change the world is 
looking to reduce carbon emiss ion and the supply chain has to shift towards green supply chain 
and sustainable supply chain. In the past, SCM prioritised optimising economies of scale through 
the adoption of specific procedures to satisfy stakeholder demands, completely disregarding 

social and environmental considerations in the process. An SSC is designed in such a way to 
have minimum negative impact on environment as well as on society and also focus on the 
maximum economics[8]. It puts the environment responsibility which includes minimizing 
resource depletion, pollution, and greenhouse gas emissions throughout the supply chain and 

social responsibility which includesensuring fair labour practices, ethical sourcing, and respect 
for human rights across all stages of production and economic responsibility which 
includesbalancing long-term economic viability with environmental and social cons iderations. 
Sustainable supply chain management is a crucial element for attaining a competitive edge in 

global markets. This approach seeks to streamline resource consumption by leveraging circular 
economy principles. It operates on a moral compass, guiding every participant in the chain on 
nurturing value and fostering reciprocal relationships to sustainably thrive[9].Beyond managing 
financial, information, and product flows, sustainable supply chain management seamlessly 

integrates social and environmental considerations within and across the chain, aiming for 
holistic optimization [10]. 

 

Agile Supply Chain (ASC) 
 

As traditional Supply chain focused of economic efficiency, the Agile Supply Chain focuses  on 
developing a responsive supply chain which is able to adapt quickly to changes in supply or 
demand. Achieving this entails fostering robust communication and collaboration within the 
supply chain network while embracing adaptability in processes and technology. It is also 

emphasizing flexibility in supply chain operations which enables to adapt changes and prowess 
to rapidly cater to evolving consumer demands for its products [11].Manufacturers are forced to 
develop agile supply chain skills to remain competitive due to evolving client demands and 
technological advancements. Consequently, numerous organisations are emphasising the 

importance of adaptability and responsiveness to promptly address the distinct requirements of 
clients and marketplaces[12].Many researchers have proposed the framework for the agile supply 
chain to asses the agility in the supply chain. The pressure of external environment on the ASC 
acts as driver for providing strengthen against the global competitiveness and improve their 

business performance and the information sharing using IT technology and some structural tools 
and techniques enables the supply chain to adapt the changing market conditions [13].  
 

Digital Supply Chain (DSC) 

 
In recent years the technological advancement occurs at faster rate and some very cutting-edge 
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technology e.g. Big Data Analysis (BDA), Blockchain Technology (BT), Machine Learning 
(ML), Deep Machine Learning (DML), Artificial Intelligence (AI), Cloud Computing (CC) are 

evolved[14]. The COVID-19 crisis,postpandemiceconomic effects, and the ongoing conflict 
inUkraine have exposed thevulnerabilities of today‘sglobal supply chains[15]. They have also 
made heroes ofthe teams that keep products flowing in a complex,uncertain, and fast-changing 
environment.Supplychain leaders now find themselves in an unfamiliarposition: they have the 

attention of topmanagementand a mandate to make real change.The organisations whether it is 
big or small are forced to integrate these digital technologies in the  
supply chain to mitigate the risks and challenges faced due to disruption. This has led to the 
emergence of a new paradigm shift towards digital supply chain which is a smart, 

interconnected, and intelligent supply chain[16]. The adoption of industry 4.0 technology enables 
the SC managers to monitor constantly the product and provide the real time information 
throughout the whole product lifecycle[17].The Centre for Global Enterprise defines Digital 
Supply Chain (DSC) as ‗a customer-centric platform model that captures and maximizes 

utilization of real- time data coming from a variety of sources. It enables demand stimulation, 
matching, sensing, and management to optimize performance and minimize risk‘.  
 

Drivers of the Evolution 
 

While traditional supply chains were effective in their time, their limitations in adaptability, 
responsiveness, and agility have driven the need for the evolution toward smarter, 
interconnected, and intelligent supply chain models. This evolution aims to address these 
limitations by leveraging technology, data-driven decision-making, and collaborative networks 

to create more efficient, resilient, and customer-centric supply chains.Several key drivers are 
pushing conventional supply chains towards smart, interconnected, and intelligent models: 
 

Technological Advancements 

 
The rapid development of technologies like IoT, Big Data[18], blockchain technology [19], 
Machine Learning  and AI[20] has revolutionized the way supply chains operate. Sensors 
embedded in products and equipment provide real-time data on location, condition, and usage, 

enabling greater visibility and proactive management. Big Data analytics unlock insights from 
massive datasets, allowing for predictive maintenance, demand forecasting, and optimized 
resource allocation[21].Data-driven technologies can be used to identify new market 
opportunities and develop innovative products and services that cater to specific customer needs, 

giving an edge in a crowded market.  
 

Changing Customer Demands 

 
Customers today demand faster delivery times, greater product customization, and enhanced 

visibility into the origin and sourcing of products[22].Digital platforms including e-commerce, 
social media, and mobile networks empower consumers to explore and purchase. They can 
customise their orders, buy them anytime, and get them in days.This necessitates a more flexible 
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and responsive supply chain that can adapt to changing preferences and personalize 
offerings[23].Enhanced transparency and traceability through digital tools enable companies to 

build trust and loyalty with customers who are increasingly concerned about ethical sourcing and 
sustainability practices. 

Increased Competition 

Businesses face intense competition from global players, requiring them to constantly improve 
efficiency, reduce costs, and increase agility[24]. Smart supply chains offer a competitive 
advantage by enabling faster time to market, optimized inventory management, and reduced lead 
times. The competition act as like an important driver to invest in adoption the digital solutions 

to stay competitive and gain an edge.The dynamic nature of competitive environments pushes 
companies to constantly monitor, analyse, and improve their digital supply chains for sustained 
success. The organisations also seek to take competitive advantage by strengthening the supply 
chain capabilities and push themselves towards digital innovation[25]. 

Disruptive Technologies Enabling the Shift 

Some of the disruptive technologies which enables the paradigm shift from traditional supply 
chain to smart supply chain are blockchain technology, internet of things, big data analysis, 

Artificial Intelligenceand machine learning(Fig. 1). 

Blockchain Technology 

The conventional approaches of supply chain management (SCM) are inadequate and 
unsatisfactory in maintaining transparency between suppliers and consumers.Traditional supply 
chains follow a sequence of events, beginning with the acquisition of raw materials and 
concluding with the distribution of final products. Blockchain technology enables the integration 

of smart contracts into supply chains, which in turn involve certifiers, registrars, and standards 
organisations[26]. Blockchain is an innovative data system that securely stores and documents 
comprehensive information related to a specific subject. It enables numerous stakeholders to 
comfortably collaborate and access the same data and information.supply chains more 

transparent and traceablethrough blockchain technology[27].The many researchers have done 
study on achieving the sustainability in supply chain with application of blockchain 
technology[28]. 

Machine Learning 

Machine learning (ML) is transforming supply chain management by enabling predictive 
analytics, optimization, and automation. ML applications in the supply chain continue to evolve, 
leveraging advanced algorithms like neural networks, reinforcement learning, and deep learning 
to handle complex decision-making processes. Integrating these technologies enhances 

efficiency, reduces costs, and improves overall supply chain performance.Machine Learning 
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(ML), which focuses on creating and using algorithms for computers that can "learn" from their 
experiences[29]. The issue of uncertainty in decision making can be efficiently handle by 

machine learning. Machine learning can be able to handle the unstructured data set for the 
forecasting while traditional supply chain suffers from uncertainty due to not able to deal with 
this data.ML algorithms analyse historical data, market trends, and external factors to predict 
future demand more accurately.ML helps in identifying and mitigating potential risks in the 

supply chain and in optimizing warehouse layout, picking routes, and inventory placement[30]. 
 
Internet of Things (IoT) 
 

Sensors embedded in products, vehicles, and infrastructure provide real-time data on location, 
condition, and usage, enabling automated tracking, predictive maintenance, and optimized 
logistics.The IoT has a profound impact on supply chain management by providing real-time 
visibility, data-driven insights, and automation. IoT devices and connected sensors provide end-

to-end visibility across the supply chain. IoT devices and sensors in warehouses optimize 
processes such as picking, packing, and inventory management.The integration of IoT 
technologies in the supply chain provides a wealth of data that, when analysed effectively, leads 
to more informed decision-making, streamlined operations, reduced costs, and improved overall 

efficiency. 
 
Big Data Analysis (BDA) 
 

Advanced analytics tools extract valuable insights from vast datasets, enabling demand 
forecasting, risk mitigation, and improved decision-making across the supply chain.In recent 
years supply chain becomes a data-driven process that focuses on optimizing supply chain 
management by leveraging large volumes of diverse data to derive valuable insights and enhance 

decision-making processes[31].  The analysis of large volume data is used to optimize supply 
chain activities under given constraints and enhance the decision making [32].The supply chain 
ecosystem is made more agile and competitive through the use of big data analysis, which in turn 
improves decision-making, operational efficiency, and responsiveness to market changes.  

 
Artificial Intelligence (AI) 
 
AI algorithms automate repetitive tasks, optimize processes, and predict future trends, leading to 

increased efficiency, reduced errors, and improved decision-making.AI is one of the most 
advanced technologies that organisations must use to stay ahead of the curve, with the potential 
to revolutionise operations, decision-making, and overall efficiency.Artificial intelligence's 
incorporation into the supply chain has utterly transformed company processes. That this is 

merely the start is what makes it so fascinating. The potential applications of artificial 
intelligence in the supply chain are endless as we gaze into the future. Now more than ever, 
businesses can maximise productivity, optimise inventory levels, and estimate demand with 
pinpoint accuracy thanks to predictive analytics.Drones and autonomous vehicles are 

revolutionising logistics by allowing for safer, faster deliveries.Warehouses are seeing increased 
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production and decreased expenses thanks to AI-driven robots.AI has the potential to 
revolutionise several industries because to its remarkable data analysis capabilities, intuitive 

relationship understanding, operational visibility, and capacity to aid in improved decision 
making. 

Benefits of Smart, Interconnected, and Intelligent Supply Chains 

Increased Efficiency and Productivity 

Automating processes and leveraging data-driven insights lead to reduced waste, improved 
resource utilization, and increased production efficiency[33].Striking a balance between being 

efficient and responsive is pivotal. The ability to quickly respond to changing market  conditions 
and consumer needs is what makes a supply chain responsive, while efficiency ensures cost-
effectiveness and stability. To optimise efficiency and responsiveness based on the individual 
needs of an organisation and its market environment, smart supply chains attempt to achieve a 

balance between these two aspects by employing technology, data analytics, and flexible 
procedures.  

Enhanced Visibility and Transparency 

One of the most transformative aspects of smart supply chains is enhanced visibility and 
transparency. Real-time data tracking and integrated platforms provide end-to-end visibility into 
the supply chain, enabling proactive problem-solving and informed decision-making[34]. A QR 

code on a product box shows its full route from the farm where the raw materials were sourced to 
the facility where it was made. Logistics companies can follow their trucks in real-time to 
optimise routes and deliver on time. A manufacturer can monitor equipment performance and 
predict maintenance concerns before downtime. Thus 

Improved Agility and Resilience 

Smart supply chains can adapt to disruptions and demand changes quickly, minimizing 

downtime and mitigating risks[33].Automated workflows and intelligent algorithms in supply 
chain enables streamline operations and frees up resources to focus on strategic initiatives that 
enhance responsiveness and adaptability[35].The new technology e.g. AI can even predict the 
potential disruption by analysing the data and can identify any pattern or corelation that might 

give trouble. By anticipating disruptions, businesses can take preventive measures. 

Personalized Customer Experience 

Real-time data and AI-powered personalization enable flexible order fulfilment and customized 
offerings, enhancing customer satisfaction and loyalty[35].In a smart supply chain, personalized 
customer experiences are facilitated through various technologies and data-driven 
strategies.Real-time communication and serviceenhances transparency and keeps customers 
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informed throughout the process. 
 

Reduced Costs and Environmental Impact 
 
Optimized resource allocation, waste reduction, and improved energy efficiency contribute to 
lower operating costs and a more sustainable supply chain[36]. Smart supply chain facilitates the 

retrieval and reuse of resources, so completing the cycle of materials and reducing waste to a 
minimum. the new technology like 3D printing has the capability to produce replacement 
components using recycled materials, hence decreasing the need for new resources. Optimal 
logistics and transportation routes reduce fuel usage and emissions of greenhouse gases.  

 
 
 
 

 
 
 
 

 
 
 
 

Figure 1: Benefits, Challenges and Considerations in Smart Supply Chain 

 
Challenges and Considerations 
 
Cybersecurity Threats 

 
Increased connectivity introduces vulnerabilities to cyberattacks, necessitating robust 
cybersecurity measures and data encryption protocols[37]. Data breaches, ransomware attack can 
disrupt the supply chain operation and also can cause the financial losses. Attackers can get 

access to the larger supply chain network through vendors' or third-party service providers‘ weak 
cybersecurity safeguards. 
 
Integration and Interoperability 

 
The integration and interoperability issues in smart supply chains is related to the challenges of 
connecting various systems, technologies, and stakeholders inside the supply chain ecosystem. 
Integrating diverse systems and technologies across the supply chain requires standardized 

protocols and data exchange formats[38].Integration allows different components, including as 
software programmes, databases, IoT devices, and platforms, to collaborate and share 
information in real time.Integrating these disparate systems to communicate and work seamlessly 
poses a significant challenge.  
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Workforce Development 

 
The shift towards automated processes requires upskilling and reskilling initiatives to equip 
workers with the necessary digital competencies[35].Technology advances quickly, so smart 
supply chain operations require ongoing training to keep employees up to date.A diverse skill set 

is necessary for smart supply chains, combining traditional supply chain capabilities (like 
logistics and inventory management) with technical competence (like data analysis and IoT 
proficiency). It can be difficult to develop talent with this mix of abilities. 
 

Ethical Considerations 
 
Data privacy concerns and potential biases in AI algorithms require transparent data governance 
and ethical AI frameworks[38].Staff members or insiders with possession of sensitive supply 

chain data might undermine security either deliberately or unintentionally through actions such 
as data theft or unintentional dissemination. 
 

Conclusion 
 

The evolution of conventional supply chains towards smart, interconnected, and intelligent 
models signifies a paradigm shift in the way businesses operate. While challenges exist, the 
potential benefits of this transformation are substantial, paving the way for increased efficiency, 
an improved customer experience, and greater competitiveness. According to 

McKinsey's ―Supply Chain 4.0—the application of the Internet of Things, the use of advanced 
robotics, and the application of advanced analytics of big data in supply chain management—
place sensors in everything, create networks everywhere, automate anything, and analyse 
everything to significantly improve performance and customer satisfaction." Cutting-edge 

technologies like AI, robotics, and big data will revolutionize how we manage goods and 
materials through a smart, interconnected, and intelligent supply chain. Experts predict that 
businesses will experience a significant impact in the next few years, including dramatic cost 
reductions of up to 30%. That's the kind of efficiency boost Smart Supply Chain promises. 

Automation, smarter logistics, and optimized workflows will be the key drivers, freeing up 
resources and boosting profitability. Lost Sales Plummeting: Kiss those frustrating "out of stock" 
notices goodbye! By potentially reducing lost sales by 75%, businesses can ensure their shelves 
are always stocked with the right products at the right time. Real-time inventory tracking and 

demand forecasting will be the game-changers here. Leaner inventories, which means that 
Supply Chain 4.0's magic touch can shrink inventories by up to 75%, Just-in-time deliveries, 
precise production planning, and circular economy principles will work together to minimise 
waste and optimize storage space. Supercharged Agility: Forget clunky, inflexible supply chains. 

Supply Chain 4.0 injects a dose of lightning-fast agility, enabling businesses to adapt to market 
shifts, respond to disruptions, and seize new opportunities on the fly. This will be crucial in 
today's dynamic and unpredictable business landscape. By embracing this technological 
integration with the supply chain, businesses can unlock a future of enhanced competitiveness, 
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Abstract 

  
The main objective of this research paper is to identify the influences of process parameters 

compaction pressure, composition and the amount of additives, on the compressive strength by 
Genetic Algorithm optimization method. In Hybrid Freeze Casting Process, the compaction 
process has been added during the pouring process to enhance the compressive strength of 

castings. The scanning electron microscope (SEM) microstructures have been analyzed to 
evaluate the orientation and size of particles, additive bonding with particles and pore sizes. 

 

Keywords 
Compaction Pressure, Composition, Amount of Additive, Compressive Strength, SEM.  

Introduction 
In Ceramic Matrix Composites (CMCs), widely used reinforcing materials are carbon, alumina, 
silicon carbide, zirconium, Titanium, etc. The excellent properties of Ceramics Matrix 
Composites (CMCs) have identified as many industrial applications to work, efficiently. There 

are several applications of ceramic matrix composite like aerospace and automotive applications, 
bone implantation in the orthopedic department, petroleum hydrotreating, potential adsorbent in 
chemical warfare, solar cells, instruments to sense humidity, fabrication in electronics 
appliances, fabricating electrolyte for solid oxide fuel cell, extreme speed cutting tool purpose, 

structures for gas turbine engines, insulating materials for electrical and thermal purposes [1-12].    
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Figure 1. Classification of composites 

Common properties of CMCs have high sustainability and resistance ability under high thermal 

shock, creep, corrosion, and wear loadings. It showed inertness to aggressive chemical 
compounds as well as high tensile and compressive strength, therefore no unexpected failure 
compared to traditional ceramics. 

Literature Review 
Pietrzykowska et al. [2021]  performed the composition of 5wt% silk fibers with 15wt% 

nanocrystalline hydroxyapatite mixed it by cryomilling process compacted under a pressure of 
1GPA at 80℃,obtained a homogeneous and dense ceramic matrix composite bar of dimension 
4mm*4mm*35mm with excellent adhesion quality when interacted nano sized Hydroxyapatite 
with silk fibers, compressive strength and bending strength calculated as 276 MPa and 82 MPa 

for the composition 15wt% silk with 85wt% HAP, they achieved acceptable bending, 
compressive strength as well as modulus of elasticity which are similar to the real bone 
mechanical characteristics, the material which they achieved the appreciable applications in bone 
crack fillings and also they justify their result through SEM. Li et al [2021] used FDM technique 

for the fabrication of bone scaffolds by the help of PLA (Polylactic Acid) then coated with 
alginate composition of Hydroxyapatite by freeze-drying. Examined various sample for 
mechanical and biological nature and conclude that increasement in elastic modulus from 
350MPa to 394MPa with 10 wt % HA nanoparticles, with decrement in porosity 44 % to 36 %, 

and with 30 wt% HA nanoparticles there is increment in compressive strength 25.2 MPa to 32.7 
MPa. SEM and XRD used to study its morphology and phase characterization, and examined its 
porosity by ABAQUS technique, by seeing all results they conclude these data were good for 
development in bone substitutes.  

Li et al. [2022], studied the module of inverse tangent on the cyclic loading and unloading nature 
of fiber-reinforced CMCs because under the cyclic loading/unloading mechanical hysteresis 
appears due to multiple micro damage mechanism, the micro damage analysis are identified by 
X-ray computed tomography and scanning electron microscopy. A micromechanical model is 

also developed based on the damage mechanism analysis. Liu et al. [2020], considered the 
tempering phase of CMCs, due to unique structure and excellent properties Nano carbon 
materials like carbon nanotubes, graphene, etc. They developed and reviewed the nanocarbon –
toughened CMCs based on their properties and fabrication method of nano-carbon reinforced 

CMCs. This research stands towards the variation of the intersecting bonding positions, based on 
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the properties of nanocarbon-reinforced CMCs.  
Maillet et al. [2012] calculated acoustic emission energy while fatigue experiments on CMCs at 

different temperatures, and determine a characteristic time. The damage monitoring and life time 
prediction shows via. Coefficient of emission RK(n) technique and stress-induced damage nearly 
10-20mm around rupture point by Optimum circle method using Benioff law. By the both 
methods they get to know the presence of detached phases on surfaces of CMCs while static 

fatigue test happens at different level of temperatures, first transformation phase indicates 
towards changes in interfacial and the second phase indicates the dominant. Dassios et al. 

[2013], investigated the mechanical properties related performance like thermal residual stress, 
cyclic loading and acoustic emission in the presence of notch for a SiC-fiber reinforced BMAS 

based CMCs. As compared with pure tension there is an increment by 20% on Cyclic loading 
result in the sustainable material stress. Thermal residual stress observed directly from the 
intersection point of cyclic data as 163 MPa which is favorable with theoretical TRS model, due 
to notch presence there is a formation of crack in matrixes and promotion of catastrophic failure.  

Cao et al. [2015] investigated surface properties and forces in grinding process, by comparing 
between different surfaces. They conduct so many experiments and in detail they analyze the 
characteristics. With increment in grinding wheel speed there is decrement in surface topography 
height. Wrenn et al. [2013] manufactured composite by chemical vapor infiltration (CVI) 

method Silicon carbide with boron carbide used as matrix with reinforcement Hi-
Nicalon™.Then at 1200℃ at 1.0 Hz they investigated the tension-compression fatigue behavior 
in both air and steam the fatigue stresses level ranges between 80-200MPa.At 80MPa there is no 
any reduction in tensile strength which shows there is no any damage presents. Tension–

compression cycle shows more damaging behavior as comparable to tension–tension fatigue. 
Servadei et al. [2022] fabricated C/UHTC composites by combining fabrication methods of 
CMCs like water-mixed in slurry, Polymer Infiltration Pyrolysis (PIP), as well as Hot Pressing 
(HP) methods to find the optimal integration technique for better integration of the carbon fiber 

fabrics into the super refractory ZrB2-SiC sintered ceramic matrix. Flexural strengths were 
calculated as 167 MPa at atmospheric temperature and at 1500 °C.  592 MPa were calculated and 
found to be slightly higher. Ferrari et al. [2016] fabricated a ceramic sandwich to withstand at a 
heat protection system consisting of a CMC bonded with a porous ceramic core. A feature of 

their work lies in the dual use. With the selected periodic porous ceramic design, the prototype 
was achieved through additive manufacturing and coupled with the CMC skin. Finally, a large-
scale testing was conducted in a plasma-based wind tunnel and showed appreciated behavior. 
Hence, one approach we used to overcome from this problem is by using Ceramic Matrix 

Composite Materials with a matrix Nano-particle-Hydroxyapatite, having reinforcement material 
like:-ZrO2 and Al2O3. Onto the surface of a biomedical implantation. Hydroxyapatite has a major 
role to accelerate bone in growth properties, and it have both chemically and mechanically 
properties which is familiar with bone. 

Problem Formulation 
 
Based on literature review, many problems have been observed while fabricating the ceramic 
matrix composites. Due to shortage in physicochemical bonding between HAP and the organic 
substance, mechanical properties will affect. At uniaxial pressuring process in freeze casting 
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process, we must maintain the sufficient pressure and temperature, otherwise, it may affect our 
material and compressing die configurations. The sintering temperature must be maintained. The 

mixture should be uniformly mixed for better results. 
Materials and Methods 
For our research contribution, hydroxyapatite and Alumina were chosen as matrix and 
reinforcement materials to fabricate the ceramics matrix composites, through a unidirectional 

compression process. The experimental runs, at three different process parameters with their 
three considerable different levels, as shown in Table-1. Firstly, the mixture has been prepared 
with a defined composition of matrix and reinforcement with Polyvinyl Alcohol as a binder and 
glycerol as an additive. The prepared mixture has been compressed at three different compaction 

pressures and compaction holding times, with the help of the uniaxial compression process. After 
the compaction process, the specimens have been sintered in a muffle furnace at 1000ᵒC. The 
experimental process and setup are described in figure-2. In order to study their structural 
analysis X-ray diffraction (XRD) is used and for microstructural and for surface morphology 

analysis we use scanning electron microscope (SEM) and elemental contribution analysis is done 
via Energy-Dispersive X-Ray Analysis (EDX).  

 
Figure 2. Experimentation of the manufacturing process of the specimens. 

Table 1. Selected parameters with their three levels 

 

Results and Discussions 
 

Parameters Level-1 Level-2 Level-3 

Composition Al2O3(0%) + HAp(100%) Al2O3 (10%)+ HAp(90%) Al2O3 (20%) +  HAp(80%) 

Compaction Force 
(kN/mm2) 

1  1.75 2.5 

Compaction Time 

(min.) 

10 20 30 
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For characterization process we prepare total 9 samples by varying composition and for each 
level we prepare 3 sample by varying process parameters such as it‘s compaction Force and 

Compaction Time as shown in above Table-1. 

EDX analysis 
 
The other name of Energy–dispersive x-ray (EDX) analysis, is Energy Dispersive X-ray 

spectroscopy coupled with SEM is an analyzing technique which is used by researcher to 
calculate the chemical composition and elemental distribution that in what percentage the 
element is present in their sample. For our sample analysis first up all we mount our sample on 
an aluminum stubs with the help of adhesive conducting carbon tape then a sputter coating is 

required for our ceramic sample to make it conducting by Polaron SE7640 then observed 
via(SEM) Carl Zeiss EVO 40 (Cambridge, UK) for studying microstructure behavior and for 
EDX with a Bruker X-Flash Detector 3010 (Germany) operating at 20kv. In order to confirm the 
formation of HAp and (Al2O3 – HAp) nanoparticle composites EDX analysis was performed. 

Different area of specimen was focused during analysis and the corresponding peaks.  

 
Figure 3(a):-Spectrum-1 for composition Al2O3(0%) + HAp(100%) at 1KN for 10min compaction time. 
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Figure 3(b):-Spectrum-2 for composition Al2O3(0%) + HAp(100%) at 1.75KN for 20min compaction time. 

Figure 3(c):-Spectrum-3 for composition Al2O3(0%) + HAp(100%) at 2.5KN for 30min compaction time. 
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The spectrum-1 is an elemental distribution for HAp (Ca10(PO4)6(OH)2), the quantity measured 
in atomic % of Ca,P and O are 16.48,12.80 and 70.72 respectively while in spectrum -2, the 

values are 17.22,13.64 and 69.14 respectively and in spectrum-3,the quantity measured is 
16.65,13.56 and 69.79.The details of these 3 EDX analysis of nanocomposite HAp in atomic and 
weight percentage is listed in below Table-2. 

Table 2: Composition of Elements  
 

Al2O3(0%)+HAp(100%)composite 
Calcium Phosphorus Oxygen 

Wt.    (%) Atomic   
(%) 

Wt. (%) Atomic 
(%) 

Wt. 
(%) 

Atomic 
(%) 

Spectrum-1 30.18 16.48 18.12 12.80 51.70 70.72 

Spectrum-2 31.11 17.22 19.04 13.64 49.85 69.14 

Spectrum-3 30.28 16.65 19.05 13.56 50.67  69.79 

The below Figure-4 is for composition Al2O3 (10%)+HAp (90%) for different process 
parameters:- 

 
Figure 4(a):- Spectrum-4 for composition Al2O3(10%) + HAp(90%) at 1KN for 10min compaction 
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Figure 4(b):- Spectrum-5 for composition Al2O3(10%) + HAp(90%) at 1.75KN for 20min compaction time. 

    
Figure 4(c):- Spectrum-6 for composition Al2O3(10%) + HAp(90%) at 2.5KN for 30min compaction time. 
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The details of these 3 EDX analysis for nanocomposite (HAp- Al2O3) in atomic and weight 
percentage is listed in below Table-3. 

Table 3: Composition of Elements 
 

Al2O3(10%)+ 
HAp(90%)composite 

Calcium Phosphorus Oxygen Aluminum 

Wt.    
(%) 

Atomic   
(%) 

Wt.     
(%) 

Atomic 
(%) 

Wt.     
(%) 

Atomic 
(%) 

Wt.     
(%) 

Atomic 
(%) 

Spectrum-4 27.16 14.69 18.11 12.68 51.91 70.36 2.82 2.27 

Spectrum-5 29.76 16.07 18.01 12.59 49.78 67.35 0.43 0.35 

 
By seeing all the analysis, it can prove that there is no any impurities present in our specimen.  
 

 
Fig.-4: SEM micrography at a) 20 nm HAp particle size and 14% alumina, b) 60 nm HAp particle 

size and 28% alumina and c) 20 nm HAp particle size and 20% alumina, d) 55% solid loading 
and 1150 °C sintering temperature, e) 65% solid loading and 1250 °C sintering temperature and 
f) 45% solid loading and 1350 °C sintering temperature. 

Scanning Electron Microscope (SEM) Microstructure  
 
The effects of most significant process parameters like particle size, amount of reinforcement,  
solid loading and sintering temperature on microstructure have been analyzed as shown in figure 
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4 a) to 4 f). It has been observed that as the particle size of matrix HAp increases, the average 
pore size and porosity increase, which generates a denser and more compact microstructure. At 

20 nm particle size, the average pore size increased up to 100 µm and its value increased up to 
300 µm for 60 nm particle size. It has been found that a larger amount of reinforcement alumina 
of 200 nm increases the compressive strength of the specimens because the uniform distribution 
of alumina acts as the load carrier. The solid loading and sintering temperature are the most 

affecting process parameters to increase compressive strength and hardness. The porosity and 
pore sizes decreased when the solid loading and sintering temperature increased, So, the 
microstructure becomes denser and more compact. The reason behind this result is that large 
solid loading means a small amount of solvent. A small amount of solvent produced fewer 

dendroids and lamellar ceramic structures. The cellular and columnar microstructure have been 
observed at 55% of solid loading. At a higher sintering temperature of 1350 °C, the 
microstructure becomes denser because the particles produced better compacting and bonding 
with adjacent particles and partially plasticity nature at high heat transfer. 

Future Scope 
Onto the surface of a biomedical implantation Hydroxyapatite has a major role to accelerate bone 
in growth properties, and it have both chemica lly and mechanically properties which is familiar 
with bone. It has been observed as just like mineral section of bones as well as hard tissues in 
well-advanced productions. Its physical as well as chemical characteristics are highly applicable 

and like composition as of bones of human and dental tissues. It is most appropriate 
biocompatible, biodegradable and bioactive substances that increase bone in-growth.  
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Abstract  
 
Nanocomposites are playing an important role in the areas of medicine, biology and electronics. In 

biomedical and dental insert and replacements, nanomaterials, nanosized ceramics, coating and 
cement are highly used in modern industries. The major parameters considered to optimize the 
biomaterials for tissue generation include Structural Components (physical, mechanical and 

chemical properties) and Biochemical Components (immobilized signals, diffusible signals, 
and living components). The bio-ceramics have good biocompatibility, osteoconductivity, 
osteoinductivity, biodegradability, resorbability, and hydrophilicity. So, there is a need of 
design, development, and deployment of the experimental set-up of ball milling operation to 

achieve homogeneous mixing of the ceramic matrix and reinforcement.   
 
Keywords 
Nanocomposites,Biomedical Applications, Dental Applications, Biocompatibility, Bioceramic 

Nanocomposites.  

Introduction 
 
Due to high applicability in the field of orthopedics, aerospace, automobiles, petroleum 
hydrotreatment, electronic insulators, fuel cells, and structures, there is no alternative of 
ceramics. To increase the mechanical properties, ceramics are fabricated with reinforcements, 

called ceramics matrix composites (CMCs).Nano-ceramic patches are nano-patches made 
primarily of pottery. Nano-ceramic patches are heat-resistant, non-metallic, and inorganic solids  
composed of both metallic and non-metallic chemicals from which a wide range of mixes may 
be created. Some of the functionalities are handed by nano-composites. Composites include 

dielectric, ferroelectric, piezoelectric, pyroelectric, ferromagnetic, magnetoresistive, 
superconductive, and electro-optical. The first nano-ceramic flyspeck was discovered in the early 
1980s. They were created exercising a sol-gel fashion, which combines nanoparticles in a result 
and gel to produce the nanoparticle. Sintering was used after procedures. Because the material is 
so bitsy, there are nearly no faults. Larger scale accouterments are fragile due to blights. This 

construction may recapture its original shape after repeated smashing. Ceramic nanoparticles 
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have been employed as a medicine delivery system in a variety of affections, including bacterial 
infections, glaucoma, and chemotherapy administration in experimental cancer treatment. Nano-

tubes are ground into very tiny powders using the ball milling method. This method is mostly 
employed to mix ingredients and finely ground powders. This procedure is cost-effective, kind to 
the environment, and has found widespread use in business throughout the globe. Typically, it 
comprises a hollow cylindrical tank revolving around its axis that contains rubber, steel, stainless 

steel, ceramic, or glass balls. Reliability, simplicity of use, consistent outcomes owing to energy 
and speed control, and application in wet and dry circumstances on a variety of materials, 
including hydroxyapatite, are benefits of this sort of technology.Ceramic Matrix Composites 
(CMCs) executed a giant significance. Reinforcing Materials used for preparing ceramic matrix 

composites are carbon, alumina, silicon carbide, zirconium, Titanium, etc. 
The excellent properties of Ceramics Matrix Composites (CMCs) have identified as many 
industrial applications to work, efficiently. There are several applications of ceramic matrix 
composite like aerospace and automotive applications, bone implantation in the orthoped ic 

department, petroleum hydrotreating, potential adsorbent in chemical warfare, solar cells, 
instrument to sense humidity, fabrication in electronics appliances, fabricating electrolyte for 
solid oxide fuel cell, extreme speed cutting tool purpose, structures for gas turbine engines, 
insulating materials for electrical and thermal purposesIn the Ball milling process, the nanotubes 

are ground into incredibly tiny particles. Ball milling can damage the nanotubes even if it is 
simple to use and appropriate for powder polymers or monomers. Ball milling is frequently used 
for the creation of oxides, nanocomposite materials, and/or the improvement of structure/phase 
composition in addition to grinding powders. It is a mechanical process often used to create 

small particles from powders. By randomly impacting graphite (the precursor) with grinding 
media inside a revolving shell, this technique broke down the precursor, creating shear and 
compression force that helped overcome the weak Vander Waal's contact between the graphite 
layers and caused their splintering. Cost-effectiveness, dependability, simplicity of use, 

consistent results due to energy and speed control, and applicability in wet and dry circumstances 
on a variety of materials are all benefits of this technology. Moreover, there are certain 
drawbacks, such as the potential for contamination, the development of nanomaterials with 
irregular shapes, noise, and lengthy grinding [1-2]. 

Literature Review 

Li et al studied the enhancement of the automated settings of excellent ceramics manufactured 
by layer-based manufacturing is essentially related to the broad function. In this study, a range of 
yttria-stabilized zirconia (YSZ) materials with zirconia toughened alumina (ZTA) capacity were 

satisfied and manufactured through optical fabrication techniques planted on the self-holding 
capacity of the viscoelasticity fix & function of adaptable contact base method. Linking 
microstructural investigation and automatic appraisal by three-point curving & impression 
analysis, the effect of YSZ on the SL procedure & consecutive automatic characteristics was 

explained. Hence the outcome shows that the advanced corresponding coil power (477.54 MPa) 
& fracture grit (6.56 MPa m1/2) were taken by ZTA ceramic with a YSZ content of 20 wt.% 
[3].Wachowski et al studied Ti /Al2O3 ceramic metal compound gained with the help of slip-
casting process fragments overall 50 volumes of the solid-state along with 10 volumes of the 
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metal state were checked the rheological prospects which concluded a thermogravimetric study 
achieved the characteristics of gained compound resolved the step formation by applying 

SEM/EDS micro-structural study the approach of XRD of the size of titanium particles 
equivalent to 20.6± 101 mm which coincides with 275 of original capacity [4].  
Fatemeh et al observed that the balanced slurries were the distributed variety of popular Al2O3 
and Y2O3 granules, ammonium poly meta-acrylate (Dolapix CE-64) as the Dissipate, and 

tetraethyl orthosilicate (TEOS) as the heating a id were made by ball milling method. The 
outcome of the time of milling on the fabrication of clear polycrystalline yttrium aluminum 
garnet (YAG) ceramics were inspected by slip casting and vacuum sintering. The outcomes show 
that the perfect milling time for the deagglomeration of the powder blend was 16 hours and the 

slurry adapted at this time shows a near‐ Newtonian action due to the superior deagglomeration 
and low viscosity. radiography arrangements also produced all patterns in pure YAG state. The 
outcome also exposed that the patterns prepared by 16 hours of ball milling time break presented 
more relative green & finishing density and maximal change at 1064 nm (≈ 77%) [5].  

Bechteler et al delved Carbon nanotube (CNT) corroborated alumina nanocomposite They 
discovered that grain size has a considerable impact on the percolation threshold of electrical 
conductivity, performing in anisotropic characteristics. They also discovered that when CNT 
attention increases, thermal conductivity falls vastly. They determined that the electrical 

conductivity of CNT/ alumina mixes is dependent on the main greasepaint flyspeck size and that 
an increase in CNT content increases porosity, which imposes anisotropic electrical conductivity. 
They concluded to the conclusion that characterizing the independent impact of Carbon nanotube 
content and porosity on thermal conductivity revealed that adding Carbon nanotube content at 

constant porosity, as well as adding porosity at constant Carbon nanotube, results in a 
considerable drop in thermal conductivity [6]. Idrees et al fitted a ball milling process, delved 
Silicon boron carbon nitride (SiBCN) ceramic mixes filled with nitrogen sulfur binary-doped 
graphene (NSG) distance (SiBCN/NSGs) were cooked and manufactured. They discovered that 

NSGs are foreign excrescencies that increase electrode performance and have a reversible 
capacity of 785 mAh. They conclude that the goods of nitrogen sulfur binary-doped graphene 
(NSG) distance active anode material were attained through pyrolys is at 600 °C, 800 °C, and 
1000 °C and that these unique silicon-grounded carbon accouterments have great eventuality to 

be used for other operations similar to electromagnetic hindrance [7].  
Song et al delved UV- curable and high-density ZrO2 ceramic nanocomposite resins. They 
employed APTMS-carpeted ZrO2 ceramic patches with di and tri-functional acrylate monomers 
with non-reactive diluents, grounded on a percolating network with 50 ceramic patches and a 

high density, to increase their dissipation stability and print-curing cap behavior abilities. At 
1450 °C, the green bodies of 3D-published objects with varying cross-linking consistency were 
sintered. Grounded on the results of density and UV curing rheological and print-curing 
behaviors, they conclude that IPA attention was stylish at 20 monomers [8].  

Asl et al explored the mongrel ZrB2 a grounded compound with 10 nano-sized carbon dark and 
20 SiC and manufactured by vacuum hot pressing for 60 twinkles at 1850 °C under 20 MPa. The 
sintered ceramic's structure and sintering ability were delved into using X-ray grease paint 
diffraction, surveying electron microscopy, and X-ray spectroscopy. They find that no 

conspicuous in situ-generated new phases were observed at the graphite ZrB2 and SiC grain 
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contact. Even though the densification process was chemically inert, some of the unformed 
carbon black patches changed into liquid graphite nano-flakes during hot pressing [9].  

Eatemadi & Balakl analyzed the influence of sintering settings on the fracture durabilit y and 
densification of spark tube sintering nanocomposites. They sintered ZrB2 30% vol SiC 
nanocomposites at 1600-1800 °C for 8-12 min. They delved into the microstructural differences 
using Scanning Electron Microscopy (SEM). They discovered that raising the sintering 

temperature redounded in a minor increase in SiC grain size but no sensible variation in ZrB2, 
and that adding the sintering duration redounded in an increase in both ZrB2 and SiC grain size. 
They concluded that analysis of SEM images and path propagation revealed that crack 
divagation and branching are asked toughening processes in ZrB2- SiC nanocomposites [10]. 

Lu et al delved free-standing and flexible polymer-ceramic nanocomposite flicks and created 
them using a spin-coating procedure using poly (vinylidene fluoride-co-hexafluoropropylene) as 
the matrix and BaTiO3 (BTO) nanoparticles as the padding. They discovered that adding the 
BTO attention reduces crystallinity and demitasse size in the P (VDF- HFP) matrix. They find 

that dielectric responses produced in compound flicks are affected by temperature and frequency, 
and the goods of the ceramic padding on the four dielectric processes of the polymer matrix were 
delved. They find that when the BTO  attention increases, so do the crystallinit y and size of the 
P( VDFHFP) matrix chargers. Because of the high r and low tan of BTO padding, the r increases 

and the tan drops with adding  BTO  attention at room temperature [11].  
Wagih et al carpeted Ag nanoparticles with mongrel Cu- Al2O3 nanocomposites were delved, 
and new mixes with bettered mechanical, electrical, and thermal parcels were developed. 
Compressive strength, hardness, thermal, and electrical parcels were also delved. They 

discovered that adding GNPs improves compressive strength and hardness by 88.1 and 55.2, 
independently [12]. Ghayour et al used different types of scenarios that increase the BPR such 
as weight loss of powder, change of diameter, and the number of balls and their effects on the 
milling efficiency. They noticed that results show the loss of powder weight can greatly enhance 

the performance of milling. When the quantity of balls is increased at a high BPR ratio, it 
influences the milling performance which is negative. They obtained results, if the vial-to-plate 
spinning rate is 1.2, however by an increase in diameter the mill had a good performance, and 
this ratio is changed to 1.4 [13].  

Jayaramudu et al used nanoparticles of silver with a size of crystallite range between 10 and 12 
nm, synthesized poly (ethylene glycol) which is of different molecular weights as agents [14].  

Song et al prepared the composite of CNTs/Cu through the electroless plating and planetary ball 
milling process. They noticed that the results show that copper particles are deposited 

homogeneously on carbon nano-tubes surface. It was discovered that when comparing composite 
with electroless plating to composite without, the tensile strength of the latter improves 
noticeably, up to 207 MPa. The cold drawing was successful in producing composite materia ls 
with greater tensile strength. The mechanical characteristics of the composites have been 

increased, according to the results. The tensile strength and yield strength are respectively up to 
311 MPa and 185 MPa [15]. Zhang et al show graphene as the ideal reinforcement because of 
its favorable mechanical and physical characteristics. They employed milling balls with a tiny 
diameter and strengthened graphene nanoplates to minimize the impact energy during the ball 

milling process. Ball milling was used to successfully create composite materials made of the Al-
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5083 alloy. By using X-ray diffraction, the structures of the micro-level ball-milled powders and 
GNP/Al-5083 composites were identified. The outcomes demonstrated that the GNP persisted 

after ball milling. While some GNP may have interacted with Al to generate Al4C3 during the 
merging process, the Al4C3 phase was discovered in bulk GNP/Al-5083 composites [16].  
Oqail et al used copper nanocomposites assisted by 5 and 10 wt.% of ZrO2 compound particles. 
Nanocomposite powder which is produced was examined by X-ray diffraction and transmission 

electron microscopy (TEM). The produced powders were then subjected to cold compaction at a 
pressure of 700 MPa and sintered for two hours at 950 °C in a hydrogen environment. This 
demonstrates that increasing the milling time increases the produced nanocomposites' 
microhardness. After 20 hours of milling, Cu-10%ZrO2 has 3.76 times the microhardness of pure 

Cu [17]. Wirunchit et al noticed that the size and morphology of ZnO nanoparticles varied 
depending on the calcination temperature, which ranged from 400-900 C. It was investigated that 
high-purity ZnO is obtained around 800 °C [18].  

Problem Formulation  
 
On the basis of the literature review, various types of ceramics and ceramic matrix composites 

are highly applicable in various industries such as orthopedics, aerospace, automobiles, 
petroleum hydrotreatment, electronic insulators, fuel cells, and structures. There is a wide range 
of powder ceramic materials has been investigated such as alumina, nickel oxide, magnesium 
oxide, yttria-stabilized zirconia, silicon nitride, silicon carbide, bio-glass, hydroxyapatite, 

calcium phosphate, tricalcium phosphates, titanium oxides, yttrium silicate, phosphorus 
pentoxide, calcium oxide, barium titanate, ferric oxide, polyciliate, lead zirconate titanate, 
polycarbazole, divinyl benzene, LSCF (La0.6.Sr0.4.Co0.2.Fe0.8.O3), CGO (Ce0.9.Gd0.1.O1.95), etc. 
Many researchers introduced various binders and additives such as water, silica sol, camphene, 

naphthalene, oligomeric polyester, polyethylene glycol, ammonium polymethacrylate, glycerol, 
4-hydroxy butyl acrylate, polyvinyl butyral, tert-butyl acrylate, tetraethyl-orthosilicate, nitric 
acid, isopropyl alcohol, gelatin, etc [19-25]. CMCs have been mixed under the action of ball 
milling operations. Generally, the ball milling processes have been implemented by either 

rotation or reciprocating of the mixing drum. In a rotating type mixing drum, the spherical steel 
or ceramic balls rotate inside the cylinder under the action of centrifugal forces and generate the 
problem of sticking the materials on the inner circular wall sections. The problem with the 
reciprocating mixing drum is that the spherical balls are sedimented in the solution under the 

action of gravity force. In both cases, the non-uniform and heterogeneous phases of slurry have 
been observed. The main objective of this research is to eliminate these critical issues through a 
mechanism, named as oscillating drum ball milling process. 

Design and Fabrication of Experimental Set up 

Based on the investigations as per literature reviews, the experimental set-up of ball milling 

equipment has been designed and fabricated. 
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Figure - 1 Design and Assembly of Oscillating Ball Milling Set up in different positions. 

 
Figure-2 Fabrication of Oscillating Ball Milling Set up 

The design and fabrication of the oscillating ball milling setup is based on the mechanism of the 
conversion of rotatingmotion into oscillating motion. It has three different speed variations of the 
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circular disk as 500 rpms, 900 rpms, and 1300 rpms with the help of a speed regulator as shown 
in figure 1 and figure 2. 

This setup works on the concept of kinetics of motion conversion. As the synchronized motor 
has been rotated by the controlled commanding through the rpm regulator and transformation, 
this rotation motion of the circular disc is transferred to the connected rod. The connected rod 
converts rotation motion into oscillating motion. On the other end of the oscillating arm, the 

linkage of the drum is attached. So, the ceramics in powder forms generate more uniform and 
homogeneous mixing. 
 

Conclusions 
 
This review work represented the industrial applications of different types of ceramics as well as 
ceramics matrix composites, their mixing process, and manufacturing processes. It demonstrated 
the present and future aspects of ball milling operations. The improvement in the various 
mechanical as well as rheological properties such as density, viscosity, homogeneity, flowability, 

etc., may be a remarkable achievement in the mixing process of solution.  

Future Scope 

 
The optimization of orthopedic and dental implantation is an important area of research that has 
significant potential for future advancements. Some of the future scopes of this research can 

include:  

 Development of new materials: The current orthopedic and dental implant materials have 
limitations in terms of mechanical strength, biocompatibility, and durability. The optimization 
ofimplantation techniques can lead to the development of new materials with enhanced 

properties and functionality, such as biodegradability, osteoinduction, and antibacterial 
activity.  

 Personalized implants: The optimization of implantation techniques can also lead to the 
development of personalized implants that are tailored to the individual patient's anatomy and 

physiological needs. This can improve the implant's fit, stability, and longevity, leading to 
better clinical outcomes and patient satisfaction.  

 Implant monitoring: The optimization of implantation techniques can also lead to the 

development of new monitoring techniques that can detect implant failure or complications 
early on. This can improve the clinical management of patients and reduce the need for 
revision surgery.  

 Optimization of surgical techniques: The optimization of implantation techniques can also 

lead to the development of new surgical techniques that can improve the accuracy, efficiency, 
and safety of the surgical procedure. This can reduce surgical time, minimize the risk of 
complications,and improve the patient's overall experience. 
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        Abstract  
 
           Nanocomposites are playing an important role in the areas of medicine, biology and 

electronics. In biomedical and dental insert and replacements, nanomaterials, nanosized 
ceramics, coating and cement are highly used in modern industries. The major parameters 
considered to optimize the biomaterials for tissue generation include Structural Components 

(physical, mechanical and chemical properties) and Biochemical Components (immobilized 
signals, diffusible signals, and living components). The bio-ceramics have good 
biocompatibility, osteoconductivity, osteoinductivity, biodegradability, resorbability, and 
hydrophilicity. So, there is a need of design, development, and deployment of the experimental 

set-up of ball milling operation to achieve homogeneous mixing of the ceramic matrix and 
reinforcement.   

 
         Keywords 
           Nanocomposites, Biomedical Applications, Dental Applications, Biocompatibility, Bioceramic 

Nanocomposites.  
 

Introduction 
 
Due to high applicability in the field of orthopedics, aerospace, automobiles, petroleum 

hydrotreatment, electronic insulators, fuel cells, and structures, there is no alternative of 
ceramics. To increase the mechanical properties, ceramics are fabricated with reinforcements, 
called ceramics matrix composites (CMCs).Nano-ceramic patches are nano-patches made 
primarily of pottery. Nano-ceramic patches are heat-resistant, non-metallic, and inorganic solids 

composed of both metallic and non-metallic chemicals from which a wide range of mixes may 
be created. Some of the functionalities are handed by nano-composites. Composites include 
dielectric, ferroelectric, piezoelectric, pyroelectric, ferromagnetic, magnetoresistive, 
superconductive, and electro-optical. The first nano-ceramic flyspeck was discovered in the early 
1980s. They were created exercising a sol-gel fashion, which combines nanoparticles in a result 

and gel to produce the nanoparticle. Sintering was used after procedures. Because the material is  
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so bitsy, there are nearly no faults. Larger scale accouterments are fragile due to blights. This 
construction may recapture its original shape after repeated smashing. Ceramic nanoparticles 

have been employed as a medicine delivery system in a variety of affections, including bacterial 
infections, glaucoma, and chemotherapy administration in experimental cancer treatment. Nano-
tubes are ground into very tiny powders using the ball milling method. This method is mostly 
employed to mix ingredients and finely ground powders. This procedure is cost-effective, kind to 

the environment, and has found widespread use in business throughout the globe. Typically, it 
comprises a hollow cylindrical tank revolving around its axis that contains rubber, steel, stainless 
steel, ceramic, or glass balls. Reliability, simplicity of use, consistent outcomes owing to energy 
and speed control, and application in wet and dry circumstances on a variety of materials, 

including hydroxyapatite, are benefits of this sort of technology.Ceramic Matrix Composites 
(CMCs) executed a giant significance. Reinforcing Materials used for preparing ceramic matrix 
composites are carbon, alumina, silicon carbide, zirconium, Titanium, etc. 
The excellent properties of Ceramics Matrix Composites (CMCs) have identified as many 

industrial applications to work, efficiently. There are several applications of ceramic matrix 
composite like aerospace and automotive applications, bone implantation in the orthopedic 
department, petroleum hydrotreating, potential adsorbent in chemical warfare, solar cells, 
instrument to sense humidity, fabrication in electronics appliances, fabricating electrolyte for 

solid oxide fuel cell, extreme speed cutting tool purpose, structures for gas turbine engines, 
insulating materials for electrical and thermal purposesIn the Ball milling process, the nanotubes 
are ground into incredibly tiny particles. Ball milling can damage the nanotubes even if it is 
simple to use and appropriate for powder polymers or monomers. Ball milling is frequently used 

for the creation of oxides, nanocomposite materials, and/or the improvement of structure/phase 
composition in addition to grinding powders. It is a mechanical process often used to create 
small particles from powders. By randomly impacting graphite (the precursor) with grinding 
media inside a revolving shell, this technique broke down the precursor, creating shear and 

compression force that helped overcome the weak Vander Waal's contact between the graphite 
layers and caused their splintering. Cost-effectiveness, dependability, simplicity of use, 
consistent results due to energy and speed control, and applicability in wet and dry circumstances 
on a variety of materials are all benefits of this technology. Moreover, there are certain 

drawbacks, such as the potential for contamination, the development of nanomaterials with 
irregular shapes, noise, and lengthy grinding [1-2]. 

Literature Review 

Li et al studied the enhancement of the automated settings of excellent ceramics manufactured 

by layer-based manufacturing is essentially related to the broad function. In this study, a range of 
yttria-stabilized zirconia (YSZ) materials with zirconia toughened alumina (ZTA) capacity were 
satisfied and manufactured through optical fabrication techniques planted on the self-holding 
capacity of the viscoelasticity fix & function of adaptable contact base method. Linking 

microstructural investigation and automatic appraisal by three-point curving & impression 
analysis, the effect of YSZ on the SL procedure & consecutive automatic characteristics was 
explained. Hence the outcome shows that the advanced corresponding coil power (477.54 MPa) 
& fracture grit (6.56 MPa m1/2) were taken by ZTA ceramic with a YSZ content of 20 wt.% 
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[3].Wachowski et al studied Ti /Al2O3 ceramic metal compound gained with the help of slip-
casting process fragments overall 50 volumes of the solid-state along with 10 volumes of the 

metal state were checked the rheological prospects which concluded a thermogravimetric study 
achieved the characteristics of gained compound resolved the step formation by applying 
SEM/EDS micro-structural study the approach of XRD of the size of titanium particles 
equivalent to 20.6± 101 mm which coincides with 275 of original capacity [4].  

Fatemeh et al observed that the balanced slurries were the distributed variety of popular Al2O3 
and Y2O3 granules, ammonium poly meta-acrylate (Dolapix CE-64) as the Dissipate, and 
tetraethyl orthosilicate (TEOS) as the heating aid were made by ball milling method. The 
outcome of the time of milling on the fabrication of clear polycrystalline yttrium aluminum 

garnet (YAG) ceramics were inspected by slip casting and vacuum sintering. The outcomes show 
that the perfect milling time for the deagglomeration of the powder blend was 16 hours and the 
slurry adapted at this time shows a near‐ Newtonian action due to the superior deagglomeration 
and low viscosity. radiography arrangements also produced all patterns in pure YAG state. The 

outcome also exposed that the patterns prepared by 16 hours of ball milling time break presented 
more relative green & finishing density and maximal change at 1064 nm (≈ 77%) [5].  
Bechteler et al delved Carbon nanotube (CNT) corroborated alumina nanocomposite They 
discovered that grain size has a considerable impact on the percolation threshold of electrical 

conductivity, performing in anisotropic characteristics. They also discovered that when CNT 
attention increases, thermal conductivity falls vastly. They determined that the electrical 
conductivity of CNT/ alumina mixes is dependent on the main greasepaint flyspeck size and that 
an increase in CNT content increases porosity, which imposes anisotropic electrical conductivity. 

They concluded to the conclusion that characterizing the independent impact of Carbon nanotube 
content and porosity on thermal conductivity revealed that adding Carbon nanotube content at 
constant porosity, as well as adding porosity at constant Carbon nanotube, results in a 
considerable drop in thermal conductivity [6]. Idrees et al fitted a ball milling process, delved 

Silicon boron carbon nitride (SiBCN) ceramic mixes filled with nitrogen sulfur binary-doped 
graphene (NSG) distance (SiBCN/NSGs) were cooked and manufactured. They discovered that 
NSGs are foreign excrescencies that increase electrode performance and have a reversible 
capacity of 785 mAh. They conclude that the goods of nitrogen sulfur binary-doped graphene 

(NSG) distance active anode material were attained through pyrolysis at 600 °C, 800 °C, and 
1000 °C and that these unique silicon-grounded carbon accouterments have great eventuality to 
be used for other operations similar to electromagnetic hindrance [7].  
Song et al delved UV- curable and high-density ZrO2 ceramic nanocomposite resins. They 

employed APTMS-carpeted ZrO2 ceramic patches with di and tri-functional acrylate monomers 
with non-reactive diluents, grounded on a percolating network with 50 ceramic patches and a 
high density, to increase their dissipation stability and print-curing cap behavior abilities. At 
1450 °C, the green bodies of 3D-published objects with varying cross-linking consistency were 

sintered. Grounded on the results of density and UV curing rheological and print-curing 
behaviors, they conclude that IPA attention was stylish at 20 monomers [8].  
Asl et al explored the mongrel ZrB2 a grounded compound with 10 nano-sized carbon dark and 
20 SiC and manufactured by vacuum hot pressing for 60 twinkles at 1850 °C under 20 MPa. The 

sintered ceramic's structure and sintering ability were delved into using X-ray grease paint 
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diffraction, surveying electron microscopy, and X-ray spectroscopy. They find that no 
conspicuous in situ-generated new phases were observed at the graphite ZrB2 and SiC grain 

contact. Even though the densification process was chemically inert, some of the unformed 
carbon black patches changed into liquid graphite nano-flakes during hot pressing [9]. Eatemadi 

& Balakl analyzed the influence of sintering settings on the fracture durability and densification 
of spark tube sintering nanocomposites. They sintered ZrB2 30% vol SiC nanocomposites at 

1600-1800 °C for 8-12 min. They delved into the microstructural differences using Scanning 
Electron Microscopy (SEM). They discovered that raising the sintering temperature redounded in 
a minor increase in SiC grain size but no sensible variation in ZrB2, and that adding the sintering 
duration redounded in an increase in both ZrB2 and SiC grain size. They concluded that analysis 

of SEM images and path propagation revealed that crack divagation and branching are asked 
toughening processes in ZrB2- SiC nanocomposites [10].  
Lu et al delved free-standing and flexible polymer-ceramic nanocomposite flicks and created 
them using a spin-coating procedure using poly (vinylidene fluoride-co-hexafluoropropylene) as 

the matrix and BaTiO3 (BTO) nanoparticles as the padding. They discovered that adding the 
BTO attention reduces crystallinity and demitasse size in the P (VDF- HFP) matrix. They find 
that dielectric responses produced in compound flicks are affected by temperature and frequency, 
and the goods of the ceramic padding on the four dielectric processes of the polymer matrix were 

delved. They find that when the BTO  attention increases, so do the crystallinity and size of the 
P( VDFHFP) matrix chargers. Because of the high r and low tan of BTO padding, the r increases 
and the tan drops with adding  BTO  attention at room temperature [11].  
Wagih et al carpeted Ag nanoparticles with mongrel Cu- Al2O3 nanocomposites were delved, 

and new mixes with bettered mechanical, electrical, and thermal parcels were developed. 
Compressive strength, hardness, thermal, and electrical parcels were also delved. They 
discovered that adding GNPs improves compressive strength and hardness by 88.1 and 55.2, 
independently [12]. Ghayour et al used different types of scenarios that increase the BPR such 

as weight loss of powder, change of diameter, and the number of balls and their effects on the 
milling efficiency. They noticed that results show the loss of powder weight can greatly enhance 
the performance of milling. When the quantity of balls is increased at a high BPR ratio, it 
influences the milling performance which is negative. They obtained results, if the vial-to-plate 

spinning rate is 1.2, however by an increase in diameter the mill had a good performance, and 
this ratio is changed to 1.4 [13].  
Jayaramudu et al used nanoparticles of silver with a size of crystallite range between 10 and 12 
nm, synthesized poly (ethylene glycol) which is of different molecular weights as agents [14].  

Song et al prepared the composite of CNTs/Cu through the electroless plating and planetary ball 
milling process. They noticed that the results show that copper particles are deposited 
homogeneously on carbon nano-tubes surface. It was discovered that when comparing composite 
with electroless plating to composite without, the tensile strength of the latter improves 

noticeably, up to 207 MPa. The cold drawing was successful in producing composite materials 
with greater tensile strength. The mechanical characteristics of the composites have been 
increased, according to the results. The tensile strength and yield strength are respectively up to 
311 MPa and 185 MPa [15]. Zhang et al show graphene as the ideal reinforcement because of 

its favorable mechanical and physical characteristics. They employed milling balls with a tiny 

64



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

diameter and strengthened graphene nanoplates to minimize the impact energy during the ball 
milling process. Ball milling was used to successfully create composite materials made of the Al-

5083 alloy. By using X-ray diffraction, the structures of the micro-level ball-milled powders and 
GNP/Al-5083 composites were identified. The outcomes demonstrated that the GNP persisted 
after ball milling. While some GNP may have interacted with Al to generate Al4C3 during the 
merging process, the Al4C3 phase was discovered in bulk GNP/Al-5083 composites [16].  

Oqail et al used copper nanocomposites assisted by 5 and 10 wt.% of ZrO2 compound particles. 
Nanocomposite powder which is produced was examined by X-ray diffraction and transmission 
electron microscopy (TEM). The produced powders were then subjected to cold compaction at a 
pressure of 700 MPa and sintered for two hours at 950 °C in a hydrogen environment. This 

demonstrates that increasing the milling time increases the produced nanocomposites' 
microhardness. After 20 hours of milling, Cu-10%ZrO2 has 3.76 times the microhardness of pure 
Cu [17]. Wirunchit et al noticed that the size and morphology of ZnO nanoparticles varied 
depending on the calc ination temperature, which ranged from 400-900 C. It was investigated that 

high-purity ZnO is obtained around 800 °C [18].  

Problem Formulation  
On the basis of the literature review, various types of ceramics and ceramic matrix composites 
are highly applicable in various industries such as orthopedics, aerospace, automobiles, 

petroleum hydrotreatment, electronic insulators, fuel cells, and structures. There is a wide range 
of powder ceramic materials has been investigated such as alumina, nickel oxide, magnesium 
oxide, yttria-stabilized zirconia, silicon nitride, silicon carbide, bio-glass, hydroxyapatite, 
calcium phosphate, tricalcium phosphates, titanium oxides, yttrium silicate, phosphorus 

pentoxide, calcium oxide, barium titanate, ferric oxide, polyciliate, lead zirconate titanate, 
polycarbazole, divinyl benzene, LSCF (La0.6.Sr0.4.Co0.2.Fe0.8.O3), CGO (Ce0.9.Gd0.1.O1.95), etc. 
Many researchers introduced various binders and additives such as water, silica sol, camphene, 
naphthalene, oligomeric polyester, polyethylene glycol, ammonium polymethacrylate, glycerol, 

4-hydroxy butyl acrylate, polyvinyl butyral, tert-butyl acrylate, tetraethyl-orthosilicate, nitric 
acid, isopropyl alcohol, gelatin, etc [19-25]. CMCs have been mixed under the action of ball 
milling operations. Generally, the ball milling processes have been implemented by either 
rotation or reciprocating of the mixing drum. In a rotating type mixing drum, the spherical steel 

or ceramic balls rotate inside the cylinder under the action of centrifugal forces and generate the 
problem of sticking the materials on the inner circular wall sections. The problem with the 
reciprocating mixing drum is that the spherical balls are sedimented in the solution under the 
action of gravity force. In both cases, the non-uniform and heterogeneous phases of slurry have 

been observed. The main objective of this research is to eliminate these critical issues through a 
mechanism, named as oscillating drum ball milling process. 

Design and Fabrication of Experimental Set up 

Based on the investigations as per literature reviews, the experimental set-up of ball milling 
equipment has been designed and fabricated. 

65



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

 
Figure - 1 Design and Assembly of Oscillating Ball Milling Set up in different positions. 

 
Figure-2 Fabrication of Oscillating Ball Milling Set up 

The design and fabrication of the oscillating ball milling setup is based on the mechanism of the 
conversion of rotatingmotion into oscillating motion. It has three different speed variations of the 
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circular disk as 500 rpms, 900 rpms, and 1300 rpms with the help of a speed regulator as shown 
in figure 1 and figure 2. 

This setup works on the concept of kinetics of motion conversion. As the synchronized motor 
has been rotated by the controlled commanding through the rpm regulator and transformation, 
this rotation motion of the circular disc is transferred to the connected rod. The connected rod 
converts rotation motion into oscillating motion. On the other end of the oscillating arm, the 

linkage of the drum is attached. So, the ceramics in powder forms generate more uniform and 
homogeneous mixing. 
 

Conclusions 
 
This review work represented the industrial applications of different types of ceramics as well as 
ceramics matrix composites, their mixing process, and manufacturing processes. It demonstrated 
the present and future aspects of ball milling operations. The improvement in the various 
mechanical as well as rheological properties such as density, viscosity, homogeneity, flowability, 

etc., may be a remarkable achievement in the mixing process of solution.  

Future Scope 

 
The optimization of orthopedic and dental implantation is an important area of research that has 
significant potential for future advancements. Some of the future scopes of this research can 

include:  

 Development of new materials: The current orthopedic and dental implant materials have 
limitations in terms of mechanical strength, biocompatibility, and durability. The optimization 
ofimplantation techniques can lead to the development of new materials with enhanced 

properties and functionality, such as biodegradability, osteoinduction, and antibacterial 
activity.  

 Personalized implants: The optimization of implantation techniques can also lead to the 
development of personalized implants that are tailored to the individual patient's anatomy and 

physiological needs. This can improve the implant's fit, stability, and longevity, leading to 
better clinical outcomes and patient satisfaction.  

 Implant monitoring: The optimization of implantation techniques can also lead to the 

development of new monitoring techniques that can detect implant failure or complications 
early on. This can improve the clinical management of patients and reduce the need for 
revision surgery.  

 Optimization of surgical techniques: The optimization of implantation techniques can also 

lead to the development of new surgical techniques that can improve the accuracy, efficiency, 
and safety of the surgical procedure. This can reduce surgical time, minimize the risk of 
complications,and improve the patient's overall experience. 

 

 

67



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

 

 

REFERENCES 

  
[1] P. Dash, T. Dash, T. K. Rout, A. K. Sahu, S. K. Biswal, and B. K. Mishra, ―Preparation of 
graphene oxide by dry planetary ball milling process from natural graphite,‖ RSC Advances, vol. 

6, no. 15, pp. 12657–12668, 2016, doi: 10.1039/c5ra26491j.  
[2] A. Bor, B. Ichinkhorloo, B. Uyanga, J. Lee, and H. Choi, ―Cu/CNT nanocomposite 
fabrication with different raw material properties using a planetary ball milling process,‖ Powder 
Technology, vol. 323, pp. 563–573, Jan. 2018, doi: 10.1016/j.powtec.2016.06.042.  

[3] S. Maleki and A. Karimi-Jashni, ―Effect of ball milling process on the structure of local clay 
and its adsorption performance for Ni(II) removal,‖ Applied Clay Science, vol. 137, pp. 213–
224, Mar. 2017, doi: 10.1016/j.clay.2016.12.008. 
[4] J. Singh, S. Sharma, S. Soni, S. Sharma, and R. Chand Singh, ―Influence of different milling 

media on structural, morphological and optical properties of the ZnO nanoparticles synthesized 
by ball milling process,‖ Materials Science in Semiconductor Processing, vol. 98, pp. 29–38, 
Aug. 2019, doi: 10.1016/j.mssp.2019.03.026.  
[5] M. Kumar et al. , ―Ball milling as a mechanochemical technology for fabrication of novel 

biochar nanomaterials,‖ Bioresource Technology, vol. 312, p. 123613, Sep. 2020, doi: 
10.1016/j.biortech.2020.123613.  
[6] F. M. Casallas Caicedo et al., ―Synthesis of graphene oxide from graphite by ball milling,‖ 
Diamond and Related Materials, vol. 109, p. 108064, Nov. 2020, doi: 

10.1016/j.diamond.2020.108064. 
[7] H. Ramezanalizadeh, ―Effect of milling process on microstructural and properties of a ball-
milled Al-based nanocomposite powder,‖ Advances in Materials and Processing Technologies, 
vol. 8, no. 2, pp. 2184–2192, Mar. 2021, doi: 10.1080/2374068x.2021.1896862. 

[8] S. Wirunchit, P. Gansa, and W. Koetniyom, ―Synthesis of ZnO nanoparticles by Ball-milling 
process for biological applications,‖ Materials Today: Proceedings, vol. 47, pp. 3554–3559, 
2021, doi: 10.1016/j.matpr.2021.03.559.  
[9] A. Abu-Oqail, A. Wagih, A. Fathy, O. Elkady, and A. M. Kabeel, ―Effect of high energy ball 

milling on strengthening of Cu-ZrO2 nanocomposites,‖ Ceramics International, vol. 45, no. 5, 
pp. 5866–5875, Apr. 2019, doi: 10.1016/j.ceramint.2018.12.053.  
[10] H. Zhang, C. Xu, W. Xiao, K. Ameyama, and C. Ma, ―Enhanced mechanical properties of 
Al5083 alloy with graphene nanoplates prepared by ball milling and hot extrusion,‖ Materials 

Science and Engineering: A, vol. 658, pp. 8–15, Mar. 2016, doi: 10.1016/j.msea.2016.01.076. 
[11] J. L. Song, W. G. Chen, L. L. Dong, J. J. Wang, and N. Deng, ―An electroless plating and 
planetary ball milling process for mechanical properties enhancement of bulk CNTs/Cu 
composites,‖ Journal of Alloys and Compounds , vol. 720, pp. 54–62, Oct. 2017, doi: 

10.1016/j.jallcom.2017.05.208. 
[12] T. Jayaramudu et al., ―Preparation and characterization of poly(ethylene glycol) stabilized 
nano silver particles by a mechanochemical assisted ball mill process,‖ Journal of Applied 
Polymer Science, vol. 133, no. 7, Oct. 2015, doi: 10.1002/app.43027.  

68



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

[13] H. Ghayour, M. Abdellahi, and M. Bahmanpour, ―Optimization of the high energy ball-
milling: Modeling and parametric study,‖ Powder Technology, vol. 291, pp. 7–13, Apr. 2016, 

doi: 10.1016/j.powtec.2015.12.004.  
[14] A. Wagih, A. Abu-Oqail, and A. Fathy, ―Effect of GNPs content on thermal and mechanical 
properties of a novel hybrid Cu-Al2O3/GNPs coated Ag nanocomposite,‖ Ceramics 
International, vol. 45, no. 1, pp. 1115–1124, Jan. 2019, doi: 10.1016/j.ceramint.2018.10.001.  

[15] X. Lu, L. Zhang, Y. Tong, and Z. Y. Cheng, ―BST-P(VDF-CTFE) nanocomposite films 
with high dielectric constant, low dielectric loss, and high energy-storage density,‖ Composites 
Part B: Engineering, vol. 168, pp. 34–43, Jul. 2019, doi: 10.1016/j.compositesb.2018.12.059. 
[16] R. Eatemadi and Z . Balak, ―Investigating the effect of SPS   parameters on densification  and 

fracture toughness of ZrB 2-SiC nanocomposite  ,‖ Ceramics International, vol. 45, no. 4, pp. 
4763–4770, Mar. 2019, doi: 10.1016/j.ceramint.2018.11.169.  
[17] M. Shahedi Asl, B. Nayebi, M. G. Kakroudi, and M. Shokouhimehr, ―Investigation of hot 
pressed ZrB2–SiC–carbon black nanocomposite by scanning and transmission electron 

microscopy,‖ Ceramics International, vol. 45, no. 14, pp. 16759–16764, Oct. 2019, doi: 
10.1016/j.ceramint.2019.05.211.  
[18] S. Y. Song, M. S. Park, D. Lee, J. W. Lee, and J. S. Yun, ―Optimization and characterization 
of high-viscosity ZrO2 ceramic nanocomposite resins for supportless stereolithography,‖ 

Materials & Design, vol. 180, p. 107960, Oct. 2019, doi: 10.1016/j.matdes.2019.107960. 
[19] M. Idrees et al. , ―Polyborosilazane derived ceramics - Nitrogen sulfur dual doped graphene 
nanocomposite anode for enhanced lithium ion batteries,‖ Electrochimica Acta, vol. 296, pp. 
925–937, Feb. 2019, doi: 10.1016/j.electacta.2018.11.088. 

[20]C. Bechteler, L. Machuj, K. Hebendanz, A. Rübling, R. Girmscheid, and H. Kühl, 
―Electrical and thermal conductivity of CNT/alumina‐ nanocomposite ceramics,‖ International 
Journal of Ceramic Engineering & Science, vol. 5, no. 1, Nov. 2022, doi: 10.1002/ces2.10167.  
[21] F. Mohammadi, O. Mirzaee, and M. Tajally, ―The effects of ball milling time on the 

rheological, optical, and microstructural properties of YAG transparent ceramics,‖ International 
Journal of Applied Ceramic Technology, vol. 17, no. 3, pp. 1119–1127, Sep. 2019, doi: 
10.1111/ijac.13381.  
[22] M. Wachowski et al., ―Study on Manufacturing via Slip Casting and Properties of Alumina-

Titanium Composite Enhanced by Thialite Phase,‖ Materials, vol. 16, no. 1, p. 79, Dec. 2022, 
doi: 10.3390/ma16010079.  
[23] M. Li, W. Liu, J. Nie, C. Wang, W. Li, and Z. Xing, ―Influence of yttria-stabilized zirconia 
content on rheological behavior and mechanical properties of zirconia-toughened alumina 

fabricated by paste-based stereolithography,‖ Journal of Materials Science, vol. 56, no. 4, pp. 
2887–2899, Oct. 2020, doi: 10.1007/s10853-020-05494-6. 
[24] M. Sabzi, S. M. Dezfuli, and Z. Balak, ―Crystalline texture evolution, control of the 
tribocorrosion behavior, and significant enhancement of the abrasion properties of a N i-P 

nanocomposite coating enhanced by zirconia nanoparticles,‖ International Journal of Minerals, 
Metallurgy, and Materials , vol. 26, no. 8, pp. 1020–1030, Jul. 2019, doi: 10.1007/s12613-019-
1805-x. 

69



 

J. C. Bose University of Science and Technology, YMCA Faridabad 

 

[25] W. Guo et al., ―A low viscosity slurry system for fabricating chromium doped yttrium 
aluminum garnet (Cr:YAG) transparent ceramics,‖ Journal of the European Ceramic Society, 

vol. 35, no. 14, pp. 3873–3878, Nov. 2015, doi: 10.1016/j.jeurceramsoc.2015.06.013.  
 

 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 

70





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































https://osf.io/tyue9/








mailto:goelsangeeta43@gmail.com,%20%20807601604




































mailto:Vijay.nandal@yahoo.co.in






































https://www.scirp.org/journal/home.aspx?issueid=4779#46077












































































mailto:manojkpyadav91@gmail.com
mailto:spdeshmukh64@gmail.com


























https://doi.org/10.1016/j.polymer.2016.09.056


https://doi.org/10.1002/adma.200800757
https://doi.org/10.1039/c6ra04513h
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1002/vnl.21514
https://doi.org/10.1016/S0955-2219(01)00047-4


https://doi.org/10.1016/S0924-0136(03)00108-0
https://doi.org/10.1016/j.apsadv.2020.100042


mailto:garg_maneesha@yahoo.com



















	organized_pagenumber (2).pdf
	976e05949b9caae7adce4146b25bad6dc8d3d90628c3bb723716632edddaffbb.pdf
	9ab99117369aedf7e2785b2d45aeb12e246e66f72d6ac00eb1fa690804c6825f.pdf


